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The demand for bio-based products is increasing, but the development of efficient purification processes is
lagging. However, typically these processes are expensive, non-specific and/or lack of efficiency. Molecularly
imprinted polymers (MIPs) are synthetic affinity materials able to mimic the molecular recognition ability of
natural molecules, offering a cost-effective alternative to replace the commercial affinity-driven materials based
on proteins and antibodies. In this work, MIPs were developed using supercritical carbon dioxide (scCO3)
technology using two approaches: i) one-templating (O-MIPs), using 1-leucine (LEU) as template, and ii) a
dual-templating (D-MIPs), using LEU and 1-lysine (LYS) as templates, to evaluate their potential in the mo-
lecular recognition of amino acids in simple and complex aqueous solutions. MIPs produced in scCO2 have
already shown good performances in organic and aqueous solutions, for small and non-polar template molecules.
Herein, their applicability is extended to amino acids but also proteins. MIPs were produced using
2-vinylpyridine (VP) as functional monomer and ethylene glycol dimethacrylate (EGDMA) as crosslinker under
scCO; conditions. Polymers were obtained as white, ready—to—use dry powders. Their affinity performance was
assessed by Static Binding Tests (SBTs) and Solid Phase Extraction (SPE) assays using different amino acids and
proteins. The best SBT results was obtained by D-MIP with Quax = 216 mg LEU + LYS/g D-MIP, and IF;qx = 8.3.
D-MIP also presented higher binding capacities to adsorb their templated-molecules by a dynamic process (SPE)
(Qmax = 79 mg LEU + LYS/g D-MIP), and selectively bind their templates in a solution containing a protein
(IFmax = 6.8). The green D-MIP provides a robust, tailor-made and sustainable alternative for biopurification
processes.

1. Introduction

The demand of biological-based products is increasing which re-
quires the intensification of separation and purification processes [1].
The most common technologies used for the purification of biomolecules
are based on chromatography using protein-based resins [2]. To
improve these processes, innovative materials and technologies are
sought, such as magnetic materials and protein beads, among others.

Ligand tagging systems are increasingly preferred over traditional
methods [3]. However, these technologies are very expensive, and a
high efficiency is hard to achieve, with strong limitations in terms of
cost-effectiveness and productivity as well as storage issues [4]. In
addition, these technologies demand several analytical steps, and
specialized resources (e.g., consumables, equipment, and qualified op-
erators) [3,4]. Currently, there is a challenge to improve the biological
function of these protein-based systems without negatively affecting the
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protein stability, which is of major importance for its applicability [5].

Molecularly Imprinted Polymers (MIPs) have gained attention as
alternative materials since they can mimic the biorecognition process
with significant advantages such as, cost—effectiveness, robustness, sta-
bility under harsh conditions, long lifetimes, easy storage, also providing
binding constants comparable to natural systems [6]. MIPs are synthetic
materials with specific affinity sites that are complementary in terms of
size, conformation, and functionality to the target molecules for which
affinity is required. Conventional MIPs have been explored as adsor-
bents for solid-phase extraction, stationary phase for liquid chroma-
tography, and as mimics of enzymes [7]. However, large amounts of
organic solvents are used in their production, being environmentally
disruptive. The replacement of organic solvents by supercritical carbon
dioxide (scCO2) provides a greener and scalable alternative in MIPs
synthesis, with potential application in industry [8,9]. ScCO5 is non-
—toxic, non-flammable, inert, odorless, can be easily removed without
any additional energy input, and can be recycled decreasing the pro-
cesses costs and making it a scalable green alternative solvent. In
addition, scCO3 is aprotic and has high mass transfer and diffusivity,
which is not easily achievable when organic solvents are used [10].

The development of MIPs towards one-template (O-MIPs) and using
scCO, as a porogenic agent has already been reported for several ap-
plications, such as drug delivery, catalysis, switchable sensors and pu-
rification devices [10]. Interestingly, MIPs produced by dual-templating
(D-MIPs) using conventional strategies were reported to enhance the
MIP recognition efficiency compared to O-MIPs [11]. Moreover,
research on D-MIPs has been reported in the literature for biosensors
and in solid phase extraction (SPE) processes [12-20]. To the best of our
knowledge, herein is described for the first time the development of
D-MIPs using a dual-templating approach using scCOy technology.
D-MIPs with molecular recognition ability towards two amino acids
were produced, and their affinity and selectivity were assessed using
different amino acids and a protein, Bovine Serum Albumin (BSA),
relevant for biopurification systems where more specific solutions are
required.

2. Materials and methods
2.1. Materials

1-Leucine (LEU, >98 %), i-lysine (LYS, >98 %), 1-arginine (ARG,
>98 %), 2-vinylpyridine (VP, >97 %), ethylene glycol dimethacrylate
(EGDMA, 98 %), ninhydrin (NIN, >95 %), Bovine Serum Albumin (BSA,
>98 %), SupelcleanTM LC-Ph SPE Tube (3 mL), Syringe PP/PE, Corning
syringe filters (pore size 0.2 pm) and sodium hydroxide solution (NaOH,
49-51 %) suitable for HPLC, were purchased from Sigma-Aldrich. The
solvent ethyl acetate (EtOAc, >99.5 %) was purchased from Honeywell.
2,2'-Azobis(2,4—dimethylvaleronitrile) (V-65, 98 %) was purchased
from Wako Pure Chemical Industries. SnakeSkin™ Dialysis Tubing was
purchased from Thermo Scientific. Carbon Dioxide was obtained from
Air Liquide with purity better than 99.998 %. All commercial reagents
were used as received. The water used was purified using Millipore
Milli-Q lab water system.

2.2. Synthesis of one— and dual-templating molecularly imprinted
polymers in scCOz

Amino acids are polar molecules that have low solubility in scCO».
Based on our previous work, EtOAc was used as cosolvent to enhance
LEU solubilization in scCO5 [21]. Without the cosolvent, amino acids are
not very soluble in scCO». Preliminary solubility tests were performed
using several amino acid solutions (3-6 mg of amino acid/0.5 mL
EtOAc) to assess their solubility in scCO, using a 33 mL high-pressure
stainless-steel cell. A maximum concentration of 5.25 mg (LEU + LYS)
(equimolar) in 0.5 mL EtOAc was obtained. Therefore, for the syntheses,
a maximum of 5.25 mg of the amino acids were used as template(s),
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previously dissolved in 0.5 mL of EtOAc and kept under stirring for 4 h.
The scCOp-assisted MIPs production used a Template(s):Monomer:
Crosslinker (T:M:C) molar ratio of 1:50:100, and 2 wt% V-65 as the
initiator (relatively to the total weight of monomer and crosslinker). The
template solution, VP as functional monomer, EGDMA as crosslinker,
and the thermal initiator V-65, were placed in a 33 mL high-pressure
cell at 45 °C under stirring for 24 h, and the CO, was loaded up to 20
MPa using a Knauer-1900 liquid pump. In the end of the polymerization
step, the polymer was subsequently washed with fresh high-pressure
COs, for 1 h to remove any unreacted reagents. Non-imprinted polymer
(NIP) was synthesized following the same procedure, with the exception
that no template(s) was added to the cell. Fig. 1 shows the chemical
structures of the monomers, and the templates used in our study.

2.3. ScCO-assisted template desorption

The template desorption was performed packing each pre-synthe-
sized MIP on a stainless-steel tubular column coupled to a 33 mL
high—pressure cell containing 3 mL of EtOAc at 40 °C and 20 MPa in
continuous flow for 3 h. Both high-pressure cells were immersed in a
thermostatted water bath at 40 °C, and CO, was bubbled through the
cell containing the co-solvent (bottom to top) and the mixture
COo-EtOAc was passed through the tubular reactor using a
Knauer-1900 liquid pump. To evaluate the template desorption effi-
ciency, the following procedure was performed: 20 mg of desorbed MIP
was crushed and placed in a vial with 3 mL of milli-Q water and kept
under stirring for 24 h. Then, the sample was filtered through a 0.2 pm
filter, and quantified by high-pressure ionic chromatograph (HPIC),
described in section 2.12. No residues of the amino acid templates were
detected by the HPIC analysis (detection limit of 0.5 ppm).

2.4. Scanning electron microscopy (SEM)

All materials were characterized using scanning electron microscopy
(SEM) in a Hitachi S-2400 instrument, with an accelerating voltage set
to 15 kV. The samples were prepared on aluminum stubs with carbon
tape and were gold coated. The magnification used was X10 000.

2.5. Fourier transform infrared spectroscopy (FTIR-ATR)

The FTIR spectra were acquired for the synthesized materials, using a
PerkinElmer Two spectrometer with 16 scans per second and a resolu-
tion of 1 em ™, from 4000 to 400 cm™*.

2.6. Average particle size and particle size distribution

The particle size distribution and the average particle size diameter
of the materials were determined using a Morphologi G3 equipment
from Malvern. A typical analysis was performed by dispersing the
sample using specific conditions: sample volume 13 mm?, SDU setting
(injection pressure: 4 bar, injection time: 40 ms, setting time: 120 s),
optic selection 50X. The analysis was performed with at least 30 000
particles, and triplicated samples of each material.

2.7. Zeta potential

Potentiometric measurements were performed on both NIP and MIPs
in a Zetasizer Nano ZS from Malvern. The particles were resuspended in
distilled water with a concentration of 5 mg/mlL, sonicated for 3 min and
then transferred to a disposable folded capillary cell. The zeta potential
was measured using the supplied Zetasizer software.

2.8. Accelerated surface area and porosimetry (ASAP)

The specific surface area and the average pore size diameter of ma-
terials were determined by N, adsorption according to the
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Fig. 1. Chemical structures of the monomer (VP), the crosslinker (EGDMA) and the templates (LEU and LYS).

Brunauer-Emmett-Teller (BET) method. An accelerated surface area
and porosimetry system (ASAP 2010 Micromeritics) was used under Ny
flow. The analyses were performed at a temperature of —195.8 °C, and
the degasification was performed under vacuum atmosphere until
150 °C for more than 3 h.

2.9. Static binding tests (SBT)

The binding capacity of the materials was evaluated using different
amino acids aqueous solutions. For the LEU + LYS MIP, the solutions
tested were 0.5 mg/mL of LEU, 0.5 mg/mL of LYS and, 0.5 mg/mL of
LEU + LYS (1:1 equimolar), and for the LEU-MIP the template solution
of 0.5 mg/mL LEU was tested. All NIPs were tested using the same
conditions. The SBTs were performed in triplicated assays. To perform
these tests, 20 mg of each material (MIPs and NIP) were weighted and
placed into snakeskin dialysis membranes which were then, introduced
in 25 mL of template(s) solution, during 24 h under stirring (100 rpm)
(IKA KS 4000 I Control shaker with an orbital movement), at room
temperature. After this period, 2.5 mL of each solution was analyzed by
UV-Vis through the ninhydrin (NIN) colorimetric method. The binding
capacity (Q) was determined using Equation (1).

(Co—C)V

W @

Q=
where Q is the binding capacity (mg amino acid/g material), Cp is the
biomolecule concentration (mg biomolecule/mL) before sorption, C is
the biomolecule concentration (mg biomolecule/mL) in the solutions
measured after sorption, V (mL) is the volume of the solution and W
(mg) is the sample polymer weight. The imprinting factor (IF), that re-
flects the MIP binding capacity compared to NIP, was calculated using
Equation (2).

Qurp
IF=— 2
Qurp @

The Qup and Qupp are the binding capacities of the MIP and NIP,
respectively.

2.10. Dynamic binding tests

SPE assays were performed to evaluate the dynamic binding per-
formance. Samples of 20 mg of each MIP and NIP were weighed, and

packed into blank columns, between two silica plates (Fig. 2). Each SPE
experiment involved three steps: conditioning, loading, and washing/
elution. In the conditioning phase, 10 mL of milli-Q water was passed
twice through the column and collected. Then, in the loading step, 10
mL of an aqueous solution containing the biomolecules (each individual
amino acid, a mixture of amino acids — LEU, LYS, ARG — or BSA) was
passed one time, collected and analyzed to quantify the amount of
adsorbed biomolecules. Finally, the columns were washed (3 cycles),
using 10 mL of an EtOAc aqueous solution (10 % v/v) per cycle, to
ensure that all biomolecules retained in the loading step were eluted. All
samples collected were analyzed by the NIN colorimetric method (amino
acids) or by UV-Vis (BSA). The assays were performed in duplicate.

2.11. Amino acids and BSA detection

To determine the amino acids (LEU, LYS and ARG) content present in
the samples (SBT and SPE assays), a colorimetric (NIN) method was
followed, adapted from literature [22]. A 0.05-0.5 mg/mL concentra-
tion range and 1 mL of NIN for 2.5 mL of amino acid solution was used.
In a first step, the amino acid solution was homogenized, so the samples
were kept under stirring (100 rpm) for 1 min and, NIN was then added,
under stirring for one more min. After that, the samples were introduced
in a water bath at 50 °C under stirring (approximately 70 rpm) for 10
min. At the end of the procedure, the samples were removed from the
water bath and placed in ice bath to stop the derivatization reaction. The
samples were analyzed after 5 min using the PerkinElmer Lambda 25
UV-VIS Spectrometer at 565 nm to record the respective absorbance.
Solutions of different colors were obtained: purple for LEU and ARG,
reddish brown for the LYS and LYS + LEU and pinkish purple for the
triple solution (LEU + LYS + ARG). For BSA quantification, a 0.05-0.5
mg/mL concentration range was used and the samples analyzed by
UV-Vis. All the calibration curves used in this work are presented in
Supplementary Information.

2.12. High pressure ion chromatography (HPIC)

The amino acid solutions with concentrations lower than 0.05 mg/
mlL, such as for the template desorption efficiency, were analyzed by
HPIC. The samples were analyzed using a Dionex ICS3000 equipment
with an electrochemical detector — Pulsed Amperometry Detection
(PAD), and Aminopac PA10 250X4 mm column with a pre-column of
50X4 mm as the stationary phase, at 30 °C. The mobile phase contained
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Fig. 2. Schematic protocol for the solid phase extraction (SPE) assays.

a NaOH gradient solution (60-90 mM) at a constant flow of 0.8 mL/min.
The injection volume of amino acid samples was 10 pL. The retention
time for each amino acid was 2 min for LYS and 12 min for LEU.

3. Results and discussion

All the prepared materials were obtained as white, free flowing, soft
dry powders (Fig. 3). The highest yield was achieved for NIP (60 %),
while for MIPs the yields were lower than 40 % (Table 1). In the period
of 4-6 h, the polymerization was visually followed through the sapphire
windows of the high-pressure cell. A single homogeneous phase was

Homogenous
supercritical phase

Fig. 3. Dual-templating D-MIPs synthesized in scCO,.

o —, |¢

—» biomolecules

¢ o

initially obtained, meaning that all starting materials were fully dis-
solved in scCO3. In both MIP systems, a homogeneous phase was only
reached after 6 h of reaction, in contrast to the NIP reaction that
occurred in a few minutes. For MIPs, after 7 h of reaction, the first
polymeric particles began to form, and the polymerization was stopped
at 24 h. The observed yield differences for MIPs and NIP could be
attributed to amino acids interaction with the growing polymer.

The template(s) desorption from the material was very efficient since
no template residues were detected by HPIC analysis (Fig. S1 at Sup-
plementary Information). The average particle size diameter was
assessed by Morphologi G3, and the porosimetry properties of the ma-
terials (surface area, pore volume and pore size) were obtained by the
BET method-ASAP. The ASAP isotherms (type-IV) of the MIPs (Fig. S7
at Supplementary Information) display a hysteresis typical of meso-
porous materials [23]. The SEM images of the synthesized materials are
presented in Fig. 4.

According to Table 1 and it is evident that template(s) addition in the
polymerization significantly affects the material’s properties, providing
higher particle size diameters and higher porosity for MIPs.

The observed morphology can also be related with the template(s)
size used on the MIP systems since higher values of the previous prop-
erties were obtained for the D-MIP, in which LYS (146.25 ;\) has a
higher molecular volume than LEU (134.50 ;\) and this might lead to the
formation of larger imprinted cavities (Fig. 5) [24]. However, there is no
reported evidence that the use of larger templates will result in higher
porosity and particle diameters, being these usually attributed to the
porogenic agent [11].

The D-MIP, the O-MIP and the respective NIP presented a very
similar morphology, where slightly agglomerated spherical polymeric
particles are observed. However, in contrast to the average particle size
diameter, the NIP agglomerates (Fig. 4c) were larger than in O-MIP
(Fig. 4a), while the O-MIP presented larger agglomerates than the
D-MIP (Fig. 4b). Therefore, template addition and larger template(s) led
to more agglomerated particles (~3 pm) composed by smaller particles
(than O-MIP and NIP) with higher pore size (~22 nm). All morpho-
logical results were like those reported for precipitation polymerization
reactions in scCO, [21].

Potentiometric measurements revealed different zeta potential
values for NIP and MIP particles, with NIP exhibiting a slightly negative
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Table 1
Physical properties of the produced materials: D-MIP, O-MIP and NIP.

Materials Today Chemistry 44 (2025) 102586

Polymer Yield (%) Average particle size diameter (um) Surface area (m?/g) Pore volume (cm®/g) Pore size (nm) Surface charge (mV)
O-MIP 26 1.72 + 0.22 41.97 £1.34 0.27 £ 0.01 25.56 + 0.80 -3.12+0.14
D-MIP 38 2.72 £ 0.25 58.56 + 2.86 0.34 £ 0.01 22.79 £1.13 —2.24 + 0.16

NIP 60 1.55 + 0.29 31.26 + 5.24 0.15 + 0.01 20.06 + 3.62 —11.37 + 0.29

Fig. 4. SEM images obtained for the materials: O-MIP (a), D-MIP (b) and the
corresponding NIP (c¢) (magnification 10000X).

surface charge, while MIPs are considered neutral. This suggests that the
introduction of amino acids influences the spatial orientation of the
particles, leading to slight differences in charge distribution, attributed
to the potentially ionizable pyridines in VP [25]. In the binding tests, a
low contribution of ionic interactions between the material and the
molecules is expected since MIPs have an almost neutral surface [26,
271].

The FTIR spectra clearly show the characteristic bands of the
monomer (VP) and the crosslinker (EGDMA) functional groups (see in
Fig. S6 at Supplementary Information).

The D-MIP approach was designed as a new and specific solution for
biopurification processes. Therefore, with this aim, the binding perfor-
mance was evaluated on D-MIP, O-MIP, and NIP using template(s)
aqueous solutions. The binding capacities and their respective IFs from
the static binding tests (SBTs) are presented in Fig. 6. Detailed results of
the SBTs are provided in Table S1 in Supplementary Information.

Both MIPs (O-MIP and D-MIP) showed higher binding capacity (Q)
over the control material (NIP). Although the NIP has no affinity sites to
the amino acids studied, it could also adsorb the amino acid through
non-specific interactions. The best binding performance was obtained

for the D-MIP, where a Qnax 0f 216 mg LEU/g D-MIP and IF;,q, of 8.3 at
0.5 mg/mL LEU + LYS solution tests were obtained. Comparing the
results from the LEU solution test and LYS solution test, performed with
the D-MIP, it could be inferred that D-MIP has a higher recognition
ability to the LYS at 0.5 mg/mL (static conditions). In general, for all
solutions, an IF above 1 was obtained (Fig. 6b). This means that the MIP
had higher affinity to the amino acids comparing to their correspondent
NIP, indicating that a successful imprinting process occurred within the
crosslinked materials produced.

These MIPs were designed to be applied as devices for potential use
in biopurification processes, which are usually carried out under a dy-
namic mode. There are several parameters involved in the device per-
formance optimization, such as pressure, temperature, number of cycles
and flow rate. SPE is one of the most widely used processes in purifi-
cation processes in industry [28]. Therefore, SPE lab-scale columns
were packed with the produced materials to evaluate their binding
performance. All the SPE data results are provided in Supplementary
Information, Tables S2-S8.

Initially, the loading step solutions had just one amino acid (LEU or
LYS or ARG), to assess the affinity and selectivity of the produced MIPs.
The amino acid ARG was chosen for the selectivity assays due to its
similarity in size (148.43 A% and flexible conformation (5 rotatable
bonds) compared to the template molecules [21]. Then, the SPE ex-
periments were performed loading an equimolar solution of two amino
acids (LEU and LYS), and an equimolar solution of three amino acids
(LEU, LYS and ARG). The results obtained are presented in Fig. 7, and
the IF values are listed in Table 2.

Then, loading solutions (0.5 mg/mL) of amino acids (LEU and/or
LYS) with a model protein, BSA, were evaluated. These SPE experiments
aimed to assess the binding performance of the D-MIP in more complex
systems (e.g., biomolecules of different sizes), that could be found in
bio-industry processes [29]. Therefore, the following biomolecule
loading solutions were prepared as well as for its control NIP: (0.25 mg
BSA + 0.25 mg LEU)/mL, (0.25 mg BSA + 0.25 mg LYS)/mL, (0.25 mg
BSA + 0.125 mg LEU + 0.125 mg LYS)/mlL, and 0.25 BSA mg/mL
(Fig. 8).

The performance of the SPE experiments was different depending on
the solution used, and the MIP packed. The best binding performance
was obtained for D-MIP (Fig. 7) (Qmax = 79 mg LEU/g D-MIP with LEU
solution test and IF of 1.6). The D-MIP presented affinity to their tem-
plates (IF > 1, for LEU solution, LYS solution and LEU + LYS solution)
and selectivity (IF < 1, for the ARG solution). Otherwise, the perfor-
mance of the O-MIP in these SPE experiments was not as good as for the
D-MIP, indicating its lack of selectivity (IF = 1 for both LEU solution and
ARG solution), in which it is expected that the number of non-specific
interactions between the ARG and O-MIP and between ARG and NIP are
higher than between ARG and D-MIP. In general, the D-MIP demon-
strates a more robust performance in amino acid mix solutions when
compared to O-MIP and NIP. A possible explanation for this observation
is the interplay of competitive and cooperative binding among the
amino acids, which may result in more favorable configurations of the
target molecules within the imprinted microcavities of the D-MIP.
However, it must be taken into account the complexity of these
biomolecule adsorption phenomena with polymers, for which high-
—certainty answers are still not available in MIP literature.

Contrary to the SBT, the D-MIP had a better performance with the
LEU solution in comparation to the O-MIP, and higher recognition
ability to the LEU vs. LYS was obtained. On other hand, the O-MIP
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Rotatable Bonds: 3 Rotatable Bonds: 5 Rotatable Bonds: 6
134.50 A3 146.25 A3 164.15 A®

Fig. 5. Spatial conformation, number of rotatable bonds and occupied volume of LEU (a), LYS (b), and ARG (c). Data obtained using the Molinspiration software [24].
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Fig. 6. Static binding performance of the produced materials with template(s) solutions: binding capacities (a) and imprinting factors (b).
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Fig. 7. SPE data for the produced materials obtained using single (LEU, LYS and ARG), and mixed (LEU + LYS and LEU + LYS + ARG) amino acid aqueous solutions

(0.5 mg/mL).

showed lower selectivity since higher IF values were obtained with the
other amino acid solutions rather than with its template solution. In
dynamic conditions, such as those present in SPE experiments, factors
like the flow rate and contact time between the polymer and target

molecules play a significant role in binding performance. LEU, having a
smaller molecular volume compared to LYS, can more easily diffuse into
and interact with the microcavities of the D-MIP. This enhanced
accessibility likely contributes to the higher binding capacity observed
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Table 2

Imprinted factor results of the produced materials obtained using single (LEU,
LYS and ARG), and mixed (LEU + LYS and LEU + LYS + ARG) amino acid
aqueous solutions (0.5 mg/mL).

Polymer LEU LYS LEU + LYS ARG LEU + LYS + ARG
O-MIP 1.0 1.4 1.1 1.0 0.6
D-MIP 1.6 1.3 1.3 0.4 1.5

for LEU. Additionally, the dynamic mode may amplify the differences in
molecular interactions within the microcavities and polymer
morphology, further favoring LEU adsorption. The superior perfor-
mance of the D-MIP over the O-MIP, namely in the LEU solution, may
also be attributed to the larger particle size and higher surface area of
the D-MIP. These findings suggest that the interplay between dynamic
experimental parameters, molecular volume (size and conformation)
and polymer morphology are related to the observed binding behavior.

The SPE experiment for D-MIP with the BSA + LEU solution showed
to have the highest binding capacity (Qmax = 19.2 mg BSA + LEU/g
D-MIP), however the highest amino acid binding capacity was achieved
by the D-MIP with BSA + LEU + LYS solution (Quax = 11.6 mg LEU +
LYS/g D-MIP, and IFyqx = 6.8). This can be explained due to the non-
—specific interactions that occur between the protein and the surface of
the polymers [30,31]. Although the D-MIP has no size—protein cavities,
it could adsorb the amino acids (e.g, LEU, LYS) present at the surface of
the BSA structure within the polymeric structure. Comparing the results
between solutions of BSA + LEU and BSA + LYS, the D-MIP seems to
have higher ability to anchor BSA protein when the LYS is not in solu-
tion, indicating that the LYS imprinted cavities could be responsible for
the favorable BSA binding. This could be expected since the molecular
volume of LYS is higher than the one of LEU (Fig. 5) and, a higher
number of rotatable bonds are found in LYS compared to LEU, which
could result in multiconformational LYS cavities and might be more
adjustable for amino acids residues present in the protein surface.
Therefore, the multiconformational nature of the templates used is a
significant factor in the production of D-MIPs. This type of interaction
between the LYS molecularly imprinted cavities and proteins has
already been reported in the literature [32]. The same behavior could
happen with the LEU molecule referring to the LYS and LEU + LYS
imprinted cavities, since the LEU has a smaller spatial volume than that
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of LYS, which could easily fit inside the cavities formed by LYS. For
example, this could be reflected in the LEU experiment (Fig. 7) where a
higher binding capacity was obtained for the D-MIP when compared to
the O-MIP.

The D-MIP had a much better binding performance compared to the
NIP, mainly for the amino acid binding capacity, presenting a maximum
IF of 6.8 for the BSA + LEU + LYS loading solution. In this experiment,
the protein binding capacity decreased in both polymers, D-MIP and
NIP, which could be related to the fact that both amino acids are smaller
than the protein, thus being readily trapped within the polymer matrix
leaving no space for the protein to anchor, a common behavior in
aqueous phase adsorption processes [33]. Competitive interactions be-
tween the amino acids and the protein, and the amino acids with the
polymeric matrix could be considered. The interactions of BSA with
amino acids have been reported in several studies mainly by aliphatic
hydrophobic interactions [34,35]. Based on the results obtained by the
D-MIP, the interactions between amino acids and the polymeric matrix
are favored, possibly because of the specific interactions occurring
within the imprinted cavities. The imprinting effect is particularly
notable when both templates are present. In contrast, concerning the
NIP, although the amino acid binding capacity is constantly smaller
compared to the MIP, a significant decrease of the amino acid binding
capacities was observed comparing experiments using protein solutions
containing amino acids versus experiments using just amino acids. This
may also be attributed to preferred interactions between the amino acids
and the protein (e.g., hydrophobic interactions and interactions related
to the molecule’s charge, as discussed further below).

Regarding D-MIP high binding performance, this could be explained
based on its morphology, presenting the highest pore volume and sur-
face area, enhancing material diffusivity, and consequently promote the
interactions between the target molecules and material, resulting in a
high binding performance on the SPE experiments, mainly in the ex-
periments containing BSA. It should also be noted that in the ond repli-
cate of the SPE experiment for NIP with only the BSA protein, there was
a significant decrease in the binding capacity. This decrease was not
observed for D-MIP and may be related to limitations of the NIP in
adsorbing and desorbing larger molecules such as proteins, possibly due
to its morphology. However, it is important to mention that the material
porosity alone does not justify the results related to the binding capacity,
being the imprinting contribution mainly responsible for the MIP
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Fig. 8. SPE data of D-MIP and NIP using different amino acid + protein solutions: 0.25 mg BSA with 0.25 mg LEU, per mL; 0.25 mg BSA with 0.25 mg LYS, per mL;
and 0.25 mg BSA with 0.125 mg LEU and 0.125 mg LYS, per mL; and just 0.25 mg BSA per mL. The IFs were calculated in terms of amino acid binding capacity.
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binding capacity [11,36].

As previously indicated (Table 1), all the materials are neutral, with a
zeta potential in the range +10 mV, and only the NIP has a slightly
negative surface charge [27]. All SBTs and SPE experiments were per-
formed using aqueous solutions, and the pH of each solution was
registered (Table S9 in Supplementary Information). Therefore, LEU is
in a neutral form (pI = 5.98), while LYS (pI = 9.74), ARG (pI = 10.76)
are positively charged. BSA is negatively charged (pl around 4.5-5.1),
except for the mixed solution (BSA + LEU) where BSA could be in a
neutral or even positively charged form [37,38]. Thereby, the favorable
interaction’s contribution due to the biomolecule’s charges could be
verified in the experiments with solutions containing LYS and ARG
(solution with pH 12), especially for the control NIP. However, this
contribution seems to be just relevant for the experiments using ARG in
solution, for which higher binding capacities were obtained for NIP over
D-MIPs (Fig. 7). On the other hand, the repulsion phenomena between
BSA and the NIP surface could be justified by the low adsorption in most
part of SPE experiments using the solutions containing the protein
(Fig. 8), when compared the protein binding capacity to D-MIP [30]. As
previously referred, this difference could also be related to the
morphology of the polymers, with NIP exhibiting lower particle size,
surface area, and pore volume compared to D-MIP.

Regarding the D-MIP results, interactions associated with the
biomolecule charges and the polymer’s surface charge seemed to have
minimal impact on its binding performance, with the imprinting effect
being the main determinant factor.

Looking to the charges of the molecules themselves, they revealed
insights into the observed SPE-results. The opposite charges of the BSA
and LYS might contribute to the lower binding capacities (in both amino
acid and protein) obtained in the BSA + LYS assay, where the interaction
between BSA and LYS might be favored over the interactions between
the biomolecule and the polymer. Another example related to the mol-
ecule’s charge can be observed in the BSA + LEU experiment (solution
with pH 5), where BSA will have a charge almost positive facilitating the
interaction between the BSA and the polymeric surface (mainly NIP),
resulting in a higher protein binding capacity in the BSA + LEU solution
compared to the BSA solution (pH 6). It is noted that even with empirical
studies aimed at determining the charge of BSA at various pH levels, BSA
is a macromolecule with a structure that exhibits regions with varying
charges — some more positively charged and others negatively charged —
showing the inherent complexity of the interactions behind the
adsorption processes in aqueous media [38-40]. The complexity of
protein-involved systems underscores the need for thorough compre-
hension, with further empirical and computational studies being
essential to enhance our understanding on the interface interactions
between polymeric surfaces and proteins, as well as elucidate the
contribution of amino acids to these interactions.

In summary, this research work showed that in different media and
processes (SBT vs. SPE) the D-MIP presented different binding perfor-
mances in the adsorption of the template molecules, as shown in Table 3.

Table 3
Summary of the maximum binding capacity (Qmax) and corresponding
imprinting factor (IF) obtained for each solution in the SPE experiments.

Test Solution Qmax IF

SBT LEU 163 mg LEU/g O-MIP 1.7
LYS 193 mg LYS/g D-MIP 3.8
LEU + LYS 216 mg LEU + LYS/g D-MIP 8.3

SPE LEU 79 mg LEU/g D-MIP 1.6
LYS 13 mg LYS/g O-MIP 1.4
LEU + LYS 16 mg LEU + LYS/g D-MIP 1.3
ARG 50 mg ARG/g O-MIP 1.0
LEU + LYS + ARG 31 mg LEU + LYS + ARG/g D-MIP 1.5
BSA + LEU 4.3 mg LEU/g D-MIP 2.9
BSA + LYS 3.5 mg LYS/g D-MIP 1.6

BSA + LEU + LYS 11.6 mg LEU + LYS/g D-MIP 6.8
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As expected, binding capacities obtained by the SPE experiments
were lower compared to those obtained in the SBTs, which might be due
to the contact time between the material and the solution. Higher IFs
were also obtained in the SBT when compared to the SPE experiments,
mainly for the solutions containing LYS. In the presence of the flowrate
(dynamic mode), the D-MIP microcavities were able to adsorb more
easily the template molecule LEU that presents lower molecular volume
in comparison to LYS, resulting better IFs in the solutions containing
LEU.

In addition, in the SPE experiments using amino acid loading solu-
tions, the D-MIP had better binding performance compared to the
O-MIP. Finally, the D-MIP proved to have high affinity and selectivity
for its template(s) amino acids even in solutions containing protein.
Comparing the produced MIPs with the literature, similar binding per-
formances, either on SBT or on SPE experiments, were obtained (e.g., IF
= 1-3 for the target molecules) [21,41]. However, it should be high-
lighted the maximum values of Q and IF (Qnax = 216 mg amino acid/g
D-MIP and IF4 = 8.3) from the D-MIP in the SBTs (Fig. 6) that are
higher than the reported systems.

In a previous work from the literature, in accordance with our
strategy, D-MIPs displayed higher molecular recognition ability and
higher binding capacity in the SPE experiments [41]. In another system
using a dual-template molecules similar in size to the one used in this
work, though even larger than the amino acid, similar imprinting factor
results were observed [42]. Q values were approximately 33 and 20
mg/g material in SBTs at 0.1 mg antibiotic/mL aqueous solutions,
resulting in IFs of around 1.6 and 2.7. In our SBTs, despite using a so-
lution with a higher biomolecule concentration (Cyp = 0.5 mg/mL),
higher Q values were obtained (Q = 135 mg LEU/g D-MIP and 193 mg
LYS/g D-MIP), with IFs of 1.3, 3.8 and 8.3. Additionally, when the green
D-MIPs produced in this work are compared to the conventional MIPs
developed for the same template molecules (LEU or LYS) at the aqueous
solution concentration (Cp = 0.5 mg/mL) and using a similar SBT pro-
tocol and amino acid quantification method, our work showed better
binding performance (Table 4). For instance, the D-MIP for LYS out-
performed the O-MIP reported by Panahi et al. (Q = 15 mg LYS/g MIP
vs. 193 mg LYS/g D-MIP) [43], and exhibited higher IFs than the O-MIP
for LYS from the study by Pisarev et al. (IF = 1.9 vs. our IFs of 3.8 and
8.3) [44]. For MIPs using LEU as the template and targeting the same
molecule in SBTs despite a different amino acid quantification method
(Table 4), our green D-MIP still showed higher Q values than the O-MIP
reported (Q = 27 mg LEU/g MIP and Q = 18 mg LEU/g MIP vs. 135 mg
LEU/g D-MIP in this study) [21].

These results emphasize the effectiveness of using scCO; as a green
alternative for producing materials with high IFs, inclusive D-MIP with
enhanced binding performance. Furthermore, the scalability of the
process and the possibility of CO2 recovery as solution to reduce the
production costs of the MIPs highlight its potential for industrial ap-
plications (Table 4).

4. Conclusions

A dual-templating MIP targeting LEU and LYS (D-MIP) and a
one-templating MIP targeting LEU (O-MIP) were successfully produced
using scCOq, despite the low solubility of the biomolecules in scCO,. All

Table 4

Maximum binding capacity (Qmax) and corresponding imprinting factor (IF)
obtained in this work vs. maximum binding capacity reported and corresponding
IF, for 0.5 mg/mL concentration.

Solution  Qmax (Mg/g IF Reported Qmax (mg/g  Reported Ref.
D-MIP) MIP) IF

LEU 135 1.3 27 12.1 [21]

LYS 193 3.8 15 37.5 [43]

900 1.4 [44]
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materials were obtained as white, free-flowing dry powders. In terms of
static binding performance, the D-MIP showed similar performance to
the O-MIP, with both MIPs clearly outperforming the non-imprinted
material (NIP), resulting in imprinting factors ranging from 1.3 to 3.8.
The maximum binding capacity achieved was 216 mg LYS + LEU/g for
the D-MIP using a 0.5 mg/mL LYS + LEU aqueous solution. Given the
potential of these materials as affinity-based stationary phases for bio-
purification processes, solid—phase extraction (SPE) experiments were
conducted with different loading solutions. The D-MIP exhibited the
highest affinity and selectivity, with a maximum binding capacity of 79
mg LEU/g when exposed to a 0.5 mg/mL LEU solution. Notably, in SPE
experiments with BSA + amino acid solutions, lower binding capacities
were observed compared to those with individual amino acid solutions.
The D-MIP also demonstrated excellent selectivity for its template
molecules (amino acid vs. protein), achieving the highest imprinting
factor of 6.8 for a 0.5 mg/mL BSA + LEU + LYS solution.

Herein a green and sustainable approach to produce D-MIPs is
provided revealing significant dynamic binding capacity, even in more
complex media (such as selectivity for their template-molecules in
different biomolecules solutions). It also provides binding capacity data
and valuable insights into the interactions between amino acids and
MIPs, which are crucial for understanding their selective recognition in
mixed biomolecule solutions. The findings highlight the ability of the
D-MIP to selectively recognize its template molecules even in the
presence of a protein, showcasing its potential for real-world applica-
tions in biopurification. Both MIPs were found to be attractive, low—cost,
and sustainable solutions for obtaining tailor-made biorecognition
materials, emphasizing their applicability as stationary phases in chro-
matographic techniques for biopurification processes within the
biotechnology and biopharmaceutical industries.
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