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ARTICLE INFO ABSTRACT

Editor: Raquel Aires Barros This study presents a sustainable method to purify stilbenes from residual grape stem biomass. This approach was
experimentally validated through the use of a pilot size fixed-bed adsorption prototype for the automation of the
purification process. Molecularly imprinted polymers, synthesized through photopolymerization at room tem-
perature and incorporating the 4-vinylpyridine monomer, serve as adsorbents. The purification procedure leads
to a significant enrichment, with a more than 22-fold increase in (E)-e-viniferin and a 9-fold increase in (E)-
resveratrol. High recoveries of 80.3% and 62.1% for (E)-e-viniferin and (E)-resveratrol, respectively, were ach-
ieved. Notably, the use of eco-friendly water and ethanol mixtures distinguishes this method from others focused
on stilbenes purification. This study further explores the variability of the stilbenes in the residual grape stems by
analysing different varieties, emphasizing the complexity of the starting material of the purification process. The
range of purities achieved for the fractions enriched with stilbenes (e.g., 12.8% for (E)-e-viniferin and 3.4% for
(E)-resveratrol) are suitable for direct use in controlling of Plasmopara viticola, the agent causing grapevine
downy mildew. Furthermore, through compositional combination of these fractions, it is possible to conceive
new stilbene-containing phytochemicals with improved anti-fungal activity. Therefore, the developed adsorbents
and purification process, enabling the steady enrichment of stilbenes regardless of the unavoidable variability in
the initial vine biomass, is a contribution towards the quest for more environmentally friendly and sustainable
phytochemicals.
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real-life uses of stilbenes can be consulted in the literature and further
references therein [8]. The biosynthesis of stilbenes in plants is reported

1. Introduction

Stilbenes, a class of phenolic compounds, have garnered significant
attention due to their diverse phytochemical characteristics. The
inherent chemical structure of stilbenes endows them with antioxidant,
anti-inflammatory and anti-microbial properties which can be harnessed
in different fields of applications [1]. In fact, studies have demonstrated
the anti-carcinogenic [2,3], antidiabetic [4], and cardioprotective [5]
activities of stilbenes. As such, stilbenes are used as food additives (more
than 400 products containing resveratrol can be found on the market)
[6], for disease treatments [1], or even as ingredients for cosmetic
products [7]. The above list of applications is not restrictive and further

to be a response to viral, fungal, and bacterial attacks (see e.g., ref [8] for
a comprehensive overview of the biosynthesis pathway). Notably,
stilbene-enriched extracts, primarily composed of (E)-piceatannol, (E)-
resveratrol and (E)-e-viniferin, have been proven to exhibit antifungal
activity [9]. These findings further establish a correlation between the
concentration of stilbenes and a decrease in its half maximal inhibitory
concentration (ICsp). In addition, the stilbenes isolated from grapevine
extracts have demonstrated insecticidal efficacy against pest larvae
[10]. As aresult, stilbenes can play the role of a biological pesticide, thus
reducing the use of traditional toxic ones. Such outcomes are
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motivations for the current study, aiming to obtain highly enriched
fractions of stilbenes.

These bioactive compounds are found in the different parts of the
grapevine, and particularly in the stems part of the grapes (the part
where the grape grows) [11,12]. Usually being perceived as byproducts
in winemaking, grape stems constitute an abundant and cost-effective
biological source of stilbenes [12].

In this context, we propose a new adsorption—desorption process for
the refinement of stilbenes from the extracts of grape stems. The process
relies on photo-molecularly imprinted adsorbents to produce enriched
hydroalcoholic fractions of these compounds. The current work builds
upon the preceding findings of our research group, and it is in fact a step
closer towards the practical implementation of such technology for the
valorization of winemaking residues. In the initial phase, adsorbents
were synthesized through photopolymerization and leveraging the
molecular imprinting technique (MIT). The synthesized adsorbents,
notably incorporating the 4-vinylpyridine (4VP) monomer, were sys-
tematically obtained through an experimental design [13]. Several
studies have demonstrated the advantage of room temperature photo-
polymerization over its thermal-based counterpart, emphasizing its
ability to preserve the interactions between functional monomers and
the template. This preservation directly contributes to the selectivity
observed in the final molecularly imprinted polymer [14,15]. The effi-
ciency of the 4VP functional monomer to interact and retain bioactive
compounds from vegetal biomass has been demonstrated in several
previous studies. Examples of its effectiveness include the purification of
flavonoids [16], (E)-resveratrol [17], flavonols and anthocyanins [18].
In addition, the 4VP has shown efficiency in enriching phenolic acids
and secoiridoids [19].

In a subsequent publication, the materials’ proof of concept was
demonstrated via an adsorption-desorption process dedicated to pur-
ifying (E)-resveratrol from grape stem extracts. This study showed the
aptitude of molecularly imprinted adsorbents to purify the stilbene
molecule of (E)-resveratrol from the intricate extract of grape stems
[20]. However, a limitation of this study was the utilization of aceto-
nitrile in the purification process, which is classified as a hazardous
solvent. Therefore, the currently proposed procedure exclusively in-
volves water and ethanol mixtures to purify the compound of (E)-
resveratrol and its derivatives.

Furthermore, as this current study is centered on the valorization of
grape stems, it was considered worthwhile to conduct a survey of the
stilbenes’ content in grape stem varieties originating from the northern
regions of Portugal. (E)-resveratrol was selected as a reliable proxy to
elucidate the variations in total stilbenes. As a result, this study presents
a comprehensive overview of the feedstock utilized in the purification
process undertaken herein.

2. Experimental
2.1. Reagents

All chemicals were used as purchased, without further purification.
The standard of (E)-resveratrol (>98 %) was purchased from Cayman
(USA). The monomer 4-vinylpyridine (4VP, >95 %) was purchased from
Alfa Aesar (USA). The styrene monomer (STY, >99 %) and the cross-
linker 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 was ultrapure water supplied
by the local laboratory.
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2.2. Synthesis of photo-molecularly imprinted adsorbents

The synthesis of the photo-molecularly imprinted polymers (MIPs)
mirrored methods detailed in our previous study [13], and mainly the
photo-polymerizations of the MIP7 and MIP9 were scaled up. Briefly, the
polymerization was conducted at room temperature and under UV
irradiation. This latter was carried out in a custom-made reactor by
Paralab (Portugal). The dispositive is equipped with four mercury
vapour lamps (Philips Actinic BL TL 8 W/10 1FM/10X25CC) with a
maximum emission at 350 nm. The interior of the reactor is covered
with aluminium to reflect the UV light thus making it evenly distributed
inside the reactor. The polymerization mixture consisted of 4VP, sty-
rene, EGDMA as monomers, AIBN as initiator and (E)-resveratrol as the
imprinting molecule. The optimized recipes of the polymerizations were
utilized and are displayed in Table 1. The respective non-imprinted
materials were previously synthesized and played the role of the con-
trol materials to demonstrate the imprinting of the MIPs. Their upscaled
synthesis was not conducted as we have proved in our previous works
that the MIPs have higher binding capacities and selectivity towards the
target compound [13].

2.3. Material’s characterisation

The characterization of the materials was carried out by scanning
electron microscopy (SEM) which allowed the examination of their
surface morphology. The analysis was conducted at the International
Iberian Nanotechnology Laboratory (INL), Braga (Portugal) using the
FIB/SEM system HELIOS Nanolab 450S. SEM images were obtained
using an electron beam of 3 keV, a beam current of 25 pA and at field
free lens mode. Furthermore, Fourier-transform infrared spectroscopy
(FTIR) was carried out to provide insights into the chemical composition
of the MIPs. In addition, static sorption tests using the standard of (E)-
resveratrol were conducted to evaluate the materials’ adsorptive prop-
erties. Comprehensive details regarding the FTIR and the static sorption
tests can be referenced in earlier publications for a more in-depth un-
derstanding of the materials’ characteristics. [13,20].

2.4. Evaluation of (E)-resveratrol content in grape stems from vineyards
in the northern region of Portugal

2.4.1. Grape stems samples

The vineyards that have provided us with grape stems samples are
geographically distributed across the northern region of Portugal as
shown in Fig. 1. The regions involved in this survey are Minho (M),
Douro (D) and Tras-os-Montes (T). Comprehensive details related to the
grape stems’ samples are summarized in Table 2.

2.4.2. Grape stems extraction procedure
The as received grapes stems were humid, and thus drying was a

Table 1
Photo-polymerization recipes of the molecularly imprinted adsorbents.
Adsorbent Yy Yo Yavp, Ysry/ Y; Yield Solvent
(%) (%) Res Res (%) (%)
M7 20 60 3/1 1/1 5.2 67.33 ACN-
DMF
(85:15)
M9 20 40 7/1 1/1 5.2 50.17 ACN-
DMF
(85:15)

Ym: Mass fraction of the polymerizable monomers’ mixture (including functional
monomers and crosslinker) in the polymerization solution;

Ycy: Mole fraction of the crosslinker in the polymerizable monomer’s mixture;
Y4vp,/res: Mole ratio between 4VP monomer and (E)-resveratrol;

Ysry/res: Mole ratio between (E)-resveratrol and styrene monomer;

Y;: Mole ratio between the initiator and the polymerizable monomers.
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Fig. 1. Vineyard locations of the collected grape stems samples: “M” represents the region of Minho, “T” corresponds to the region of Trds-os-Montes, and “D”

denotes the Douro region.

Table 2

Grape stems varieties, origins, and harvest years.
Grape stems M-1 M-2 D-1 D-2 D-3 T-1 T-2 T-3
Provenance Minho Minho Douro Douro Douro Trés-os-Montes Tras-os-Montes Trés-os-Montes
Harvest year 2021 2023 2023 2023 2023 2023 2023 2023

necessary step. For this end, a moderate temperature of 40 °C was used
to dry the grape stems (without cutting them into pieces) until no change
of mass was noticeable. The dried samples were stored in a dark room
with an average temperature of 20 °C. The grape stems were then milled
to obtain a homogenous powder. Subsequently, the extraction was
carried out using ethanol/water (80:20, v/v) at a ratio of 5 mL of solvent
per gram of ground grape stems. The extraction consisted of a 5-minute
sonication in an ultrasound bath followed by filtration.

2.4.3. Extracts’ analysis

The obtained extracts were analysed by high-performance liquid
chromatography (HPLC) and the amount of (E)-resveratrol in each grape
stems extract was quantified using a calibration curve for the same
compound at a wavelength of 280 nm. (E)-e-viniferin is a dimer of (E)-
resveratrol, and thus the same calibration curve was used for its quan-
tification. Details regarding the HPLC as well as the calibration curve
(Figure S1) can be consulted in the supplementary material.

2.5. Fixed-bed adsorption—desorption setup

The adsorption-desorption experiments were all carried out in an
industrial prototype that permits the control and monitoring of the
experimental conditions. This prototype features two separate columns
that can operate independently. The piping and instrumentation dia-
gram (P&ID) of this prototype is presented in Fig. 2. The prototype is
endowed with a dosing pump (Knauer — AZURA P4.1S) and a gradient
HPLC pump (Knauer — AZURA P6.1L). The latter permits to perform the
desorption using different solvent compositions. A total of four pneu-
matic 4-way valves (VICI — A90) control the flow path. These valves
possess four openings allowing the connection of two inlets to two
different outlets and the ability to switch between them if needed (only
3-ways are marked in the scheme). Two of these valves are positioned
prior to the columns, while the other two are placed after. The

temperature of each column is regulated by a cooling-heating circulator
bath (Jubalo 200 F). At the outlet of each column, a UV-vis detector
(Sarspec — Flex) is placed to monitor the effluents’ absorbances. The
prototype is also equipped with a fraction collector (LAMBDA OMNI-
COLL) facilitating the recuperation of the desorbed fractions. Further-
more, the different parts of the metallic tubing are surrounded by self-
regulating heating cables that allow to raise the temperature of the
circuit if needed. In the present work, both columns were used, thus
allowing to effectively test two photo-molecularly imprinted adsorbents
at once. These materials were packed into stainless-steel chromatog-
raphy columns of 50 mm x 20 mm, which corresponds to a bed volume
of approximately 15.71 mL.

2.6. Fixed bed adsorption simulation

The current study focuses on treating crude extracts of grape stems
using a fixed-bed adsorption system. To model this process, seven fixed-
bed adsorption models were applied to predict the breakthrough curve
corresponding to the feeding of the extract into the MIP-packed col-
umns. Their respective mathematical equations are listed in Table 3.
Among these models, three use the so-called logistic equation and have
been unified as a single model referred to as the “Logistic model” [21].
This logistic model encompasses the Bohart-Adams, the Thomas and the
Yoon-Nelson models, the equations of which being summarized in
Table 4. The non-linear fitting of the experimental data was performed
using the MATLAB® software. Experimental data were collected with a
standard fixed-bed adsorption setup (open-loop) and alternatively using
recycling (outlet of the column flows into the feed). In each scenario, the
study examined two photo-molecularly imprinted adsorbents, M7 and
M9. The competitive breakthrough curves of (E)-resveratrol and (E)-
e-viniferin were modelled, with all adsorption processes conducted at a
controlled temperature of 15 °C. Furthermore, the fitting of the models
was evaluated by calculating the correlation coefficient (R?), the root-



A. Bzainia et al. Separation and Purification Technology 349 (2024) 127798

Feed Desorption solvents

AN N

Db
__________ &Z Gradient pump @

------------------ Control Unit [------

UV detector

Legend
= Process connection (><]) Packed column

——— Heated process connection @ Heat exchanger

—————— Electrical signal @ Temperature control
l‘l Filter @ Temperature transmitter
N
% Control valve Pressure indicator 0 Q
i 3-way valve @ Flow indicator-controller
Purge Fraction collector

Fig. 2. Piping and instrumentation diagram of the adsorption-desorption prototype.

mean square root (RMSE) and the Akaike information criteria (AIC). equilibrated with ethanol/water (80:20, v/v). The pressure and tem-
perature profiles of both M7 and M9 columns were recorded during this
adsorption phase to ensure no system failures had occurred.

2.7. Purification procedure Throughout the entire desorption process, the MIP-packed column
was consistently heated to 45 °C and kept at this temperature. The

An extract of grape stems in ethanol/water (80:20, v/v) was fed to desorption sequence commenced with acidic water (pH = 3, 100 mL)
the column, set to 15 °C, containing the synthesized MIP (either M7 or followed by neutral water (100 mL). Subsequently, a series of water-
M9). The total volume of the extract was 500 mL, and the feeding was —ethanol mixtures was employed to efficiently desorb the retained
conducted in a recycled manner (the column’s outlet goes directly to the compounds, employing the following proportions: 60-40 % (240 mL),

extract’s recipient) for approximately 92 bed volumes (one bed volume 40-60 % (240 mL), and 20-80 % (240 mL). Finally, a desorption was
is 15.7 mL). Notice that prior to feeding the extract, the MIP was first
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Table 3
Analytical kinetic models used in this study.

Kinetic model Model equation

Logistic’ < _ 1
Co  1+exp(a-—bt)

2

Wolborska < _ exp(At — B)
Co

Clark ¢ ! =
= ()1
Co '1+B*exp(—r)

Gompertz ¢

p = exp[ — exp(ag — fgt)]

Co
Log-Gompertz

c
¢, = exp [ exp (ag — fgln 1)]
0

1 The unified logistic model encompasses Bohart-Adams, Thomas and

eppC 74
Yoon-Nelson models. 2Where A = &PCo and B = ﬂ—
PqrF v
Table 4
Parameters of the logistic functions.
Kinetic model a b
Bohart-Adams model KpaNoZ KgaCo
12
Thomas model Krngrm KmCo
Q
Yoon-Nelson model Kynt Kyn

made with ethanol (240 mL) followed by a washing phase of the ma-
terial using methanol-acetic acid (9:1, v/v). The rationale for the
desorbing solvents is further explained in the results and discussion part.

The desorbed fractions were primarily analysed by HPLC to estimate
the eluted stilbenes. Thus, the recovery of each stilbene compound was
determined relatively to their total adsorbed amount on the adsorbent
(M7 or M9). Equation (1) was used to calculate the recovery. The term
M, eion 1S the mass of the compound “i” in the desorbed fraction and
My 4oorbeq COTTESPONAS to its mass in the adsorbed material.

i
R(%) = 100 Fraction ¢))
mAdxorbed

Afterwards, the fractions were lyophilized and redissolved in their
respective solvents. This allowed to ascertain the purity of two main
stilbenes encountered in grape stems, namely (E)-resveratrol and (E)-
e-viniferin, as determined by the following equation:

G

P(%) =100 -
sd

2
C; (mg/L) is the concentration of (E)-resveratrol or (E)-e-viniferin in the
lyophilized-desorbed fraction and Cgq (mg/L) is the concentration of the
residual solid resulting from the lyophilization of the fraction. Moreover,

the enrichment values for (E)-resveratrol or (E)-e-viniferin in their
native fractions was determined by equation (3):

Phraci
E - Pl action (3)
Extract
Where P, ., is the purity of the compound “i” in the desorbed fraction

and P, is its purity in the initial extract.
3. Results and discussion
3.1. Grape stems analysis
The presence of stilbenes in grape stems has been well-documented
by various research groups, such as Vergara et al. [22] and by our

research group [20], among others. This discovery holds substantial
importance, considering that grape stems are often discarded without
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specific utility. In this study, our research group has set a primary
objective to purify selected stilbenes independently of the grape stems’
origin. To this end, grapes stem samples sourced from the northern re-
gion of Portugal, a region renowned for its extensive grape plantations
and wine production [23], were studied. Importantly, this research aims
to provide insight into the variation of the content of stilbenes grape
stem varieties using (E)-resveratrol as a proxy for this investigation. The
extractions carried out in this study were solely based on hydroalcoholic
solvents in opposition to our previous work where the extractions were
carried out using acetonitrile [20].

For each extract, the concentration of (E)-resveratrol in the extract as
well as the quantity per dry weight of grape stems were obtained and
plotted in Fig. 3, and the corresponding chromatograms are shown in
Fig. 4. At a first glance, it is evident that the origin and variety of the
grape stems result in variations in (E)-resveratrol content within the
plant matrix. Furthermore, the quantity of resveratrol per dry weight in
the grapes stems of M-1 (harvest of 2021) was around 110 mg/kg dry
weight, whereas in the grapes stems of the same region but from the
harvest of 2023 (M-2) was around 11 mg/kg dry weight. This tenfold
discrepancy between the two harvests can be attributed to factors such
as climate, fertilizers and pesticides used in each harvest. However, this
discrepancy can be also attributed to a phenomenon known to occur in
post-pruning vine shoots, which is the accumulation of stilbenes in the
grape stem’s matrix along its storage time. These findings align with
previous studies where the concentrations of (E)-resveratrol and (E)-
e-viniferin were shown to increase after months of storage [24,25]. To
provide further insight into the diversity of phenolic profiles in these
extracts, 3D chromatograms are presented in Figure S2.

It is essential to acknowledge that stilbenes’ content in stored grape
stems undergoes dynamic changes over time. This dynamic fluctuation
is influenced by factors such as exposure to light, temperature, me-
chanical stress, and relative humidity, which may contribute to the de
novo biosynthesis or to the degradation of stilbenes as outlined in pre-
vious works [26]. This phenomenon is further detailed in the study
conducted by Craciun et al. where they had tracked the variation of (E)-
resveratrol in vine shoots over a 90-day period. The study demonstrated
a peak of (E)-resveratrol concentration after 75 days of vine shoots
storage (1753.50 mg/kg dw); corresponding to a 20-fold increase
compared to one week of storage (86.58 mg/kg dw) [27].

In fact, maintaining dark and cool conditions promotes a biochem-
ical reaction wherein (E)-resveratrol transforms into (E)-e-viniferin. This
adds to the variability of the process in hand, as the extract employed in
the designed process will consistently exhibit variations even when
sourced from the same harvest year.

The geographical origin of the grapes significantly impacts the stil-
benes’ content in the stems. In fact, the samples collected from the
northeast region, namely Douro (D) and Tras-os-Montes regions (T),
contain more (E)-resveratrol than those from the region of Minho (M).
This is imparted to the climate of the northeast region that puts more
stress on the grape vines thus inducing the synthesis of more antioxi-
dants to counter the adversities [28]. Studies have shown that grape
varieties grown in regions with long winters and the possibility of
snowfall exhibit higher content of phenolic compounds [29]. In general,
various stress conditions induce an increase in stilbene levels in the vine
both before and after pruning, particularly of the (E)-resveratrol com-
pound [24,25,26,30].

Since the D-1 grape stems showed the highest content of (E)-
resveratrol per dry weight, further extractions were carried out. After
four extractions, the accumulated content of (E)-resveratrol surpassed
600 mg kg ™! dry weight as showcased in Fig. 5. From this latter, it can be
observed that in the first extraction, the obtained amount of (E)-
resveratrol was around 300 mg kg~ dry weight. Along the subsequent
three extractions, the amount was only doubled, which indicates
diminishing returns when pursuing further extractions. While optimi-
zation of the extraction process lays beyond the scope of this study, this
outcome indicates that successive extractions may not be economically
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Fig. 3. Content of (E)-resveratrol in the different samples of grape stems. Both the content per dry weight and the extract concentrations are presented. The data refer
to a single extraction.
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Fig. 4. HPLC-DAD chromatograms (280 nm) of grape stems extracts in comparison to the (E)-resveratrol standard. The (E)-e-viniferin elutes around 18 min.
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Fig. 5. Cumulative variation of the (E)-resveratrol content in the D-1 grape stems’ sample after each extraction.
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viable due to the potential hindrance of scaling up the purification
process caused by the increased use of solvents.

To provide a comprehensive overview of stilbene content in vine
biomass, relevant data from the literature was extracted and compiled in
Table 5. This latter highlights the significant influence of the matrix,
extraction technique, and solvent on the recovery of stilbenes. Addi-
tionally, other factors, such as the variety of the grapevine, year of
harvest and growing conditions could alter these values. These variables
explain why there are discrepancies in stilbene content across different
studies in the literature.

Note that the exploitation of stilbenes from Vitis vinifera waste as a
sustainable approach for the control of Plasmopara viticola, the agent
causing grapevine downy mildew, was recently reported using enriched
extracts from cane, wood, or root [9]. Enriched extracts with composi-
tions varying between 1.3 % to 12.6 % in (E)-e-viniferin and 1.1 % to 6.4
% in (E)-resveratrol were produced and tested for antifungal activity on
Plasmopara viticola. The ICsq (concentration of the extract inhibiting 50
% of the disease development) were determined and values up to 60,
120 and 210 mg/L were observed with wood, root, and cane extracts,
respectively. It’s noteworthy that these values are comparatively higher
than those obtained for purer stilbenes, such as 12, 70 and 110 mg/mL
for r-viniferin, (E)-e-viniferin and (E)-resveratrol, respectively. The
elevated values for the extracts indicate the need for a more rigorous
purification process for stilbenes, highlighting the trade-off between
efficacy and the demanding purification required.

Notice that although the concentration of stilbenes in the root extract
was the lowest, it demonstrated a highly potent antifungal bioactivity

Table 5
Stilbenes content in various vine biomass considering diverse extraction
techniques.

Vine Extraction solvent (E)- (E)- Reference
biomass and technique Resveratrol e-Viniferin
(mg/kg dw (mg/kg dw
biomass) biomass)

Grape Hydroalcoholic — 110 115.34 This work
stems UAE® 1)

Grape Hydroalcoholic — 12 14.7 This work
stems UAE M2)

Grape Hydroalcoholic — 621.4 510.4 This work
stems UAE (D-1)

Grape Acetonitrile - UAE 3700 _ [20]
stems

Grape Hydroalcoholic — 4700 1500 [31]
stems Maceration

Grape Methanol — 3200 1700 [32]
stems Maceration

Grapevine Hydroalcoholic — 5590 868 [22]
canes UAE

Grapevine Hydroalcoholic — 3450 1300 [33]
canes Maceration

Grapevine Acetone and water — 1070 2810 [34]
canes Maceration

Grapevine Chloroform, ethanol _ 60 [35]
canes and water — Blended

Grapevine liquid-liquid 90
buds extraction

Grapevine Hydroalcoholic — 13984.7 4078.0 [36]
shoots Infusion

Grapevine Hydroalcoholic — 5249.4 600.1 [37]
shoots UAE

Grapevine Ethanol and diethyl 1658.22 _ [27]
shoots ether — Maceration

Grapevine 43.54
leaves

Grapevine 169.92
tendrils

Grape Hydroalcoholic — 4.28 B [38]
pomace Hot-pressurized

liquid extraction

1UAE: ultrasound-assisted extraction.
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against Plasmopara viticola. This outcome may be attributed to the syn-
ergistic effect that can occur between stilbenes leading to an enhanced
bioactivity [9].

3.2. Molecularly imprinted adsorbents

The synthesis of the photo-molecularly imprinted polymers followed
the methods outlined in our previous work [13], with a particular focus
on scaling up the photo-polymerizations of M7 and M9. The polymeri-
zation process was carried out at room temperature under UV irradia-
tion. The upscaled synthesis of the non-imprinted adsorbents was
omitted in this study, given our prior findings demonstrating that the
molecularly imprinted adsorbents exhibit superior binding capacities
and selectivity towards (E)-resveratrol and its derivatives [13,20].
Photo-initiation permits to conduct the polymerization at room tem-
perature, which is ideal for preserving the intermolecular interactions
between the functional monomers of 4-vinylpyridine, styrene and (E)-
resveratrol [14,15]. A scheme depicting this reaction is shown in Fig. 6.

Regarding the morphology of the MIP materials, SEM analysis was
conducted and the corresponding images of both M7 and M9 are dis-
played in Fig. 7. These adsorbents exhibit a distinctive cluster of
spherical particles. This morphology can be attributed to two primary
factors. Firstly, the imprinting molecule of (E)-resveratrol compels
polymerization to occur around it, leading to the formation of spherical
particles, mainly drive by the thermodynamics of the multi-phase
polymerization system. Secondly, the clustered appearance indicates
the establishment of a polymeric network between these spherical parts,
as expected after polymerization (precipitation polymerization in the
dispersed phase). Additionally, the SEM image of M9 at 50 pm empha-
sizes the macroscopic three-dimensional nature of the photo-
molecularly imprinted adsorbent.

3.3. Modelling of the dynamic adsorption

One of the study’s objectives is to implement the technology of
photo-molecularly imprinted adsorbents in the winemaking industry,
using it as a tool to valorise the residues generated during wine pro-
duction. To achieve this goal, an industrial prototype of a fixed-bed
adsorption system was developed. This prototype serves as a suitable
experimental framework for evaluating the effectiveness of the synthe-
sized adsorbents in purifying valuable phenolic compounds from grape
stems.

Two approaches are possible for carrying out the adsorption of stil-
benes. The first approach involves feeding the grape stem extract
through the inlet, while the outlet of the column is not processed again,
hence the open-loop connotation. The second adsorption approach re-
directs the outlet of the adsorption column to the inlet, resulting in a
recycled fixed-bed adsorption system. In both cases, the grape stems
extract had an (E)-resveratrol concentration of 22.2 mg/L and 23.2 mg/
L of (E)-e-viniferin. For both scenarios, the data were fitted to kinetic
analytical models, including the Logistic, Wolborska, Clark, Gompertz
and Log-Gompertz models. Emphasis is placed on the recycling fixed-
bed adsorption method, as this is the chosen approach for purifying
stilbenes from grape stems.

3.3.1. Open-loop fixed-bed adsorption system

Fig. 8 showcases the global breakthrough obtained for both materials
during an open-loop adsorption. The respective competitive break-
through curves for (E)-resveratrol and (E)-e-viniferin are also given in
the same figure. At a first glance, the M9 appears to have a higher
retention capacity since it reaches saturation after 21 bed volumes
whereas the M7 only requires feeding the extract for 14 bed volumes.

The fitting of these competitive adsorption breakthrough curves is
shown in Fig. 9. Based on the correlation coefficients R?) presented in
Table 6, it is evident that the Logistic, Clark, Gompertz, and Log-
Gompertz models consistently demonstrated high accuracy (R?
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Fig. 6. Schematic representation of the MIP synthesis. This procedure was followed for both M7 and M9.

Fig. 7. SEM images showing the morphology of the MIP materials used in the purification of stilbenes from grape stem extracts. Upper images: M7, Lower im-

ages: MO.

ranging from 0.972 to 0.996) in predicting the experimental break-
through curves for the open-loop fixed-bed adsorption of (E)-resveratrol
and (E)-e-viniferin on M7 and M9. Conversely, the Wolborska model
consistently yielded lower correlation coefficients, suggesting potential
limitations in accurately representing the adsorption behaviour.

Specifically, regarding the M9 adsorbent, the Clark model exhibited a
complete lack of agreement between its predictions and the observed
concentrations. Despite rigorous attempts to refine initial conditions and
optimize model parameters, pronounced discrepancies persisted. A
thorough evaluation based on correlation coefficients, RMSE, and AIC



A. Bzainia et al.

Separation and Purification Technology 349 (2024) 127798

M7
1.2
~~
i
& 08
E
8o 0.4 4
[72]
0 T
0 2 4 6 8 10 12 14
1
—a—(E)-Resveratrol
—#—(E)-¢-Viniferin
0.75 A
=
O 05 A
O
0.25 A
0 T T T T T T
0 2 4 6 8 10 12 14
Bed Volume

1.5 A

Signal (a.u)
o
o=

<

0 3.5 7 10.5 14 17.5 21

-
-

—a—(E)-Resveratrol

—#—(E)-¢-Viniferin

0.88 -

0.66 -

c/C,

0.44 -

0.22 -

0 3.5 7 10.5 14 17.5 21

Bed Volume

Fig. 8. Experimental breakthrough curves for the competitive adsorption of (E)-resveratrol and (E)-e-viniferin in the M7 and M9 at 15 °C and a bed volume of 15.7

mL and a flowrate of 2 mL mn~!

column’s outlet at 450 nm.

values (refer to Table S1) indicates that the Gompertz model and its
modified version, the Log-Gompertz model, emerge as the most suitable
choices for fitting the experimental breakthrough curves. Further details
regarding the fitted parameters are available in Table S2.

3.3.2. Recycled fixed-bed adsorption system

For the recycling fixed-bed adsorption experiments, the grape stem
extract was passed through the column for a duration equivalent to 45
bed volumes. This value significantly surpasses the bed volumes utilized
in the previous open-loop fixed-bed adsorption runs. The extended
duration is intended to ensure that stilbenes reach an equilibrium con-
centration, effectively distributing between the adsorbent (M7 or M9)
and the liquid phase. In this specific configuration, the outlet is recycled,
eliminating any “waste” associated with the process. This approach
ensures that the same initial volume of grape stems extract undergoes
processing multiple times throughout the continuous operation. The
fixed-bed adsorption prototype maintained the temperature of the MIP-
packed columns at 15 °C during the recycling adsorption process. Fig. 10
illustrates the experimental breakthrough curves of the competitive
adsorption of (E)-resveratrol and its dimer for both M7 and M9
adsorbents.

During the recycling adsorption process, the concentration of stil-
benes in grape stems extract undergoes continuous variation. Thereby,
reaching the inlet concentration (Cp) in the breakthrough curve of a
specific compound becomes unattainable. Consequently, to address this
challenge, the breakthrough curves of (E)-resveratrol and (E)-e-viniferin
are normalized using the equilibrium concentration (Ceq) instead of the
inlet one. Furthermore, relying on the equilibrium concentrations as a
normalization basis, facilitates the comparisons across different exper-
iments. This approach reduces the dependency on the inlet concentra-
tion (Cp), which is inevitable when dealing with biomass extracts.

Moreover, treating crude biomass extracts introduces a challenge, as
various compounds present in the extract can interfere with the
adsorption process, resulting in a competitive retention on the MIP. This
competition limits the available adsorption sites initially designed for
the target compound. This phenomenon is expected to occur in molec-
ularly imprinted polymers, as the imprinted sites can accommodate
other molecules containing fragments of the imprinting molecule. In the

in an open-loop fixed-bed adsorption system. The upper curves represent the global breakthrough obtained by monitoring the

case of M7 and M9, the molecular imprinting process utilized (E)-
resveratrol as a template, leading also to the effective retention of (E)-
e-viniferin. This latter incorporates the (E)-resveratrol fragment into its
structure as shown in Fig. 11. Understanding this outcome is crucial, as
conventional fixed-bed adsorption studies rely on standards and known
compounds that fail to capture the intricacies of biomass extracts
[39,40].

The competitive breakthrough curves acquired in a recycled fixed-
bed adsorption; were fitted to the analytical kinetic models as shown
in Fig. 12. Their correlation coefficients are summarized in Table 7. For
additional details on other calculated statistical parameters and fitted
values, refer to Table S3 and S4 in the supporting information.

Based on the correlation coefficients provided in Table 7, along with
the RMSE and AIC values provided in Table S3, it is clear that the Lo-
gistic, Clark, Gompertz, and Log-Gompertz models consistently
demonstrated high correlation coefficients, ranging from 0.972 to 0.996,
across all combinations of materials and compounds. These models
exhibited a robust ability to predict the experimental breakthrough
curves for the recycling fixed-bed adsorption process.

On the contrary, the Wolborska model consistently showed lower
correlation coefficients compared to other models, indicating a weaker
fit to the experimental data. This suggests that the Wolborska model may
have limitations in accurately representing the adsorption behaviour of
(E)-resveratrol and (E)-e-viniferin on M7 and M9 in this experimental
setup. The general non-fitting with the Wolborska model is due to the
inherent nature of the model which is only suitable to represent the
breakthrough curve at its initial stages (C/C0O < 0.5) [41]. Thus, this lack
of fit suggests that the adsorption of (E)-resveratrol and (E)-e-viniferin
on the molecularly imprinted adsorbents is not controlled by film
diffusion. This is logical considering the column drop that can nullify the
effect of film diffusion and force the stilbenes to the bulk of the MIP,
leading to a plug flow system [42,43].

Notably, the Log-Gompertz model stood out as particularly domi-
nant, displaying near-perfect correlation coefficients of for the adsorp-
tion of (E)-resveratrol on M7 (0.992), the adsorption of (E)-resveratrol
on M9 (0.996) and the adsorption of (E)-e-viniferin on M9 (0.995).
Furthermore, Log-Gompertz model had the lowest RMSE and AIC values
(except for (E)-e-viniferin adsorption on M7), thus emerging as a robust
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Table 6
Correlation coefficients of the non-linear fitting of analytical models in case of an
open-loop fixed-bed adsorption.

Kinetic model M7 _Res M7_Vin M9 _Res M9 Vin
Logistic 0.76 0.93 0.98 0.98
Wolborska 0.62 0.73 0.75 0.84
Clark 0.78 0.96 _ -
Gompertz 0.83 0.96 0.98 0.98
Log-Gompertz 0.97 0.99 0.99 0.96

choice for predicting breakthrough curves in this recycled fixed-bed
adsorption configuration.

Among the analytical models examined in this research, the Log-
Gompertz model demonstrated superior accuracy in reproducing the
experimental data. The predicted breakthrough curves align with the
experimental data throughout most of the experimental points, with a
particular precision in the initial region of the curve where other models
faltered. In fact, previous studies have also shown the superiority of the
Log-Gompertz model in comparison to the Logistic and Clark models
[44,41]. This is because the Log-Gompertz model is more appropriate to
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—1

predict asymmetrical breakthrough curves as opposed to the other
models which are more suitable to represent symmetrical sigmoidal
breakthrough curves. Nevertheless, both Log-Gompertz and Gompertz
models lack mechanistic insight, and their parameters do not offer
valuable information about the adsorption process [41,45].

3.4. Purification of stilbenes

3.4.1. Rationale of the desorption

The desorption sequence initiated with mildly acidic water (pH = 3)
facilitating the removal of a significant portion of hydrophilic com-
pounds, including phenolic acids, oligosaccharides and to some extent
some glycosylated polyphenols. Note that, the crude extracts of grape
stems or grape canes also contain lignin, which related phenolic groups
induce the retention of this heteropolymer in the 4VP adsorbents.
Therefore, the pre-separation of lignin in the extracts using micro/nano-
filtration (e.g.) will help with the increase of the purity of the target
stilbene compounds obtained by sorption/desorption [46,47]. Com-
pounds of low molecular weight with weaker binding capacity are easily
eluted because are retained on the adsorbent in a non-specific manner,
meaning that they are not trapped in the molecularly imprinted sites of
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Fig. 11. Chemical structures of (E)-resveratrol (1) and its dimer (E)-e-vin-
iferin (2).

the adsorbent. Consequently, the neutral water is employed to ensure
the elimination of any acetic acid traces in preparation for the subse-
quent desorption steps. Compositions of water and ethanol allow the
elution of (E)-resveratrol or/and (E)-e-viniferin, both of which have
chemical structures depicted in Fig. 11. Due to its higher hydrophilicity
compared to its derivative (E)-e-viniferin, (E)-resveratrol is expected to
elute with higher volumetric fractions of water. As the volumetric
fraction of ethanol increases in the eluting solvent, more of (E)-viniferin
elutes accompanied by a decrease of (E)-resveratrol elution. The chro-
matograms snippets of this phenomena are shown in Fig. 13 along with
the diagram showing the steps of the desorption. Notice that although
the photo-molecularly imprinted adsorbents were synthesized using (E)-
resveratrol as a template, the retention of (E)-e-viniferin was feasible
due to the structural similarities shared between the two compounds.

3.4.2. Stilbenes purification

The purification of the stilbenes (E)-resveratrol and (E)-e-viniferin
was carried out by means of the fixed-bed adsorption prototype, as
previously described. This purification process relied exclusively on
water and ethanol mixtures during both the adsorption and the
desorption phases. The decision to opt for cyclic adsorption is supported
by the findings outlined in the modelling section. This choice is rein-
forced by our earlier research [20] which demonstrated the superior
efficiency of recycled adsorption over the normal one.

In fact, recycled adsorption is a way to force (E)-resveratrol and its
derivatives to get trapped in the photo-molecularly imprinted sites of the
adsorbent. In a broader way, the recycled adsorption takes advantage of
the dynamic combinatorial chemistry (DCC) [48], where various com-
pounds undergo a systematic screening by the adsorbent until reaching a
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thermodynamic equilibrium. This equilibrium corresponds to the state
wherein the target compounds, specifically (E)-resveratrol and (E)-
e-viniferin, are effectively retained by the adsorbent. This methodolog-
ical approach emphasizes the effectiveness of recycled adsorption in
selectively capturing and immobilizing the specified compounds,
denoting a dynamic yet controlled molecular interaction.

During the adsorption phase, the column temperature was main-
tained at 15 °C. Conversely, when transitioning to the desorption phase,
the column temperature was raised to 45 °C. This interplay of temper-
ature between the two phases of the purification facilitates the retention
and release of stilbenes into and from the matrix of the adsorbent. Since
the material is based on 4-vinylpyridine, it interacts with the compounds
through hydrogen bonding, a process sensitive to temperature. There-
fore, this latter is set to 15 °C during the saturation phase to promote the
retention of stilbenes. In contrast, it is increased to 45 °C during the
elution phase to weaken the hydrogen bonding established between the
adsorbent and the stilbenes. Further temperature increase is not rec-
ommended for two reasons: the potential degradation of stilbenes and
the cost-efficiency of the process.

The recovery of the two stilbenes is illustrated in Fig. 14. Each
stacked bar represents the compound’s recovery and its distribution
across the different desorbed fractions, namely 60 W (60 % water and
40 % ethanol), 40 W, 20 W and EtOH. Notably, the stacked bar chart
excludes water fractions (acidic and neutral) since stilbenes do not elute
in those. For both adsorbents M7 and M9, the highest recovery of (E)-
resveratrol and (E)-e-viniferin occurred in the 40 W and 20 W fractions.
In the case of M7, the 60 W fraction exhibited modest recovery values,
less than 5 % for both stilbene compounds, and even lower in the EtOH
fraction (less than 1 %). Consequently, these two fractions do not war-
rant further investigation. Regarding the M9 adsorbent, the 60 W frac-
tions had a recovery of 4.23 % for (E)-resveratrol and 0.86 % for (E)-
e-viniferin, indicating low recovery. Conversely, the ethanol (EtOH)
fraction demonstrated a recovery exceeding the10% for (E)-e-viniferin,
inciting further analysis of this specific fraction, despite (E)-resveratrol’s
recovery being around 2 %.

Given the recovery values, specific fractions were carefully selected
to assess the purity of the retrieved (E)-resveratrol and (E)-e-viniferin.
For the M7 adsorbent, the focus was on the 40 W and 20 W fractions,
while for the M9 adsorbent, the analysis extended to the 40 W, 20 W,
and EtOH fractions.

To accurately ascertain the gravimetric percentage of stilbenes in the
acquired fractions, a crucial lyophilization step is essential. This process
plays a key role in evaluating the purity of stilbenes in terms of weight
percentage and by consequence their corresponding enrichments. In
fact, directly calculating the enrichment of a compound without
considering the impurities contained in the analysed sample could lead
to misleading interpretations. An example of such inaccuracy is pro-
vided in the supporting information as Figure S3, where the enrichment
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Table 7
Correlation coefficients values of the non-linear fitting of analytical models in
case of a recycled fixed-bed adsorption.

Kinetic model M7 Res M7 _Vin M9 _Res M9 _Vin
Logistic 0.981 0.984 0.983 0.980
Wolborska 0.358 0.496 0.426 0.485
Clark 0.983 0.993 0.989 0.982
Gompertz 0.990 0.991 0.991 0.990
Log-Gompertz 0.992 0.972 0.996 0.995

of both (E)-resveratrol and (E)-e-viniferin are given in two distinct cases.
The first case (Figure S3.a) accounts for the total mass of the sample (i.e.
impurities included), and thus the resulting enrichment values are ac-
curate. On the other hand (Figure S3.b) the enrichments of the two
stilbenes are calculated by solely depending on the ratio of the peak
areas of the compound to the total area of the chromatogram without
considering other entities existing in the sample. The discrepancy of the
enrichment values between the two approaches is as high as 10-fold,
precisely demonstrating our thesis. Although the ratio of the areas can
provide an indication about a compound’s enrichment, it is not an ac-
curate method, and gravimetric analysis should be conducted to obtain
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conclusive results.

The lyophilized fractions derived from the purification process, as
depicted in Fig. 15, exhibit a discernible enhancement in purity when
compared to the initial extract chromatogram. The primary constituents
of these fractions are (E)-resveratrol and its dimer (E)-e-viniferin,
emphasizing the success of the purification process. However, as
mentioned above, a mere comparison of chromatograms is insufficient
to gain insight into the stilbenes’ purification.

To address this limitation, the total mass of the lyophilized samples
was considered, and the purities for both stilbenes, along with their
corresponding enrichments, were determined and presented in Figs. 16
and 17. Notably, in all desorbed fractions, (E)-e-viniferin exhibits a
higher degree of purification than (E)-resveratrol, aligning with its
initial higher purity in the extract.

The 20 % water fraction (20 W) and the ethanol fraction (EtOH)
stand out as the optimal environments for (E)-e-viniferin purification,
achieving purities of 12.77 % and 9.77 % respectively. These values
correspond to enrichments of 22.44 and 17.16, underlining the efficacy
of these conditions. Conversely, the most favourable outcome for (E)-
resveratrol purification is observed in the M9 fraction of 40 % water (40
W), attaining a purity of 3.4 %. This latter corresponds to an enrichment
of nearly 9 folds.
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Fig. 13. (1) Elution sequence employed in the purification process; (2) Corresponding chromatograms highlighting the elution of (E)-resveratrol (tg = 14.75 min)
and (E)-e-viniferin (tg = 18.2 min) at 280 nm. The water—ethanol 8/2 (v/v) solvent composition does not elute neither (E)-resveratol nor (E)-e-viniferin. Nevertheless,

it is shown to validate the choice of the desorption solvents chosen.

These results highlight the superiority of M9 over M7, attributed to
the higher crosslinker content in M7 (Y¢, = 60 %) compared to M9 (Y,
= 40 %). Consequently, the polymer chains of M9 contain more 4VP
units, enhancing the interaction of the adsorbent with the stilbenes.

In a previous publication, we achieved high purities of (E)-resvera-
trol nearing 90 % [20]. However, the extraction and adsorption
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processes in that study utilized acetonitrile from grape stems extract, a
non-environmentally friendly chemical linked to adverse health effects
upon exposure [49]. To address this concern, the current purification
method exclusively employs ethanol-water mixtures for the extraction,
adsorption, and desorption steps. Consequently, a decrease in selectivity
towards (E)-resveratrol and a reduced binding capacity are anticipated.
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Fig. 15. HPLC-DAD of the lyophilized fractions resulting from the purification of grape stems extract using M7 and M9 (280 nm).

Given that the 4-vinylpyridine-based adsorbents rely on hydrogen bonds
to retain (E)-resveratrol and its derivatives, the introduction of polar
protic media like water and ethanol initiates interactions with the
adsorbent, thereby diminishing available sites for stilbenes retention.
Table 8 presents a non-exhaustive list of different techniques utilized
to purify one or more stilbenes from plant-based matrices. This table
provides an overview of the current state-of-the-art in stilbenes’
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purification technology, emphasizing the types of solvents involved in
the purification process. Furthermore, the reported purities in the table
vary, with some techniques relying directly on HPLC chromatograms as
an indicator of stilbene’s purity without considering the weight per-
centage of the stilbene in the analyzed sample. Therefore, a distinction
was made by introducing two purity terms: Pypyc, denoting the ratio of
the stilbene’s area to the total chromatogram area, and Psq, representing
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the mass of the stilbene divided by the total mass of the sample. In
comparing various stilbene purification techniques, the current study
exhibits distinct features. Notably, the exclusive use of eco-friendly
hydroalcoholic mixtures as solvents sets it apart from other methodol-
ogies that often rely on one or more potentially toxic solvents (e.g.,
chloroform, petroleum ether, methanol etc.). Besides, the purification
process developed here relies on dynamic adsorption-desorption,
prioritizing simplicity and minimizing the steps involved in stilbenes’
isolation. In contrast, many other purification processes involve more
complex techniques combined with the use of various commercial ad-
sorbents. Additionally, the selection of grape stems, a byproduct of
winemaking, as the matrix source reflects a sustainable approach by
repurposing biomass residues. In fact, most of the studies presented in
Table 8 (and in general), focus on the isolation of stilbenes from fresh
plant matrices. While developing such processes is praiseworthy, it
overlooks the sustainability aspect, as stilbenes can be found in different

biomass residues.

It is important to highlight that the achieved purities within the
enriched fractions of stilbenes, such as 12.8 % for (E)-e-viniferin and 3.4
% for (E)-resveratrol, as previously mentioned, align with their potential
application for controlling Plasmopara viticola. This relevance is partic-
ularly evident in light of the documented findings in this domain [9].

Hence, the photo-molecularly imprinted adsorbents synthesized in
this study and in combination with the developed automated purifica-
tion process are key to enrich stilbenes in a continuous manner inde-
pendently of initial vine biomass composition and irrespective to its
provenance. The results presented herein support the industrial imple-
mentation of an efficient purification process, especially that the pro-
posed automated process does not include complicated operational
units, making it easily adoptable on the industrial level. This endorses a
more environmentally friendly approach that yields sustainable
phytochemicals.
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Table 8
Techniques used to isolate and purify stilbene compounds from different plant matrices.
Separation technique(s) and involved Target stilbene(s) Matrix type Solvents used Efficiency Reference
adsorbent(s) metric(s)
e Dynamic adsorption-desorption. (E)-e-vinifierin Grape stems Hydroalcoholic mixtures Pgq = 12.77 This work
e Photo-molecularly imprinted polymer. %
E =2244
R =80.3 %
(E)-resveratrol Psq=3.4%
E =8.77
R=621%
e Dynamic adsorption-desorption. (E)-resveratrol Grape stems Acetonitrile for the adsorption and Psa =87 % [20]
e Photo-molecularly imprinted polymer. hydroalcoholic mixtures for the E=3
desorption R =238%
e Dynamic adsorption-desorption. 2,3,5,4"-Tetrahydroxystilbene-2- Extract of Polygonum Hydroalcoholic mixtures Pgq = 64.76 [50]
e Macroporous resin — AB-8 (ethylstyrene O-p-D-glycoside multiflorum roots %
based). R =68.34 %
E=8.6
e High-speed countercurrent 2,3,5,4"-Tetrahydroxystilbene-2- Roots of Polygonum Petroleum ether, ethyl acetate, Puprc > 90 [51,52]
chromatography and preparative HPLC. O-p-D-glycoside multiflorum methanol and water %
e YMC-Pack ODS-A (commercial adsorbent). Piceatannol
Resveratrol
Isorhapontigenin
Polydatin
e Centrifugal Partition Chromatography (E)-resveratrol Vitis vinifera L. Pinot Heptane, ethyl acetate, methanol, Pupic > 90 [3]
e Repeated semipreparative HPLC runs (C-18  (E)-e-vinifierin Noir grape canes water and acetonitrile. %
column). (E)-piceatannol
Vitisin B
Ampelopsin A
Homodimers (pallidol, (E)-
§-viniferin, and (E)-o-viniferin)
Scirpusin A
e Negative-pressure cavitation coupled with longistyline C Pigeon pea leaves Ammonium sulfate, ethanol, and Psg =2.2% [52]
aqueous two-phase extraction. methanol E =2.27;
Cajaninstilbene acid Pgq = 4.55
%
E=1.94
o Two-step centrifugal partition Pinosylvin Maritime pine knots Petroleum ether, ethyl acetate, Pupic = [53]
chromatography. hydroalcoholic mixture, n-heptane, 91.4 %
Pinosylvin methyl ether ethyl acetate, methanol, and water Pupic =
91.1 %
e Counter-current chromatography. trans-5-Viniferin Grape stems Methanol, ethyl acetate, n-hexane, Pupic = [54]
methanol, and water 97.5 %
trans-e-Viniferin Pupic =
93.2 %
e Medium pressure liquid chromatography; Oligostilebens (ex. e-viniferin, Dipterocarpaceae n-Hexane, acetone, ethyl acetate, Puprc > 90 [55]
semipreparative HPLC; recycling HPLC. cis-e-viniferin, and cis-miyabenol methanol, water, and acetonitrile %
e Series of commercial columns: Hi-flash Cetc.)
MPLC; Gemini-NX C18; Synergi® Hydro-
RP; Genesis™ C18; JAIGEL-ODS-AP
e Preparative chromatography; high-speed trans-Rhapontin, Rheum tanguticum Petroleum ether, ethanol, ethyl Pupic = [56]
counter-current chromatography. Maxim. Ex Balf. acetate, n-butanol, chloroform, 99.6 %
e Macroporous resin D101. cis-Rhapontin methanol, and water Pupic =
97.2 %
trans-Desoxyrhaponticin Pupic =
99.2 %
e Preparative chromatography; high-speed (E)-Resveratrol-3-O-glucoside Radix of Polygonum Ethanol, petroleum ether, ethyl Pypic = [57]
counter-current chromatography. cillinerve acetate, n-butanol, chloroform, 99.1 %
e Macroporous resin AB-8 MR. Pieceid-2 *’-O-gallate methanol, and water Pupic =
97.8 %
(E)-Resveratrol Pupic =
99.4 %
o Ionic liquids-based microwave-assisted 3-Hydroxy-5-methoxystilbene- Pigeon pea leaves 1-Alkyl-3-methylimidazolium ionic R=95% [58]
extraction. 2-carbone acid liquids
Longistyline C
Cajaninstilbene acid
e Preparative HPLC. Vitisin A-13-0-f-D-glucoside Iris lactea Methanol, water and acetonitrile Pupic = [59]
e C18 column. 90.1 %
R =0.685%
Vitisin D Pupic =
95.5 %
R=0.105%
Hopeaphenol Pupic =
96.3 %
R =0.09 %

(continued on next page)
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Separation technique(s) and involved Target stilbene(s) Matrix type Solvents used Efficiency Reference
adsorbent(s) metric(s)
Vitisin A Pupic =
98.1 %
R =6.74%
e Dynamic adsorption-desorption. (E)-Resveratrol Carménere grape Hydroalcoholic mixtures Pgq = 0.13 [38]
e Commercial resin HP-20. pomace %
R=8%

Pupic represents the purity of the stilbene determined solely through chromatographic analysis (ratio of the stilbene’s area to the total chromatogram area); Psq
denotes the purity of the stilbene based on its weight percentage (ratio of the mass of the stilbene to the total sample mass); E is the enrichment factor of the stilbene and

R represents the recovery of stilbene along the purification process.
4. Conclusions

The adsorption-desorption process developed in this study exclu-
sively utilizes hydroalcoholic solvents, eliminating traceable toxic sol-
vents. This method ensures the extraction of fractions enriched in (E)-
resveratrol and (E)-e-viniferin. The purification process was carried out
in an automated manner through a fixed-bed adsorption prototype
designed for precise control and monitoring. The purified fractions,
containing both (E)-resveratrol and (E)-e-viniferin, hold potential ap-
plications in various industries such as food, cosmetics, and as biological
pesticides.

Although the final purities achieved for (E)-resveratrol and (E)-
e-viniferin are approximately 3.4 % and 12.8 %, respectively, these
values might be considered low when analyzed in isolation. However,
when considering their initial content in the crude extract of grape stems
(0.39 % for (E)-resveratrol and 0.57 % for (E)-e-viniferin), the enrich-
ment is substantial, almost 23 times for (E)-e-viniferin and 9 times for
(E)-resveratrol. Furthermore, the developed adsorption—desorption
process permits high recoveries of these two stilbenes considering that
the crude extract of grape stems contains a myriad of other similar
compounds. Recoveries exceeding 60 % and 80 % were obtained for (E)-
resveratrol and (E)-e-viniferin, respectively.

The kinetics of adsorption were investigated by fitting experimental
data to analytical models, leading to the identification of the Log-
Gompertz model as the best-fitting model for both recycled and open-
loop fixed-bed adsorption. This preference is attributed to the nature
of the Log-Gompertz equation, involving the logarithmic form of the
time variable.

In summary, this study demonstrates the efficient purification of
stilbenes by relying on hydroalcoholic solvents within the framework of
a fixed-bed adsorption prototype. Meticulous consideration for com-
pound affinity during desorption contributes to the success of the pro-
cess. It is noteworthy that combining the developed process herein with
other purification methods is feasible, potentially resulting in increased
solvent usage and energy consumption.

The stilbene-enriched fractions obtained herein possess purities that
fall within a suitable range to directly control the growth of Plasmopara
viticola disease. Additionally, these enriched fractions can be combined
to tailor novel environmentally friendly stilbene-containing phyto-
chemicals with improved anti-fungal activity.
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