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Abstract

A simple adsorption process allowing a high retention of polyphenols contained in extracts of onion skin with ethanol/water
volume ratio going up to 80/20 is described. We show that the straightforward processing of the extracts is possible, even at
low water content, by using quercetin-molecularly imprinted (Q-MIP) adsorbents synthesized with 4-vinylpyridine (4VP)
as the functional monomer. The favorable interactions between the pyridyl functional groups of 4VP and the polyphenols,
as well as the improved binding site accessibility introduced by molecular imprinting, are at the source for the good per-
formance observed with the Q-MIPs. The usefulness of the Q-MIPs in onion skin polyphenols purification, fractionation
and concentration is demonstrated with few sorption/desorption steps and considering sonicated, Soxhlet and supercritical
CO, extracts. Polyphenol retention of c.a. 88% is possible with Q-MIPs (7% with non-tailored adsorbents) when directly
processing ethanol/water 80/20 extracts. Protocatechuic acid and other very hydrophilic molecules (such as simple sugars)
were readily removed from the extracts, leaving fractions containing mostly quercetin and quercetin derivatives. Polyphenol
recovery higher than 90% (measured with quercetin) and concentration factors up to 34 times were observed with the Q-MIPs.
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Introduction

Plants synthesize different kinds of polyphenols to control
oxidative stress and for protection of external threats such as
insect plagues [1-3]. It is commonly accepted that polyphe-
nols show important beneficial effects in human health [4]
and therefore, due to their current applications in multiple
biotechnological fields and potential future developments,
a huge growth for the polyphenols market in the near future
is expected [5].

It was observed in several studies that onions, and espe-
cially their outer parts, contain appreciable amounts of
quercetin (a flavonoid polyphenol belonging to the flavonols
class) and also of quercetin derivatives, namely quercetin-4'-
glucoside and quercetin-3,4'-diglucoside. Quercetin and its
derivatives present strong antioxidant effects with potential
impact in the treatment of several diseases, namely diabetes
and cancer. These compounds are also prospected as seda-
tive agents. Furthermore, more than 122,000 k tons of onions
(dried) are worldwide annually produced, therefore yielding
more than 18,000 k tons of onion residues. 4800 k tons of
onions are estimated to be annually produced in European
Union, leading to more than 700 k tons of onions residues
[6]. Using these residues as fertilizers or animal feed is lim-
ited due to their inherent composition and susceptibility to
microbial spoilage (see [7] and references therein). There-
fore, the valorization of onion residues is nowadays an inter-
esting issue, namely in order to avoid the disposal of large
amounts of this biomass as it is currently observed. In this
context, the recovery of polyphenols from onion residues is
an attractive route for biomass valorization by generating
high value-added products. Several operations are needed to
get bioactive compounds (namely polyphenols) suitable for
biotechnological applications from plant residues. Solid—lig-
uid extraction, followed by sorption/desorption processes
(to purify and concentrate), are often used. A key issue
is the generation of diluted streams with co-extraction of
unwanted compounds. In practice, these operations should
be performed efficiently and economically to get a feasible
industrial application.

Indeed, sorption/desorption processes are commonly car-
ried out to purify, fractionate and concentrate the polyphe-
nols present in plant extracts [8, 9]. Hydrophobic effects are
a major mechanism governing the sorption of the bioactive
compounds in many adsorbents; hydrogen bonding, ionic
interactions or even & interactions can also play a role in the
retention/release processes. Often, in order to accomplish a
fair amount of polyphenol retention, solvents with high water
content must be used. When the valorization of some under-
utilized effluents in sought, such as in olives debittering,
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artichoke washing, olive oil or natural juices production,
etc., this condition is met because water is mainly used in
these processes. However, many plant extracts are produced
using low water content solvents in order to increase poly-
phenols extraction efficiency and concentration (e.g., mix-
tures containing more than 70% weight ethanol). Thereafter,
to perform the subsequent adsorption process in common
synthetic resins, preparation steps are needed in order to
increase the water content, such as solvents evaporation and
re-suspension of dried extracts in aqueous systems. Besides
the growth in process complexity and energy consumption,
such operations lead to a drop of polyphenols concentra-
tion in the liquid because the solubility of many of these
molecules is very scarce in aqueous systems. Therefore, the
possibility for the direct adsorption of polyphenols present
in low water content mixtures deserves some scrutiny.

Molecularly imprinted polymers (MIPs) are synthetic
materials akin to artificial antibodies or enzymes as they
mimic the “lock and key” principle inherent to antigen/
antibody or substrate/enzyme binding. Nowadays, MIPs
find special applications in many kinds of separations,
solid-phase extraction, as sensors, membranes, catalysis,
controlled drug delivery and also as modified adsorbents
[10, 11]. This research explores the development of MIPs
synthesized with the polyphenol quercetin as the template
molecule and 4-vinylpyridine as the functional monomer.
The produced MIPs are characterized and applied for the
retention and recovery of polyphenols present in onion
skin extracts. Samples with high ethanol content, obtained
through sonication and Soxhlet or supercritical CO, extrac-
tion are considered in these studies. The tailored MIP
adsorbents are used to handle directly ethanol/water 80/20
v/v onion skin extracts, highlighting the possibility for the
design of simple, flexible and efficient downstream process-
ing for polyphenols.

Materials and Methods
Reagents

Quercetin (hydrate, purity 95%) and rutin (purity 97%) were
supplied by Acros Organics. Gallic acid (assay 97.5-102.5%,
titration), styrene (S, 99% purity), ethylene glycol dimeth-
acrylate (EGDMA, 98% purity), 2,2'-Azobis(2-methylpro-
pionitrile) (AIBN, 98% purity) and Supelite™ DAX-8 (an
adsorbent of moderate polarity also referred as polymeth-
ylmethacrylate resin) were purchased from Sigma Aldrich.
Divinylbenzene (DVB, 80% purity) and 4-vinylpyridine
(4VP, 95% purity) were provided by Alfa Aesar. Analytical
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reagent grades for acetonitrile (ACN), dimethylformamide
(DMF), acetic acid (AcOH), and methanol (MeOH) were
bought from Fisher Scientific and for ethanol (EtOH) from
PanReac. Millipore water (Milli-Q quality) was used in all
the experiments unless otherwise mentioned.

Synthesis of the Quercetin-Molecularly Imprinted
Polymers (Q-MIP)

The synthesis of the quercetin-molecularly imprinted poly-
mers (Q-MIP) was performed following procedures simi-
lar to those reported in our previous works [12—-16]. The
precipitation polymerization method was used to produce
the adsorbents here addressed, considering ACN/DMF 91/9
v/v or ethanol as solvents. Briefly, quercetin (the selected
template polyphenol—T) was mixed with 4-vinylpyridine
(the selected functional monomer—FM) and the solvent,
up to the formation of a homogeneous solution. The tem-
plate—functional monomer (T-FM) interaction was then
promoted using an ultrasound bath during 30 min. A final
solution containing also the required amounts of crosslinker
(EGDMA or DVB) and initiator (AIBN) was then prepared
and purged with a flow of dry argon for 30 min. The polym-
erization took place during 24 h in a sealed vessel, using
a thermostatic oil bath pre-set to the desired temperature
(T = 60 °C). The Q-MIP adsorbent particles obtained were
cleaned in several centrifugation steps with methanol, meth-
anol/acetic acid and also using Soxhlet extraction in order to
remove unreacted chemicals as well as the quercetin poly-
phenol used as template. Non-imprinted polymers (NIPs)
were prepared following the same experimental procedure
as for Q-MIPs, but without the presence of the quercetin
template. All the kinds of adsorbent particles synthesized
were dried in a vacuum oven up to the attainment of a con-
stant product weight.

Characterization of the Adsorbent Particles
with FTIR, SEM and BET

The dried synthesized adsorbent particles were character-
ized through IR spectroscopy with a Perkin Elmer, model
Spectrum Two™, instrument. The morphology of the dif-
ferent Q-MIP and NIP particles was obtained by SEM (see
Figure S1) at the Materials Center of the University of Porto
(CEMUP), using a SEM FEI Quanta 400FEG instrument
with the EDS (Energy Dispersive Spectroscopy) system
Edax Genesis X4M. The Brunauer—Emmett—Teller (BET)
specific surface area and pore volume of the produced adsor-
bent particles were determined through N, adsorption/des-
orption isotherms at 77 K using a Quantachrome NOVA
4200e adsorption analyzer.

Preparation of Onion Skin Extracts Using
Sonication, Soxhlet and Supercritical CO, Extraction
Techniques

Domestic onion skin residues of the white variety were used
in this research. Three different techniques were considered
to prepare onion skin extracts, as follows: the sonication
was carried out during 1 min, at room temperature, using
the ratio 10/100 g/mL of onion skin residues in the hydro-
alcoholic mixture EtOH/H,0 80/20 (v/v). Soxhlet extraction
was carried out considering two process cycles and the appa-
ratus loaded with 11.5 g of onion skin residues and 200 mL
of EtOH/H,0O 80/20. Supercritical CO, extraction was per-
formed at T = 40 °C and P = 160 bar during 2 h, consid-
ering different runs with a mass of onion skin residues in
the range 25-30 g and 5-10% of pure ethanol as co-solvent
comparatively to CO, (800 g of CO, were roughly used in
these experiments). Before loading in the Q-MIP particles,
extracts were filtered through a 0.45-pum nylon filter.

Polyphenols Identification/Quantification Through
Gradient HPLC-DAD

A Jasco MD-4010 photo diode array (PDA) detector was
used to carry out the HPLC-DAD analyses. Nucleosil® C18
analytical column, LXI.D.=15 cmx 4.6 mm and 5 um par-
ticle size, working at room temperature, have been chosen.
The flow rate was 1 mL/min and the absorbance changes
were monitored at 280 and 360 nm. The mobile phases used
for chromatographic analysis were: (A) acetonitrile/water
(10/90) at pH=3 (adjusted with acetic acid) and (B) ace-
tonitrile/water (90/10), also at pH=3. The linear gradient
method was used, starting with 100% of solvent A and end-
ing with 100% of solvent B.

Polyphenols Identification/Quantification Through
LC-DAD-ESI-MS"

These analyses were carried out at the Centro de Investi-
gacdo de Montanha (CIMO). The chromatographic analy-
sis was performed using a Dionex UltiMate 3000 UPLC
(Thermo Scientific, San Jose, CA, USA) system equipped
with a diode array detector coupled to an electrospray
ionization mass detector (LC-DAD-ESI/MS"), a quater-
nary pump, an auto-sampler, a degasser and an automated
thermostatic column compartment. Chromatographic
separation was carried out with a Waters Spherisorb® S3
ODS2(C18), LXI.D.=15cmXx4.6 mm and 3 um particle
column (Waters, Milford, MA, USA) working at 35 °C.
The solvents used were: (A) 0.1% formic acid in water,
(B) acetonitrile. The elution gradient established was iso-
cratic 15% B (5 min), 15% B to 20% B (5 min), 20-25%
B (10 min), 25-35% B (10 min), 35-50% B (10 min), and
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re-equilibration of the column, using a flow rate of 0.5 mL/
min.

Solid-Phase Extraction Experiments with Onion Skin
Extracts

Solid-phase extraction (SPE) measurements with onion
skin extracts were carried out considering procedures sim-
ilar to those considered in previous works [12—16]. Briefly,
packing extraction cartridges containing the selected
adsorbents (e.g., 50 mg of dried products) were first
conditioned considering several washing steps [12—-16].
Cartridges were then loaded with the selected onion skin
extract (5 mL) using a constant percolation flow rate (c.a.
0.3 mL/min). Afterwards, washing and elution steps were
carried out by percolating the selected solvent (5 mL)
through the adsorbents (e.g., washing with water to remove
water-soluble compounds and elution with methanol/ace-
tic acid 90/10 v/v to recover polyphenols). The collected
fractions correspondent to the diverse loading, washing
and elution steps were monitored using batch UV-vis
spectrometry and, when required, analyzed by LC-DAD-
ESI-MS" and/or HPLC-DAD. SPE measurements were
performed at room temperature.

Sorption/Desorption of Onion Skin Extracts
in Continuous Processes

To carry out these experiments, the adsorbent parti-
cles were first packed (using a slurry process) in empty
HPLC columns (e.g., 250 mg of adsorbent in a column
with LXI1.D.=33 mm X 8 mm). The packed columns were
cleaned, conditioned, and afterwards submitted to saturation,
recovery and cleaning steps with the selected onion skin
extract (e.g., with a flow rate of 1 mL/min). The saturation
process was monitored by UV-vis spectrometry analysis of
samples collected at prescribed time-instants. Desorption
was carried out considering a designed sequence of selected
solvents (e.g., starting with water, up to methanol/acetic acid
90/10 v/v at the end) and different fractions were collected
during this stage. When required, the recovered fractions
were analyzed by LC-DAD-ESI-MS" and/or HPLC-DAD.
Saturation was performed at 25 °C and the recovery at
45 °C. Additionally, in order to prevent the backpressure
problem, some saturation/recovery runs were performed
with the adsorbents (e.g., 500 mg) in SPE cartridges and
using lower flow rates (c.a. 0.3 mL/min). The same analyti-
cal procedures considered with the HPLC runs were used
with the saturation/recovery experiments performed in SPE
cartridges. SPE experiments were carried out at room tem-
perature with some elution steps at 45 °C.

@ Springer

Results and Discussion

Rationale for MIPS Synthesis and Structural
Features of the Adsorbents

Table 1 summarizes the conditions used for the synthesis
of the quercetin-MIPs considered to target polyphenols
present in onion skin extracts. Quercetin was selected as
the template (7) molecule because it is known to be the
major polyphenol in onions. Many other polyphenols in
onions are derivatives of quercetin (e.g., quercetin-glyco-
sides, quercetin-diglycosides, quercetin-trimers) and there-
fore some key structural properties are shared by these
compounds. The functional monomer (FM) 4-vinylpyri-
dine (4VP) was mainly used in these Q-MIPs due to its
potential favorable interactions with quercetin [12].

Hydrogen bonding of nitrogen in the pyridyl groups of
4VP with the hydroxyl groups of polyphenols, hydropho-
bic effects involving aromatic units and/or z interactions
are plausible interactions predicating the better results
observed with 4VP-based MIPs [12]. MIP1 and MIP2
are roughly analogue materials with EGDMA and DVB
as crosslinkers (see MIP1/MIP2 comparative assessment
in S2). Ester groups of EGDMA are prone to hydrolysis
when aggressive application conditions are used (e.g.,
strong acidic/alkaline conditions), and so a higher chemi-
cal resistance is generally observed for DVB-based MIPs,
leading to improved reusability and long-term stability
[17]. With MIP3, a high value for Yy, (monomers mass
fraction) was deliberately used (20%) in order to evalu-
ate its effect on product morphology, since a higher rate
of particles coalescence/agglomeration is plausible in
these conditions. As discussed elsewhere [12—14], other
issues such as the mutual initial solubility of ingredients,
polymerization retardation due to the polyphenol template,
potential interactions FM/T or intended particles size and
rigidity also affect the values selected for Y (% mole
fraction of crosslinker in monomers mixture), ¥; (mole
fraction of initiator comparatively to monomers X 100)
and Yy 7 (mole ratio FM/T). Notably, besides the sought
molecular imprinting effect (see MIP versus NIP compari-
son in [12] with measurement of imprinting factors in the
order of 1.6), the presence of quercetin in the polymeriza-
tion system can change the particle morphology (particle
nucleation is affected by the polyphenol radical scavenging
effect) and the incorporation of the template in the poly-
mer network is also possible (Figure S3).

Because MIPs formation involves a copolymerization,
it is important to confirm the incorporation of both the
FM and crosslinker in the final network. FTIR was used to
obtain the features concerning the chemical composition
of the synthesized MIPs and the formation of the expected
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functionalized materials was observed (Figure S4). Low
values for the specific surface area were observed with the
BET measurements for the Q-MIPs synthesized. Values in
the range of 2—4 m%/g were measured for the surface area
of these adsorbents and a negligible pore volume was esti-
mated. Much higher values of the surface area (135 m?/g)
and pore volume (0.337 cm?/g) were measured for DAXS.
A low porogenic effect was thus caused in MIPs forma-
tion. Despite these differences, Q-MIPs present improved
adsorption capabilities for polyphenols as demonstrated
below. Functionalization of the surface of the Q-MIP par-
ticles and improved mass transfer rates are key factors for
these outcomes.

Phenolic Profile of the Onion Skin Extracts

The composition of different parts of the onion (internal
bulb, outer skin, top and bottom parts, roots) in diverse
varieties (white, yellow and red types) was addressed in
previous works, namely concerning structural and non-
structural carbohydrates (glucose, fructose, sucrose and
low molecular weight fructooligosaccharides), fatty acids,
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analysis are compared due to the different running condi-
tions (see the description of both techniques above). These
results, in connection with previous works [18, 19], allows
to confirm the presence in the extract of protocatechuic acid
(peak 1), 2-(3,4-dihydroxybenzoyl)-2,4,6-trihydroxy-3(2H)-
benzofuranone (2), quercetin-diglycoside (3), quercetin-
glycoside (4), protocatecoyl quercetin (5), quercetin (6),
quercetin dimer-glycosides (peaks 7-9), quercetin dimer
(10) and quercetin trimer (11). The chemical structures of
these molecules are presented in Fig. 2 and further details
concerning these compounds (e.g., occurrence of multiple
isomer structures) can be found elsewhere [18, 19].

The yield for the sonicated and Soxhlet extractions,
expressed as the total phenol content (TPC) per mass of dry
onion skin, was estimated to be 1022 and 1128 mg/100 g,
respectively. These values are in a similar range as values

reported in other researches, e.g., TPC ~ 1600 mg/100 g for
a global extraction yield of 9300 mg/100 g [19], 1361 [29],
785 [28], 1000-2000 [20]. Note, however, that a large vari-
ation for onion TPC or individual phenolic molecules is
reported (see [19-21, 23-29]), depending on the vegeta-
ble variety, the portion used (raw vegetable, tops, bulb,
skin), extraction method or quantification technique (e.g.,
10.8 mg/100 g [27]). A much lower TPC was observed
with our SCCO,, runs (~ 121 mg/100 g), particularly in
comparison with related works [19]. This is likely a con-
sequence of the operation conditions used (kind/amount of
the CO, solvent modifier, continuous/batch run). Optimi-
zation of the extraction conditions with SCCO, is possible
[19] but these issues transcend the scope of the present
work.

OH OH

_gOH
HO
o >
OH

o HO OH
\
9 o
OH

HO

OH 1

OH

HO. o |0
O o oH
[~o”
HO |
o

(e.g.) o OH 7-9

Fig.2 Structures of some phenolic compounds identi-
fied in the extracts of onion skin: (1) protocatechuic acid, (2)
2-(3,4-dihydroxybenzoyl)-2,4,6-trihydroxy-3(2H)-benzofuranone,
(3) quercetin-diglycoside, (4) quercetin-glycoside, (5) protocate-
coyl quercetin, (6) quercetin, (7-9) quercetin dimer-glycosides, (10)
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quercetin dimer, (11) quercetin trimer. The identification numbers
ascribed to the structures are correspondent to the peaks presented in
Fig. 1. Further details concerning these compounds, namely the mul-
tiple isomer structures, can be found in references [18, 19]
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Purification and Fractionation of Onion Skin
Polyphenols in Low Water Content Extracts

In recent research works [12, 13] the good performance of
tailored adsorbents, namely MIP materials, in the adsorp-
tion of polyphenols was demonstrated considering not only
standard polyphenol molecules (e.g., polydatin, resveratrol,
quercetin, gallic acid or rutin) but also real plant extracts,
such as red wine, cork, chestnut shell and olive leaf extracts.
The improved polyphenol retention capability of the 4VP
MIPs in comparison with other synthetic resins (XAD4,
XAD7HP and DAX-8) was highlighted [12]. It was also
shown that the efficient adsorption of polyphenols is even
possible with the 4VP MIPs when solvents with low water
content are considered (e.g., ethanol/water 80/20). Avoiding
polyphenols/adsorbent interactions chiefly based on hydro-
phobic effects is at the source of such outcomes.

In the present work, the improved adsorption capabilities
of tailored adsorbents, namely quercetin — MIPs developed
with 4VP as FM, are explored for the processing of onion
skin extracts. Figure 3 presents a relevant outcome achieved
in this context. These results show that a high adsorption
capacity (ca. 88%) is observed with MIP1 for onion skin
polyphenols in ethanol/water 80/20 while only a residual
amount of these compounds (ca. 7%) is adsorbed in the
same conditions when using the adsorbent DAX-8. Thus,
a simple adsorption process allowing the direct processing
of alcoholic extracts is possible when using the developed
Q-MIP adsorbents. Working with a wide range of operation
conditions (e.g., concerning the composition of the loading

10*
62 0
—Initial onion skin extract
280 nm —— After loading in MIP1
5r — After loading in DAX8
al 6

UV absorbance at 280 nm

15 20 25

Elution time (min)

10 30

Fig.3 Comparison of the HPLC-DAD chromatograms for an initial
onion skin extract (obtained in ethanol/water 80/20 using sonication
technique) and for the correspondent SPE processed solutions, col-
lected at column outlet after extract loading in MIP1 and in DAX-8
(measurements at 4=280 and 1=360 nm are shown). The iden-

UV absorbance at 360 nm

solvent) and at high polyphenol concentration are advan-
tages of the Q-MIPs. They can be further exploited to design
more flexible and efficient downstream processing for these
bioactive compounds (e.g., increasing energy savings). Only
by increasing the water content of the extracts it is possible
to achieve high polyphenol retention when common syn-
thetic resins are used (hydrophobic effects are promoted).
However, water addition induces the precipitation and dilu-
tion of many polyphenols of the original alcoholic extracts
(as shown below) thus decreasing the efficiency of the global
process. Actually, the importance of hydrophobic interac-
tions for polyphenols retention in common synthetic resins
has been previously demonstrated considering the XAD4,
XAD7HP and DAX-8 absorbents [12].

Having demonstrated the possibility for direct adsorp-
tion in the Q-MIPs of onion skin polyphenols contained in
ethanol/water 80/20 extracts, the desorption process leading
to their purification and fractionation should be addressed.
Figure 4 provides results for such an approach, considering
a very simple, two-step, desorption process correspondent to
washing with EtOH/H,O 80/20 and elution with MeOH. The
washing step with the same solvent used in loading (EtOH/
H,0 80/20) was carried out in this experiment in order to
show the release of unbounded or weakly bonded molecules.
Protocatechuic acid (1), 2-(3,4-dihydroxybenzoyl)-2,4,6-
trihydroxy-3(2H)-benzofuranone (2), quercetin-diglycoside
(3), quercetin-glycoside (4), protocatecoyl quercetin (5) and
quercetin (6) are clearly identifiable in this washing frac-
tion. Note that the more hydrophilic molecules, such as
protocatechuic acid, were initially weakly adsorbed in the

x104

—Initial onion skin extract
— After loading in MIP1
——After loading in DAX8

10+

360 nm

10

15 20
Elution time (min)

30

tification for the polyphenol peaks presented in the plot is based on
the comparison with the chromatograms for standard polyphenols,
namely quercetin, and using the data provided by the LC-DAD-ESI-
MS" analysis performed in this research (see Fig. 1 and S6)

@ Springer



1546

C.P.Gomes et al.
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Fig.4 HPLC-DAD analysis for the fractions collected after the direct
SPE adsorption of an onion skin extract (EtOH/H,O 80/20) in MIP1.
The two-step desorption fractions correspondent to washing (with

Q-MIP during loading (see Fig. 3) and in this washing step
the retained traces are washed out. Thus, a first purifica-
tion of the extract is possible with this simple procedure
by eliminating the more hydrophilic molecules such as
protocatechuic acid, simple sugars (e.g., glucose, fructose,
sucrose) and other carbohydrates not seen with the UV
analysis performed. Furthermore, the elution of quercetin
and other low water-soluble polyphenols in the washing step
can be avoided if a low alcoholic content solvent is used, as
shown below.
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EtOH/H,0 80/20) and elution (with MeOH) are here presented con-
sidering measurements at =280 nm and 4=360 nm

In this experiment, the elution step after washing
was performed with MeOH and the results obtained
are also presented in Fig. 4 (see also quercetin recovery
higher than 90% in S2). The fraction collected contains
2-(3,4-dihydroxybenzoyl)-2,4,6-trihydroxy-3(2H)-benzo-
furanone (2), protocatecoyl quercetin (5), quercertin (6)
and traces of quercetin dimer-glycosides (9). Considering
additional steps involving further adsorption/desorption
stages with the collected fractions, the individual purifica-
tion of quercetin and derivatives is possible (see [18] using
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XAD-2, chromatography in silica gel and reversed-phase
HPLC). However, for many applications, high purification
among the individual polyphenols is neither needed nor even
advisable. The synergy between different polyphenol mol-
ecules seems to be critical for the antioxidant effect and this
function can be downplayed with their isolated application.
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Q-MIPs in continuous sorption/desorption processes. The
material MIP3 was packed in an empty HPLC column
(250 mg in a column with LXI.D.=33 mm X 8§ mm) and
saturated with ethanol/water 80/20 onion skin extracts at
Q=1 mL/min, as presented in Fig. 5a for the breakthrough
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curves of sonicated and Soxhlet extracts. Synthesis condi-
tions of MIP3 were changed in comparison with MIP1 to
produce particles with higher size leading to continuous
processes showing lower backpressure. MIP3 is also able
to retain directly the onion skin polyphenols contained
in ethanol/water 80/20 onion skin extracts, as shown in
Fig. 5a. The purification and fractionation of these com-
pounds is also possible as demonstrated in Fig. 5b—d. Frac-
tionation was performed starting with more hydrophilic
solvents up to the use of MeOH/AcOH 90/10 at the end.
In fractions 1-3 only traces of protocatechuic acid (1),
2-(3,4-dihydroxybenzoyl)-2,4,6-trihydroxy-3(2H)-benzo-
furanone (2), quercetin-diglycoside (3), quercetin-glycoside
(4), and quercetin (6) can be identified (Fig. 5b). As showed
before, protocatechuic acid is only slightly adsorbed during
loading. Other hydrophilic molecules like sugars and diverse
carbohydrates are also removed with fractions 1-3 (a first
purification of the extract is attained). Fractions 4—6 contain
mostly quercetin (6) with 2-(3,4-dihydroxybenzoyl)-2,4,6-
trihydroxy-3(2H)-benzofuranone (2) and traces of quercetin-
glycoside (4) and of quercetin dimers/trimers.

Other processing conditions for EtOH/H,O 80/20 onion
skin extracts with the MIPs developed were considered
and their good performance for adsorption and subsequent
fractionation/concentration of polyphenols was confirmed
(S7-S8).

Processing of More Hydrophilic and Diluted Onion
Skin Extracts

Many practical systems aiming at the valorization of under-
utilized streams containing bioactive compounds involve
the processing of diluted mixtures with high water content
(e.g., olive processing effluents and other cases mentioned
above). A pre-separation of weakly water-soluble molecules
contained in plant extracts produced with low water con-
tent (e.g., fatty acids, some polysaccharides, fibers) can be
performed by increasing the water fraction of the mixtures,
at the expenses of the precipitation of some compounds of
interest (such as polyphenols) and also by causing the opera-
tion with more diluted streams. In both cases, hydrophobic
effects are potentiated by the presence of water and many
different kinds of synthetic resins can be used for purifica-
tion/fractionation purposes.

It was previously shown that MIP adsorbents can pro-
vide high polyphenol retention also with high water content
mixtures [12]. Obviously, the selectivity of MIPs decreases
substantially when water content is increased. In this section
are presented results showing the usefulness of the devel-
oped Q-MIPs with more hydrophilic and diluted onion skin
extracts. Within this purpose, EtOH/H,0 50/50 and EtOH/
H,0 20/80 extracts were generated from the original EtOH/
H,0 80/20 extract. The formation of precipitate was visually
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observed with these operations leading to higher water con-
tent extracts. Fatty acids, polysaccharides and fibers become
insoluble with these new conditions. The solubility of many
polyphenols also decreases in these water-rich conditions
(see Figure S9, showing also the ability of MIP1 and MIP2
to retain polyphenols present in the three different EtOH/
H,O mixtures).

The usefulness of the Q-MIPs in these new conditions
was assessed with the continuous loading of a Soxhlet
EtOH/H,0 20/80 extract to MIP1 and MIP2 (breakthrough
curves and HPLC monitoring of the columns outlet pre-
sented in S10-S11). Figure 6 shows the recovery of the
polyphenols previously adsorbed in a Q-MIP. After extract
loading, fifteen consecutive fractions of 5 mL volume were
collected. Fractions 1-3 are correspondent to washing with
water, fractions 4—6 to elution with MeOH at room tem-
perature and fractions 7-15 to the elution with MeOH at
45 °C. Figure 6a shows the release of the adsorbed traces
of protocatechuic acid (1) caused by the washing with
water (sugars and other highly hydrophilic molecules are
also desorbed). With the first MeOH fraction (fraction 4)
the formation of a precipitate was observed, indicating the
presence of polyphenols above the solubility limit. Suc-
cessive small amounts of this solvent were added to frac-
tion 4 until a clear solution was achieved. The HPLC-DAD
analysis of such a solution is presented in Fig. 6b, showing
the presence of many polyphenols at a very high concentra-
tion comparatively to the initial extract. Quercetin dimers
and trimers are at high concentration in this fraction, as
well as 2-(3,4-dihydroxybenzoyl)-2,4,6-trihydroxy-3(2H)-
benzofuranone (2) and quercetin-diglycoside (4), particu-
larly in proportion to quercetin (6). Protocatechuic acid (1)
still retained in the Q-MIP is eluted in this fraction. Fig-
ure 6¢ compares the phenolic profile correspondent to frac-
tions 6 and 7, showing a high relative content concerning
2-(3,4-dihydroxybenzoyl)-2,4,6-trihydroxy-3(2H)-benzo-
furanone (2) and quercetin-diglycoside (4) in fraction 6 and
the reverse for quercetin (6) in fraction 7. These results also
confirm a higher affinity of the Q-MIP towards quercetin,
plausibly introduced by molecular imprinting. Figure 6d
shows the huge concentration effect (34 times) achieved
through the sorption/desorption process for the quercetin
polyphenol and some derivatives.

Conclusions

A high retention of onion skin polyphenols contained in
extracts with variable water content (ranging from ethanol/
water 80/20 to 20/80 v/v) was shown to be possible with
quercetin-molecularly imprinted particles synthesized with
4-vinylpyridine as the functional monomer. Results here
presented show that the Q-MIP particles allow working
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Table 1 Polymerization

conditions used in the MIP Functional ~ Crosslinker ~ Solvent Y Y Yoo Yemyr  Notes
preparation of different fonomer
quercetin-MIPs and NIPs MIP1  4VP EGDMA ACN/DMF91/9 64 52 491 5.0 MIP9 in [12]
MIP2  4VP DVB ACN/DMF91/9 64 52 491 50
MIP3  4VP EGDMA ACN/DMF91/9 200 50 499 203
MIP4  STY DVB Ethanol 67 19 542 358  MIP1lin[12]

Polymerizations performed at T = 60 °C. NIPs were prepared in parallel, following the same experimental
procedure as for MIPs, eliminating the presence of the quercetin template (see MIP/NIP performance com-

parison in [12]).

with a wide range of operation conditions (namely when
compared with non-tailored adsorbents) and at a high poly-
phenol concentration, and thus, a more flexible and efficient
downstream processing for these bioactive compounds can
be conceived. This work also shows that many new opportu-
nities and future developments are possible with molecular
imprinting concerning the development of tailored adsor-
bents and processes aiming at the valorization of plant

residues and biotechnological applications. Extension of the
recipes here presented to other polyphenol templates (e.g.,
for sample preparation in analytical applications), changing
of materials functionality through the design of molecular
imprinting composition and/or polymerization technique
(e.g., reversible deactivated radical polymerization) and
the manipulation of particles morphology/surface area are
important issues to be addressed in future works.
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