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Functionalization of Polymer Networks to Target
Trans-Resveratrol in Winemaking Residues Supported by

Statistical Design of Experiments

Amir Bzainia, Rolando C. S. Dias,* and Mdrio Rui P. F. N. Costa

The present work aims to produce functionalized polymer networks to target
the bioactive molecule trans-resveratrol found in winemaking residues,
specifically at grape stems. The synergistic choice of photoinitiation,
polymerization composition, and molecular imprinting approach allows the
functionalization of these materials. Experimental design is applied to
methodically perform the syntheses. The amount of crosslinker, the total
monomer’s concentration, and the ratio of trans-resveratrol to the functional
monomer 4-vinylpyridine (4VP) are the factors selected for this experimental
design. The binding capacities and the selectivity of the synthesized materials
are assessed through sorption experiments in acetonitrile and hydroalcoholic
media. Consequently, a multivariate linear regression analysis leads to
describe the uptake of trans-resveratrol by the materials in both media. The

1. Introduction

A major goal of polymer chemistry is the
production of functional materials with
real-life applications. Such materials can be
obtained by carrying out a direct polymer-
ization or a postpolymerization. Although
both methods lead to the functionalization
of polymeric networks, they are quite differ-
ent approaches. Direct polymerization is a
one-step method in which monomers con-
taining the desired functional groups (e.g.,
pyridine, boronic acid moieties, aromatic
rings) are polymerized. This results in a
polymeric network embedding monomer

crosslinker content and the ratio of trans-resveratrol to 4VP are found to be
impactful parameters while designing such materials. These studies allow the
identification of working conditions for sorption/desorption processes
combining a high retention capability of the adsorbents with selectivity.
Furthermore, four materials are selected to enrich trans-resveratrol from
grape stems extracts in a continuous process of solid-phase extraction. The
results show that the functionalized materials are able to enrich 12-fold the
content of trans-resveratrol in some fractions demonstrating the interest of

such polymers.
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units which confer the desired functional-
ization to the material.l!! On the other hand,
post-polymerization is a two-step approach
where a reactive polymeric precursor is syn-
thesized and is next modified through reac-
tive pendent groups. This approach entails
more reaction steps than the direct one, and
it is most often considered when the direct
polymerization cannot achieve the desired
functionalization.[?!

To further confer more functionalization
to the material, a technique called “molec-
ular imprinting” is used to endow the
polymeric network with stereospecificity toward a particular com-
pound referred to as the template.l*] Molecular imprinting begins
by a precomplexation step where the template assembles with
the functional monomer(s) via intermolecular interactions (e.g.,
hydrogen bonding, Van der Waals, hydrophobic, and in some
cases covalent). At this stage, the template is well positioned rel-
ative to the functional monomer(s), forming a stable complex.
The addition of the initiator as well as the crosslinker agent is
carried out in the next step. As the polymerization is initiated
at chosen favorable conditions, the crosslinker is copolymerized
with the functional monomers, preserving the spatial arrange-
ments of the template-functional monomer(s). At the end of the
polymerization, and after proper removal of the template, a poly-
mer with cavities complementary to the target chemical species
is obtained, thus designated as a molecularly imprinted polymer
(MIP). Simultaneously, a non-imprinted polymer (NIP) is syn-
thesized following the same steps for the MIP, but only omitting
the template from the recipe. The NIP is considered as a “blank”
material, as it is chemically similar to the MIP thus permitting a
comprehensive evaluation of the molecular imprinting process.

© 2023 The Authors. Macromolecular Reaction Engineering published by Wiley-VCH GmbH
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MIPs and NIPs can be prepared by different methods such as
bulk polymerization, suspension polymerization, and precipita-
tion polymerization among others.[* Naturally, each method has
its own merits and limitations, yet in this paper the light is shed
on the photoinitiated precipitation polymerization which relies
on the free radical polymerization (FRP) mechanism. This ap-
proach is chosen due to its easy operation, surfactant-free and
high yield.>®) During a FRP, an initiator is decomposed into free
radicals. This action requires a specific amount of energy that can
be brought either by heating the polymerization system or by ir-
radiating it with ultraviolet (UV) light, provided that the initiator
absorbs at the appropriate wavelength. Thermally initiated poly-
merizations often provide a high yield due to the favorable depen-
dency of the different polymerization steps on the temperature
(Arrhenius law).l”] However, and in case of MIPs synthesis, heat
can drastically weaken the intermolecular interactions between
template-functional monomer(s).#°! In this perspective, UV ir-
radiation seems advantageous to enhance the molecular recogni-
tion of the MIPs in a trade-off with the polymerization extent. As a
matter of fact, the technique of photopolymerization has already
been used to synthesize methacrylate-based polymers!'?l and a
gel polymer electrolyte based on polyethylene oxide " among
other materials.!'?]

Thus, joining the techniques of molecular imprinting and pho-
topolymerization, one can theoretically form a tailor-made adsor-
bent capable to retain a specific compound in a selective manner.
In this line of thought, trans-resveratrol appears to be an interest-
ing molecule to valorize through these kinds of functionalized
materials. Trans-resveratrol is a phenolic compound belonging
to the stilbene family, which occurs in considerable amounts in
grapes, and it is no wonder that products derived from this fruit
such as wine, are rich sources of this bioactive compound.['*! The
interest in trans-resveratrol is due to its inherent antioxidant and
anti-inflammatory properties suitable to protect against various
diseases, namely cardiovascular, cancer and diabetes.['*!5] Actu-
ally, besides wine (see Figure S1 of the Supporting Information),
trans-resveratrol has been identified in the different parts of the
grape berry (e.g., seeds, skin) and the grapevine (e.g., shoots).[*°]
Parts like the vine shoots and the stems are discarded away prior
to the winemaking process. Nevertheless, research has proven
that the discarded stems contain the valuable molecule of trans-
resveratrol.l'78] These findings have been further confirmed by
Sun et al. who have quantified trans-resveratrol in Portuguese va-
rieties to be around 145.52 mg kg~! of dry weight.!"]

Given the number of parameters involved in the synthesis of
functionalized materials (e.g., solvent, amounts of crosslinker, of
functional monomers etc.) to target trans-resveratrol, it is futile to
follow the univariate method where only one factor is changed at
a time while holding the others constant. This is because such
approach would result in a high number of experiments and
overlook the possible interactions between the studied variables.
To overcome these hindrances, factorial designs combined with
multiple regression analysis are powerful tools allowing both an
efficient planning of the experiments and the determination of
the significance of the predictor variables.[?"

In this study, we explore the feasibility of UV-initiated poly-
merization to yield functionalized materials with high reten-
tion or/and selectivity towards trans-resveratrol. In this context,
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molecularly imprinted polymers and non-imprinted polymers
were systematically synthesized using a factorial design. The re-
sulting materials were tested through batch adsorption experi-
ments in two different media (acetonitrile and hydroalcoholic)
allowing the assessment of the binding capacities as well as the
selectivity of the materials for trans-resveratrol. Multivariate lin-
ear regression was applied to the obtained data, therefore, al-
lowing to understand the impact of the studied variables on the
synthesis yield, binding capacity, and selectivity of the materials.
Based upon the results of the sorption tests, a group of functional-
ized materials was selected to treat the different extracts of grape
in an attempt to significantly enrich the bioactive agent trans-
resveratrol.

2. Experimental Section

2.1. Materials

All chemicals were used as purchased, without further purifi-
cation. Trans-resveratrol (> 98%) was purchased from Cayman
(USA). The monomer 4-vinylpyridine (4VP, > 95%) was pur-
chased from Alfa Aesar (USA). The styrene monomer (STY,
> 99%) and the crosslinker ethylene glycol dimethacrylate
(EGDMA, > 98%) were acquired from Sigma Aldrich (Germany).
The polymerization initiator 2,2’-azobis(2-methylpropionitrile)
(AIBN, > 98%) was purchased from Sigma Aldrich (Germany).
The solvent dimethylformamide (DMF, > 99%) was purchased
from Acros Organics (Belgium). Ethanol (EtOH, > 99.8%),
methanol (MeOH, > 99.8%), acetonitrile (ACN, > 99.9%), and
glacial acetic acid (AcOH, > 99.7%) were all acquired from Fisher
Chemical (UK). The water used in the experiments is ultrapure
water supplied by the local laboratory.

2.2. Instrumentation

Irradiation was carried out with a custom-made UV-reactor sup-
plied by Paralab (Portugal). The dispositive is equipped with four
mercury vapor lamps (Philips Actinic BL TL 8 W/10 1FM/10 x
25CC) with a maximum emission at 350 nm. The interior of the
reactor is covered with aluminum to reflect the UV light thus
making it evenly distributed inside the reactor. Other features
such as a thermocouple, gas tubing (to purge the reaction atmo-
sphere from oxygen) and a mechanical agitator are implemented
in this UV reaction system. A control system was implemented
using a software designed by the same company (Paralab). In the
Supporting Information, a scheme depicting this UV reactor is
shown in Figure S2 (Supporting Information).

The HPLC system (KNAUER) consisted of a gradient pump
(P6.1 L) equipped with a degasser, an autosampler (6.1 L), a col-
umn thermostat (CT2.1) and a diode array detector (6.1 L). Clari-
tyChrom was the software allowing the control of the HPLC sys-
tem. The chromatographic analysis was performed using an As-
centis C18 (SUPELCO) column with a particle size of 5 ym and
dimensions 25 cm X 4.6 mm. A gradient of solvents was used as
a mobile phase varying from 100% of water—ACN (9:1) to 100%
water—-ACN (1:9) for 45 min. The mobile phase water pH was ad-
justed to 3 using acetic acid. The flow rate of the chromatographic
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analyses was 1 mL min™!

set at 45 °C.

, and the temperature of the column was

2.3. Synthesis of the Functionalized Polymers

Throughout this study, a total of 30 materials were synthesized.
Six of these materials were synthesized using thermal polymer-
ization, while the others were UV irradiated. To synthesize the
molecularly imprinted polymers (MIPs), trans-resveratrol was
first dissolved in the adequate solvent which was a mixture ACN-
DMEF (85:15) or pure ACN, depending on the synthesis recipe.
Then, the monomer 4VP was added to the mixture and left in
an ultrasound bath for 15 min to promote the intermolecular in-
teractions between the trans-resveratrol and the 4VP. Afterward,
STY was added to the reaction mixture and the same step using
the ultrasound bath was repeated. Following this, the crosslinker
EGDMA was added. Consequently, the initiator AIBN was added
to the reaction mixture which was degassed for five minutes us-
ing argon to prevent AIBN cleavage by oxygen. For thermal poly-
merization, the reaction flask was put in a paraffin bath at a con-
trolled temperature of 60 °C and left to react for 24 h. In case
of photoinitiation, the reaction flask was placed inside the UV
reactor and left to react for 24 h. For each MIP, a correspond-
ing non-imprinted polymer (NIP) was synthesized following the
exact same procedure but without including trans-resveratrol in
the polymerization mixture. The obtained polymers were cleaned
with MeOH-AcOH (9:1) several times using a dialysis mem-
brane (3.5K MWCO, ThermoFisher Scientific) to remove the un-
reacted reagents as well as the trans-resveratrol from the MIPs.
A step of cleaning with MeOH was also performed to remove the
acetic acid and then the materials were left to dry under a vac-
uum. Notice that 16 of the 30 materials were synthesized using
an experimental design considering three factors at two levels (23
= 8 pairs of MIP-NIP). A discussion regarding this experimental
design is held further below in the manuscript.

2.4. Materials Characterization
2.4.1. Gravimetric Analysis

After drying the materials for several days under vacuum, they
were accurately weighed to determine the yields of the polymer-
izations.

2.4.2. FTIR

Fourier-transform infrared spectroscopy (FTIR) was carried out
to analyze the synthesized materials after being dried. The ap-
paratus used was a PerkinElmer Spectrum Two, and the charac-
terization was made in attenuated total reflectance (ATR) mode
between 4000 cm~! and 450 cm L.

2.4.3. Sorption Experiments

The synthesized materials were assessed through batch sorption
experiments in pure ACN and EtOH-water (8:2) using trans-
resveratrol as analyte. The procedure consisted in weighing 5 mg
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of the material and adding 750 pL of the trans-resveratrol solu-
tion (0.1 X 10 M) and then leaving the mixture under shaking
(80 RPM) for 24 h and at room temperature. For each tested mate-
rial, a blank batch experiment (where the liquid phase consisted
in the solvent exempt from trans-resveratrol) was also carried out
to ensure that the material is not releasing any interfering com-
pounds into the liquid phase. At the end of the 24 h, the concen-
tration of the free resveratrol in the liquid phase was determined
by UV spectrophotometry (microplate reader, BioteK - EPOCH2)
at 305 nm, which corresponds to the maximum wavelength of
trans-resveratrol. The amount of the analyte bound to the ma-
terial was determined by subtracting the amount of free analyte
(Cg) from the initial concentration (C,). This permitted the deter-
mination of the binding capacity (Q) of the material using Equa-
tion 1 where the concentrations are expressed in mM, V (mL) is
the volume of the liquid phase and m (mg) is the mass of the
tested polymer (i.e., 5 mg).

o= GGV M

m

Furthermore, for each pair of MIP-NIP, it was possible to cal-
culate the imprinting factor (IF) by dividing the binding capacity
of the MIP by that of the NIP as shown in Equation 2.

IF = QMIP/QNIP ()

2.5. Multiple Linear Regression

The yield of the polymerizations, the imprinting factors, and the
binding capacities of the 16 materials originating from the ex-
perimental design were used to define different linear models.
To this goal, R-based open-source software was used. Both main
and interaction effects were considered in the regression analy-
sis. Based on these linear models, a group of materials was se-
lected for further application in the treatment of grape stems ex-
tracts.

2.6. Application of the Synthesized Materials to Target
Trans-Resveratrol in Grape Stems Extracts

2.6.1. Grape Stems Extraction

The grape stems residue was supplied by Caves Campelo winery
from the region of Barcelos in Portugal. This residue was ground
and used to perform two distinct extractions with two different
solvents: pure ACN, and EtOH-W (8:2). The extraction procedure
consisted in weighing 30 g of grape stems and then add 300 mL
of the solvent. The extraction mixture was then left 20 min in an
ultrasound bath and in the dark (aluminum foil was used to cover
the beaker). Following this, the extraction mixture was left 1 h
under magnetic stirring (also in the dark). At the end, the mixture
was filtrated in vacuum, resulting in a limpid liquid exempt from
solid particles. A difference in color between the two extracts is
visible, implying also a dissimilarity in the compositions.
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2.6.2. Trans-Resveratrol Identification and Quantification

To identify trans-resveratrol, a standard solution of this ana-
lyte was injected in the HPLC and then compared to the chro-
matograms of both extracts. Furthermore, to permit the quan-
tification of trans-resveratrol, a calibration curve was created. For
this, a stock solution of trans-resveratrol was prepared in pure
ethanol and then dilutions were made in EtOH-W (8:2) to obtain
a series of trans-resveratrol concentrations with values of 2, 10,
50, 100, 250, and 500 mg L~!. Each concentration was then in-
jected in the HPLC allowing the obtention of the correspondent
peak area. The calibration curve was then constructed by plotting
the peak areas against the analyte concentrations. The method
of least squares was used to determine the correlation coefficient
as well as the calibration linear equation. This procedure was re-
peated twice to ensure the accuracy of the calibration equation.

2.6.3. Solid-Phase Extraction Experiments with Grape Stems Extracts

The treatment of both ACN and EtOH-water (8:2) extracts was
carried out in solid-phase extraction (SPE) apparatus. The se-
lected functionalized materials were packed (40 mg) into SPE car-
tridges. Prior to performing the SPE test, the cleanness of the ma-
terials was checked using UV spectroscopy and, in some cases,
HPLC was used to ensure that no compounds are eluting from
the materials. The SPE test consisted in four steps, which are the
conditioning of the packed materials, the loading of the extract,
the washing of the materials and finally the elution. The solvent
of conditioning as well as the washing was the same as one of
the extractions (ACN or EtOH-W). In the case of the ACN ex-
tract, two successive elution steps were carried out using EtOH—
water (8:2) and then MeOH-AcOH (8:2). In the case of the EtOH—
W extract, only one elution step was made using MeOH-AcOH
(8:2). The obtained fractions of the loadings, washings and eluted
fluids were injected into the HPLC. By means of the calibration
curve, it was possible to directly quantify the concentration of
trans-resveratrol obtained in each fraction of the SPE procedure.
This allowed to further calculate the enrichment factors of trans-
resveratrol in each fraction. The enrichment factor was calculated
by dividing the peak area of trans-resveratrol by the total chro-
matogram’s area. These chromatograms show the absorption at
a wavelength of 280 nm.

3. Results and Discussion

3.1. Rationale for Materials Synthesis

Along the manuscript, some key parameters related to the com-
position of the synthesized polymers are often going to be men-
tioned. To avoid ambiguities, these parameters are summarized
in Table 1.

As stated earlier in this paper, the objective of this work is the
synthesis of materials with high binding capacity and/or selectiv-
ity towards trans-resveratrol. However, this task is not straightfor-
ward as various parameters impact the polymerization process
and hence the final product. Table 2 summarizes these parame-
ters and discusses the benefits of using their low or high ranges.
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Table 1. Describing parameters of the polymerization runs.

Parameter Definition

Yy [%] Mass fraction of the polymerizable monomers mixture (including
functional monomer(s) and crosslinker(s)) in the polymerization
solution.

Yeo [%%] Mole fraction of the crosslinker in the polymerizable monomer’s
mixture.

Y1/em Mole ratio between the template and a functional monomer.

Y, (%) Mole ratio between the initiator and the polymerizable monomers.

3.2. Factorial Design
3.2.1. Preliminary Study

During the process of MIP synthesis, the antioxidant effect of
trans-resveratrol, or any polyphenol in general, could drastically
decrease the rate of polymerization and even inhibit it through
radical cleavage. Additionally, trans-resveratrol is an expensive
reagent, so it is advised to proceed carefully before starting a cam-
paign of syntheses. Thus, the first task was to conduct a polymer-
ization through thermal initiation to evaluate the possibility of
the use of trans-resveratrol as a template. Thermal initiation was
chosen because it was proved to be effective for other templates
such as quercetin, 2!l gallic acid, and polydatin.[??] Realizing that
thermal initiation is possible when trans-resveratrol is present in
the polymerization mixture, the next step was to synthesize two
materials (a pair of MIP and NIP) using UV irradiation (at room
temperature) to assess the inhibitory effect of trans-resveratrol on
the polymerization process. Table 3 reviews the materials synthe-
sized in the framework of this preliminary study. As explained in
Table 2, it is preferable to use pure ACN as it interferes the least
with the assembly of the template-functional monomer(s). How-
ever, dissolving trans-resveratrol in pure ACN and at the same
time keeping the parameters of the polymerizations (e.g., Y,
Yy etc.) intact is not possible due to the insolubility of trans-
resveratrol.[?)] Thus, a mixture of ACN-DMF (85:15) was used
instead. Sorption experiments using these preliminary materi-
als allowed the determination of their binding capacities and the
imprinting factors in acetonitrile (shown in Table 3). Consider-
ing Yy, Yer, Yesjavps Yregsty @nd the initiation mechanism (UV
irradiation or at 60 °C) as factors, multiple regression analysis
was carried out to analyze the variation of the binding capacity.
Considering only the main effects, the linear model gave an ad-
justed R? 0f 0.9317, (p = 0.00282 < 0.05) with Y, being the only
significant predictor (p-value = 0.0152 < 0.05). This means that
the amount of crosslinker directly impacts the binding capacity
of the materials and thus it should be considered in the further
experimental design. Moreover, the materials M2, N2, M3, N3,
M4, and N4 have an Y,; between 12% of 5% which resulted in
a small particle size. This has serious repercussions on the us-
ability of such materials in continuous processes such as SPE or
frontal analysis, as loss of material would be inevitable.
Additionally, the preliminary results show that a high amount
of crosslinker (e.g., 82.4% for M1 and N1) leads to a low bind-
ing capacity but a relatively high imprinting factor. On the other
hand, decreasing the amount of crosslinker appears to promote
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Table 2. Potential effect of the polymerization conditions on the functionalization of polymer networks.

Parameter High range

Low range

Crosslinker content (Y,) Geometrical stability of binding sites.

High mechanical resistance (e.g., Yc_ > 80%).
Composition of the functional
monomers’ mixture

+ styrene for hydrogen bonding and z—z stacking).

Total monomers’
concentration (Yy)

Template content (Yrry)
(e Yryem > 1/3).

Solvent hydrogen bonding

capacity and polarity inclusion of DMF or DMSO).

Polymerization temperature

and initiation mechanism T> 60 °C with thermal initiators).

Exploiting multiple interactions between complex
templates and different functional monomers (e.g., 4VP

Good polymer yield; fast polymerization (e.g., Yy > 25%).

Increasing stereospecific cavities for molecular recognition

Good solubility of monomers and templates (e.g.,

High polymer yield and diverse initiation possibilities (e.g.,

Enhancement of the functional groups density and increase of
interaction possibilities (e.g., Y, < 50%).

Simplicity of polymerization recipe, avoiding heterogeneity of
polymer networks due to different incorporation rates for the
diverse functional monomers (e.g., single functional monomer).

Control of particle size and morphology with enhancement of mass
transfer; control of reaction temperature; solubilization of initial
reactants (e.g., Yy, < 10%).

Increase the functional groups of the material while decreasing its
specificity (lesser stereospecific cavities).

Avoiding solubility problems, polymerization inhibition, material
cleaning difficulties and high price caused by template inclusion
(e.g Yy =0 for NIPs).

Decreasing competition with template/functional monomers
self-assembly

Higher control on polymer particles morphology and size through
phase separation (e.g., 100% ACN).

Improve the template/functional monomers self-assembly (e.g., T <
30 °C with photopolymerization).

Table 3. Preliminary synthesized materials and their respective binding capacities and imprinting factors (sorption tests were carried out in acetonitrile,

n=4).

Material Y Yoo YRes/avp YRes/sTY Y, Yield Initiation Qads (mean + SD, IF (mean + SD)
mechanism umol g

M1 21.40 82.4 12 n 5.36 99.61 Thermal (60 °C) 1.55 + 0.05 257 +0.49

N1 0/2 0/1 96.88 0.68 = 0.13

M2 5.78 40 12 n 5.2 83.68 Thermal (60 °C) 10.15 + 0.25 0.82 +0.03

N2 0/2 0/1 91.92 1245 0.23

M3 12.74 42.42 1/5 12 5.35 92.88 Thermal (60 °C) 1132 £ 0.13 0.99 +0.04

N3 0/5 0/2 99.27 11.10+0.35

M4 12.74 42.42 1/5 12 5.3 55.74 UV irradiation 12.78 + 0.96 1.25+0.05

N4 0/5 0/2 89.23 10.19 + 0.70

the retention of trans-resveratrol but at the cost of the material  Table 4. Impactful factors and their respective levels.

selectivity.

Regarding the initiation mechanism, a simple comparison be-  Parameter Low level High level
tween the pairs M3-N3 and M4-N4 shows that a higher IF is ob- Y, 20% 30%
tained when UV irradiation is used to initiate the polymeriza- v 0% 60%
tion. This outcome is interesting since it shows that perform- “

YResjavp 177 173

ing the polymerization at room temperature (photoinitiation)
preserves the trans-resveratrol-functional monomer(s) interac-
tions better than the thermal initiation at 60 °C. As a matter
of fact, this outcome was confirmed by Navarro-Villoslada et al.,
who have demonstrated that materials synthesized at room tem-
perature have higher affinity than the ones synthesized at high
temperature.[?4]

3.2.2. Choice of Factors and Type of the Factorial Design

The objective of this study is to optimize the binding capacity
or/and the selectivity of the synthesized polymers towards resver-
atrol. For this end, three factors were deemed essential to opti-

Macromol. React. Eng. 2023, 17, 2200076 2200076 (5 of 14)

mize, which are: Yy, Y¢; and Yiegjayp- A two-level factorial de-
sign (2%) was chosen resulting in 16 materials (eight pairs of MIP-
NIP). The levels chosen for each factor are shown in Table 4. The
cube plot of the chosen factorial design is shown in Figure S3
(Supporting Information).

The choice of 4-vinylpyridine (4VP) as a functional monomer
stems from previous works as well as recent publications regard-
ing this matter. In fact, in a recent work by Cao et al., different
types of functional monomers (methacrylic acid, acrylamide, 2-
vinylpyridine and 4-vinylpyridine) were used to synthesize MIPs
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Figure 1. Depiction of the molecular interactions between trans-
resveratrol (in blue) and 4VP monomer units (in black). The hydrogen
bonds are illustrated by dotted red lines. The green line is a generic repre-
sentation of the polymer chains.

to target trans-resveratrol. Their results showed that when 4VP
is selected as the functional monomer, the binding capacity and
the selectivity of the material were the highest.[? This is due to
the hydrogen bonds established between the 4VP monomer units
and the hydroxyl moieties of trans-resveratrol, as shown in Fig-
ure 1. Other works demonstrate the efficacy of 4VP as a func-
tional monomer to target polyphenols.***8] Yy, ,p Was varied
between 1/3 and 1/7. The former level is based on thermody-
namic data that demonstrate that the assembly of 4VP with trans-
resveratrol is the most stable at a ratio of 3 to 1.1 The latter level
was chosen to evaluate the possibility of the generation of selec-
tive material even when employing a low amount of template dur-
ing the synthesis. Based on the preliminary studies, a value of Y},
= 12% cannot be used since it will result in a material with low
particle size, limiting its potential use in the treatment of grape
stems extract. Concerning the amount of crosslinker, values be-
tween 40% and 60% were chosen, which seemed to be the sweet
spot to obtain materials with a reasonable binding capacity with-
out sacrificing the selectivity. Table 5 resumes the polymerization
runs dictated by the chosen experimental design.

Besides the 16 materials dictated by the factorial design, six
others were synthesized using the univariate approach to assess
the influence of the styrene incorporation and the synthesis sol-
vent on the final materials. M5_Bis and N5_Bis were both synthe-
sized in a similar way as M5 and N5 but without the inclusion of
styrene in the synthesis recipe. On the other hand, to assess the
effect of the synthesis solvent, M13 and N13 were synthesized
in pure ACN and M13_Bis and N13_Bis were synthesized using
ACN-DMF (85:15) as solvent. Table 6 describes the synthesis con-
ditions of these additional materials.

4. Characterization of the Synthesized Materials

In order to determine the final composition of the synthesized
materials, and whether the utilized monomers were incorporated
in the polymeric network, FTIR analysis was carried out for each
material. Since the number of materials is relatively high (22
materials including the additional ones), we chose to include in

Macromol. React. Eng. 2023, 17, 2200076 2200076 (6 of 14)
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Table 5. Syntheses resulting from the 23 factorial design (the initiation was
carried out through UV irradiation).

Material Yy Yoo Yegave  Yressy Vi Yield Solvent

M5 20 40 1/3 11 5.2 35.64 ACN-DMF (85:15)
N5 0/3 0/1 97.93

Mé 30 40 1/3 11 5.2 39.56 ACN-DMF (85:15)
N6 0/3 0/1 102.46

M7 20 60 13 11 52 6023  ACN-DMF (85:15)
N7 0/3 0/1 101.54

M8 30 60 1/3 11 5.2 66.96 ACN-DMF (85:15)
N8 0/3 0/1 102.85

M9 20 40 1/7 171 5.2 44.23 ACN-DMF (85:15)
N9 0/7 0/1 101.29

M10 30 40 17 11 52 3637  ACN-DMF (85:15)
N10 0/7 0/1 109.90

M11 20 60 1/7 11 5.2 72.45 ACN-DMF (85:15)
N11 0/7 0/1 103.55

M12 30 60 1/7 11 5.2 74.95 ACN-DMF (85:15)
N12 0/7 0/1 104.31

Table 6. Polymerization conditions of the additional materials using the
univariate approach (initiation was carried out through UV irradiation).

Material Yo Yl Yeesiave  Yressy Vi Yield Solvent
M5_Bis 20 40 13 1/0 52 2477  ACN-DMF (85:15)
N5_Bis 0/3 0/0 102.80

M13 144 75 1/3 11 52 71.13 Pure ACN
N13 0/3 0/1 100.55

M13_Bis 14.4 75 1/3 11 5.2 84.87 ACN-DMF (85:15)

N13_Bis 0/3 0/1 106.52

the main manuscript some representative examples in which the
main functional groups are existent. The other FTIR spectra were
included in Figures S4 and S5 (Supporting Information).

From Figure 2, it is apparent that the FTIR spectra of both N5
and M5 (c and d) present a peak at 702 cm™' which is charac-
teristic of the aromatic benzene ring. This peak is not present in
the FTIR spectra of N5_Bis and M5_Bis (a and b). This result con-
firms the styrene incorporation into the materials since the differ-
ence between M5-N5 and M5_Bis-N5_Bis is the presence of the
styrene monomer in the initial polymerization mixture. Regard-
ing the 4VP monomer, characteristic peaks at 1600 cm™! (C=C
pyridyl), 1418 cm™! (C=N), 820 cm™! and 755 cm™! (both corre-
spond to the C-H bending in the pyridine ring) are all indicators
of the successful polymerization of this monomer and its exis-
tence in the synthesized materials. The last monomer unit that
should be present in the synthesized materials is the crosslinker
EGDMA. Characteristic peaks of this latter appear at 1720 cm™
and 1130 cm™! which are assigned to the functional groups of
C=0 and C-O respectively, confirming the polymerization of the
crosslinker.

© 2023 The Authors. Macromolecular Reaction Engineering published by Wiley-VCH GmbH

85U8017 SUOWIWOD A0 (el jdde au Aq peusenob afe sejonte O 8sn Jo seini Joj AriqiT8uljuo 8|1/ UO (SUORIPLOD-pUe-SWBI W00 AB 1M AReiq el |Uo//SAny) SUORIPUOD pue swie 1 8y} 89S *[£202/0T/E2] Uo AriqiTaulluo A8]IM EBniiod sUeiy000 Aq 920002202 UeIW/Z00T OT/10p/uioo A8 im Areiqiul|uo//sdny woiy papeojumoq ‘v ‘€202 ‘8€€8298T



ADVANCED
SCIENCE NEWS

MSicr

Reaction Engineering

www.advancedsciencenews.com

120 4

115 1

Transmittance (%)
=9 —
o =Y
a o
1 1

95+

90 1130—» 820—

85 T T T T T T
2000 1750 1500 1250 1000 750 500

Wavenumber (cm™)

Figure 2. Representative FTIR spectra of synthesized materials. a) N5_Bis;
b) M5_Bis; c) N5; d) M5.

4.1. Impact of the Synthesis Recipe on the Polymerization Yield

InTable 5, the yield of each polymerization is shown. To make use
of such data, multiple linear regression analysis was conducted.
Yer, Yy, and Yy uyp Were the variables used to construct the lin-
ear model with the yield being the response variable. Three linear
models were attempted considering the interactions between the
factors. The obtained results are shown in Table S1 (Supporting
Information). The linear model which considers only the main
effects had the highest adjusted R?, highest F-statistic and a p-
value that is much lower than the threshold of 0.05. Equation 3
describes the linear variation of the yield in the function of Y,
Yy, and Y. 4yp- Based on this model, contour plots of the com-
bined effects of both Y, Yyegavp and Yy, Yressavp Were created
and are shown in Figure 3.

Yield = 54.25 +0.26 Yy +0.75 Yo — 164.63 Yoy v (3)

These results demonstrate that the main factor that con-
tributes to the variation of the yield, is the amount of trans-
resveratrol in the polymerization system expressed by the pa-
rameter Yy, 4vp (p < 0.001). The less trans-resveratrol, better is
the yield, which is logical since trans-resveratrol is an antioxidant
molecule capable of cleaving free radicals responsible for the ini-
tiation and the propagation of the polymerization. One can argue
that it is possible to use an equivalent amount of initiator to com-
pensate the antioxidant effect of the template, however this ap-
proach would lead to different average molecular weight between
the MIP and the NIP which lead to incomparable materials. Re-
garding the other parameters of Y, and Y,,, their coefficients
are low (and p values higher than 0.05) meaning that they don’t
impact the yield as the quantity of trans-resveratrol does.

Interestingly, the material M5_Bis, which was synthesized
without the inclusion of styrene, had a very low polymerization
yield (=25%) suggesting that the monomer of styrene plays a
role in the propagation of the polymerization acting like another
source of free radicals. Therefore, the final mass of M5_Bis was
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about 24 mg which was not sufficient to use in the treatment of
the grape stems extracts.

4.2. Sorption Experiments

In this section, the results of the static sorption tests are pre-
sented in both acetonitrile and hydroalcoholic solution. The re-
sults consist in the binding capacity and the imprinting factor of
each synthesized material. Furthermore, multiple linear regres-
sion analysis was carried out to determine the effect of the syn-
thesis conditions on the binding capacities and the imprinting
factors. A special focus was attributed to the results of acetoni-
trile due to the low interference of this solvent in the process of
trans-resveratrol binding to the materials. It is important to em-
phasize that the regression analysis only considered the materials
stemming from the factorial design.

4.2.1. Acetonitrile as a Testing Medium

Figures 4 and 5 summarize respectively the results of the binding
capacities and the imprinting factors of the synthesized materi-
als (the numerical data can be consulted in Table S2, Supporting
Information). The results of the binding capacities and the im-
printing factors of M5, N5 and M5_Bis and N5_Bis, show no sig-
nificant difference. This implies that the incorporation of styrene
in the polymerization mixture has almost no effect on the mate-
rial’s functionality. However, the decision of the inclusion of the
styrene into the synthesis recipes was linked to the final objective
of this work which is the application of the functionalized mate-
rials in the enrichment of trans-resveratrol from hydroalcoholic
solutions. In this context, the use of styrene would confer more
hydrophobicity to the materials which would increase the affinity
with the target compound in a polar protic solvent.

Comparing the materials made in pure acetonitrile (M13 and
N13) with the ones made in the ACN-DMF mixture (M13_Bis
and N13_Bis) one can notice the gap between the imprinting fac-
tor of the pair M13-N13 and the pair M13_Bis-N13_Bis. Such re-
sult shows the interest of use of synthesis solvents that have low
interference with the trans-resveratrol-4VP hydrogen bonding.
Since ACN is much less protic than DMF, it would strengthen
the affinity between the trans-resveratrol and the functional
monomer of 4VP in the polymerization mixture, which would
result in more stereospecific cavities dedicated to the trans-
resveratrol compound. As a consequence, M13 had a superior
binding capacity compared to M13_Bis.

Regarding the other materials, the multiple linear regression
tool was used, thus yielding the empirical relations describing the
binding capacity (Q) and the imprinting factor (IF) as shown in
Table 7. Other linear models considering the two-way and three-
way interactions were also calculated and the results were put in
Tables S3 and S4 of Supporting Information. Furthermore, con-
tour plots of the effect of Y, Yy, and Yy, 4yp on both Q and IF
are shown in Figure 6.

Both the linear regression equation and the contour plots show
a clear dependency of the binding capacity (Q) on the crosslinker
content (Y;) and the trans-resveratrol content (Ygesyp). In
fact, as Y, diminishes, the polymer chains contain more 4VP
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Figure 3. Contour plots of the combined effects of the crosslinker content, total monomer concentration and resveratrol content on the polymerization
yield. a) Contour plot of the combined effects of the crosslinker content (Y ) and the trans-resveratrol content (Yges 4vp); b) Contour plot of the combined
effects of the total monomer concentration (Yy) and the resveratrol content (Ygesavp)-

15 4

12

©
1

Q (umol.g™)

CEEF LI LLLIL L IIEL 8

\&3”‘\"’

N, 0/
NN

Figure 4. Binding capacity of the synthesized materials using 0.1 x 10 m trans-resveratrol in ACN and at room temperature (n = 2).

monomer units which are responsible for the binding of trans-
resveratrol to the material. Additionally, the data demonstrates
that the trans-resveratrol-imprinted materials (Ygegayp > 0) have
higher binding capacity than the non-imprinted materials. More-
over, the model as well as the 2D contour plot show no significant
variation of the binding capacity with Y, suggesting that the to-

tal monomer concentration (which eventually affects the size of
the polymer particles) does not affect the adsorptive capacity of
the materials. Such result is expected, since a batch sorption ex-
periment lasts for 24 h allowing the system to reach the equilib-
rium. At these conditions, having high or low particles size would
not affect the diffusion of trans-resveratrol through the material.

Table 7. Linear models describing the binding capacity (Q) and the imprinting factor (IF) of the materials tested in pure ACN.

Response Model equation Adjusted R? p-value of the Significant parameter(s)

variable model

o} Q= 20.0590 + 0.0014 Yy — 0.2062 Yy + 83111 Yeeg/avp 0.7105 0.000405 Yo p < 0.001
Yresjave: P < 0.05

IF IF = — 0.0587 + 0.0034 Yy, + 0.0253 Y, + 0.4746 Ypgqav 0.7806 0.0282 Yo p <001

Macromol. React. Eng. 2023, 17, 2200076 2200076 (8 of 14)
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Table 8. Linear model of the binding capacity (Q) and the imprinting factor (IF) of the materials tested in EEOH—-water (8:2).

Response variable Model equation Adjusted R? p-value of the Significant parameter(s)
model
o) 0= 10.4222 - 0.0715 Y,y — 0.1024 Y¢; — 4.6479 Yp,q/avp 0.6447 0.001346 YeLip < 0.001
Yresjavp: P < 0.05
IF Q=10.4222 — 0.0715 Yy — 0.1024 Y¢ — 4.6479 Yeoe/avp 0.543 0.1161 Yoip<0.1
2.8 - the hypothesis stated above, the overall adsorptive capacity of the
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Figure 5. Imprinting factor (IF) of the synthesized materials using 0.1 X
10 M trans-resveratrol in ACN and at room temperature (n = 2).

However, this outcome may change if the materials are tested in
a continuous sorption experiment (lower particle size promotes
the diffusivity of the analytes).

In relation to the imprinting factor (IF), a significant posi-
tive dependency on Y., was found (p < 0.01). This indicates
that increasing the amount of the crosslinker while having trans-
resveratrol in the polymerization mixture, improves the process
of formation of the specific cavities which would eventually yield
materials capable of recognizing trans-resveratrol. Apart from
that, the IF does not appear to depend on the parameter Y,,, al-
though the parameter Yy, ,yp seems to influence the molecular
recognition of the materials. In fact, an Yyequyp = 1/3 (M7 and
MB8) leads to a higher IFs than an Yy 4yp = 1/7 (M11 and M12).

4.2.2. Hydroalcoholic Mixture as a Testing Medium

It was expected that the results obtained in a hydroalcoholic
medium would be drastically different from the ones obtained
in pure acetonitrile. This is because the ethanol-water mixture
interferes with the hydrogen bonds susceptible to occur between
the pyridyl functions of the material (due to the 4VP monomer)
and trans-resveratrol (through the hydroxyl functions). Figures 7
and 8 show the results related to the binding capacities of the
materials and their imprinting factors (the numerical data can
be consulted in Table S5, Supporting Information). In line with

Macromol. React. Eng. 2023, 17, 2200076 2200076 (9 of 14)

synthesized materials decreased significantly and almost all of
them lost their molecular recognition in the hydroalcoholic mix-
ture (IFs below or barely equal to one). To further understand the
behavior of the synthesized materials in a polar protic medium,
multiple linear regression models were estimated and listed in
Table 8 (considering materials stemming from the factorial de-
sign). Other linear models were attempted, and their output was
placed in Tables S6 and S7 (Supporting Information). The param-
eter Yy uyp has a negative correlation with the binding capacity
of the materials, implying that having more imprinted cavities
(due to the higher amount of trans-resveratrol in the initial poly-
merization mixture) does not enhance the binding capacity in
this ethanol-water mixture. The same goes for the parameter Y,
since increasing the quantity of crosslinker would automatically
lower the monomer units of 4VP in the polymer chains, result-
ing in a less functionalization of the materials. Concerning the IF
linear equation, its p-value is higher than the benchmark value of
0.05. Thus, it is not recommended to further utilize this model
due to hidden factors related to the nature of the medium that is
not accounted for.

Now comparing the materials M5, N5 with M5_Bis, N5_Bis
(exempt from styrene), the material performance does not seem
to substantially change when styrene is added to the polymeriza-
tion recipe. However, it is likely that using different ratios Yyey /sty
would impact the final characteristics of the material. Another
relevant comparison is the one between M13 (synthesized in pure
ACN) and M13_Bis. Despite the performance gap that the M13
demonstrates in pure acetonitrile compared to M13_Bis, both
materials behave in a similar manner in the EtOH-water mix-
ture. This confirms again that targeting trans-resveratrol in such
amedium is challenging due to the interference of the solvent in
the intermolecular interactions.

5. Enrichment of Trans-Resveratrol from Grape
Stems Extracts

5.1. Criteria for Materials Selection

Since the aim of this work is to enrich trans-resveratrol from
grape stems extracts, choosing materials with high imprinting
factors should help achieve this goal. In addition to this param-
eter, choosing materials with relatively high binding capacity is
of equal importance. We also hint that the criteria of selection
were based on the results obtained in pure ACN, since it is the
medium that best reflects the characteristics of the materials. In
this context, M7 was selected due its high IF (~2) and high Q
(~ 10.5 umol g=!). M9 is also a promising material due to its Q
value of 14 pmol g~'. Jointly with the MIPs, the non-imprinted
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Figure 6. a,b) Contour plots of the combined effects of the crosslinker content (Y ), total monomer concentration (Y),) and resveratrol content
(Yes/avp) on Q. c,d) Contour plots of the combined effects of the crosslinker content (Y, ), total monomer concentration (Y,) and resveratrol content

(YRes/avp) on IF.
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Figure 7. Binding capacity of the synthesized materials using 0.1x 10”3 m
trans-resveratrol in EtOH-water (8:2) and at room temperature (n = 2).

polymers N7, N9 were also selected to treat the different extracts
of grape stems. Although M13 had the highest IF of all the mate-
rials (~3) with a reasonable binding capacity (8 umol g™!), its use
in the SPE cartridge was not possible because of particle leakage,
which is a direct consequence of a low Yy, (%14%).

Obviously, before proceeding with the treatment of the grape
extracts, trans-resveratrol was identified in both extracts of ACN
and EtOH-water by injecting a trans-resveratrol standard. Infor-
mation regarding this identification is annexed in Figure S6 (Sup-
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Figure 8. Imprinting factor (IF) of the synthesized materials using 0.1 X
10”3 ™ trans-resveratrol in EtOH-water (8:2) and at room temperature (n
=2).

porting Information). Moreover, the calibration curve of trans-
resveratrol is shown in Figure S7 (Supporting Information) and
the parameters of the equation are listed in Table S8 (Supporting
Information).
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Figure 9. ACN grape stems extract treatment. a) SPE assessment of the synthesized materials (percentage of trans-resveratrol in each fraction is plotted).

b) Enrichment factors of trans-resveratrol in each SPE fraction for the material

s M7 and N7. ¢) Enrichment factors of trans-resveratrol in each SPE fraction

for the materials M9 and N9. L refers to loading, W refers to washing, E1 refers to elution 1 and E2 refers to elution 2.
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Figure 10. Chromatograms of the initial grape stems extract (in ACN) and the
at A =280 nm).

5.2. Treatment of the ACN Extract

Solid phase extraction is a simple technique allowing the assess-
ment of the binding capacity and selectivity of adsorbents vis-a-
vis different analytes. The previously chosen materials (M7, N7,
M9, and N9) were tested using this technique. For each mate-
rial, four fractions were obtained which are the loading, washing,
elution 1 (using EtOH-water 8:2) and elution 2 using (MeOH-
AcOH 8:2). Using liquid chromatography, the quantity of trans-
resveratrol was determined in each fraction. Consequently, the
quantification of trans-resveratrol allowed the calculation of the
enrichment factor in each fraction. The results are presented in
Figure 9. A step-by-step analysis of the present results shows
a clear difference between the molecularly imprinted materials
(M7 and M9) and the corresponding non-imprinted ones (N7 and
N9). The quantity of trans-resveratrol in the loading fractions of
the MIPs is lower than the NIPs showing that the analyte was
preferably retained from the ACN extract by the imprinted ma-
terials. Furthermore, the washing fractions (made also by ACN)
show a higher quantity of trans-resveratrol in the NIPs than the
MIPs which is expected since it is much harder to remove the
retained trans-resveratrol from the 3D cavities of the MIPs than
the polymeric networks of the NIPs. For the first elution (Elu-
tion 1), EtOH-water (8:2) was used to attempt the elution of the
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correspondent elutions of the materials M7, N7, M9 and N9 (measurement

retained trans-resveratrol. This solvent was chosen because it is
eco-friendly and sorption experiments in this medium showed a
low retention of trans-resveratrol meaning that it should be eas-
ily eluted from the materials. The SPE assessment graph shows
that the eluted quantity of trans-resveratrol is higher for the NIPs
than the MIPs. Until this step, the recovery of trans-resveratrol
from N7 and N9 was around 80% and 60% respectively while
from M7 and M9 the recovery was around 20% for both materi-
als. Thus, the use of another solvent to elute the remaining quan-
tity of trans-resveratrol is necessary. Thus, in the last step (des-
ignated as elution 2), a mixture of MeOH-AcOH (8/2; v/v) was
used. This allowed to further recover trans-resveratrol from the
materials. The enrichment bars corresponding to elution 2 show
an enrichment factor of almost 14 times for M7 and 12 times
for M9. The chromatograms of elution 2 are shown in Figure 10
and are compared with initial ACN extract of grape stems. Fur-
thermore, Figure 11 shows a 3D view of the ACN extract jointly
with the fraction obtained using M9 (a similar 3D graph for M7
is annexed in Figure S8, Supporting Information). These results
clearly show the advantage of using molecular imprinting tech-
nique as a tool to functionalize materials appropriate for contin-
uous processes of fractionation or/and enrichment.

Regarding the peak appearing around 18 min in the
ACN extract, an identification was attempted relying on the
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chromatographic analysis as well as data found in literature. As
shown in Figure S6 (Supporting Information), besides trans-
resveratrol, another glycosylated stilbene was injected which is
polydatin (also known as piceid). This latter elutes at around
10.5 min whereas trans-resveratrol elutes around 14.8 min. Thus,
it is clear that the more hydroxyl groups the stilbene has, the ear-
lier it will elute from the chromatographic column. Moreover, the
UV spectrum of the compound at 18 min is close to the ones of
trans-resveratrol and polydatin, which indicates that these com-
pounds belong to the same family of phenolic compounds. To
consolidate the proposed hypothesis, literature was consulted.
According to Flamini et al., where the authors discuss the dif-
ferent stilbenes and their occurrence in grapes and derivative
products (i.e., wine and winemaking residues), the compound
eluting at 18 min is suggested to be of such kind (e.g., the pres-
ence in grape of pterostilbene (3,5-dimethoxy-4’-hydroxystilbene)
or trans-resveratrol-4’-methyl ether is therein reported).[*%!

5.3. Treatment of the EtOH W Extract

The same materials used to treat the previous ACN extract, were
also used for the treatment of EtOH-water extract of grape stems
and the SPE results are shown in Figure 12. Surprisingly, M7
and M9 appear to recognize trans-resveratrol in the hydroalco-

Macromol. React. Eng. 2023, 17, 2200076 2200076 (12 of 14) © 202

holic mixture (both materials exert higher retention than N7 and
N9). During the washing step, there is no significant difference
between MIPs and NIPs which agrees with the sorption experi-
ments carried out in the EtOH-water medium. However, in the
elution step (MeOH-AcOH, 8/2 v/v), the imprinted materials are
releasing more trans-resveratrol than the non-imprinted ones,
confirming that the analyte was retained in the specific cavities
of the MIPs, and using a strong protic solvent permits the lib-
eration of these retained molecules. The chromatograms of the
elutions are presented in Figure 13 and 3D plots of the HPLC-
DAD analysis regarding M7 and M9 elutions are attached in Fig-
ures S9-S11 (Supporting Information), respectively. Based on
this experimental output, it can be asserted that the molecularly
imprinted polymers are viable adsorbents for the enrichment of
trans-resveratrol even when this latter is present in an interfering
environment as the water ethanol mixture.

6. Conclusions

Functional polymer networks to target trans-resveratrol in wine-
making residues were synthesized through UV irradiation at
room temperature considering 4VP, styrene, and EGDMA as
comonomers and AIBN as initiator. An approach based on the
experimental design was considered for the selection of the

3 The Authors. Macromolecular Reaction Engineering published by Wiley-VCH GmbH
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surement at A = 280 nm).

polymerization recipes leading to materials combining high re-
tention capabilities and selectivity towards the target molecule
when used as adsorbents. In this context, molecularly imprinted
and non-imprinted polymers were both produced and assessed
in sorption tests involving two solvents: pure ACN and EtOH-
water (8:2).

The trans-resveratrol standard was used in these sorption tests
which allowed the screening of parameters that impact the ma-
terials’ performance. Factors like the crosslinker content (Y)
and the ratio of 4VP to trans-resveratrol (Yg./4vp) Were found to
strongly impact the molecular recognition of the materials as well
as their binding capacity to trans-resveratrol. As a matter a fact,
the results have demonstrated that using trans-resveratrol in the
polymerization mixture improves substantially the imprinting
factors as well as the adsorptive capacities of the materials which
evidence the benefit of the molecular imprinting technique. Nev-
ertheless, the yield of the polymerizations is negatively affected
by the addition of trans-resveratrol in the polymerization mixture
which is an anticipated outcome due to the antioxidant activity of
this bioactive compound. It has been also shown that the type of
solvent used in the sorption tests influences the materials’ per-
formances. For example, a strongly protic solvent (compared to
ACN) like a hydroalcoholic mixture, would disturb the hydrogen
bonding between the trans-resveratrol and the 4VP-based mate-
rial, causing a decrease in both the binding capacity and the se-
lectivity of a material.

Among the 30 synthesized, four promising materials (two
pairs of MIP-NIP polymer networks) were selected for the enrich-
ment of trans-resveratrol in grape stem extracts (ACN and EtOH-
water solvents were considered). We show that enrichment fac-
tors of up to 12 folds were possible when using these materials
as adsorbents in sorption/desorption processes. These results ev-
idence the benefits of polymer functionalization through molec-
ular imprinting in real sample processing (i.e., grape stems ex-
tracts).

Further optimization of the polymerization recipes using the
outputs of this study (e.g., contour plots, linear models), large-
scale production of functionalized polymers and enhancement
of the sorption/desorption processes (e.g., the definition of sol-
vent composition gradients) are future tasks to be addressed in
the framework of the circular bioeconomy devoted to the efficient
valorization of winemaking residues.

Macromol. React. Eng. 2023, 17, 2200076 2200076 (13 of 14)
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