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Alternatives for the extraction of bioactives and
biopolymers from Evernia prunastri for the
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The recent growing interest in the biological properties of lichen metabolites has evidenced different
needs and challenges for further exploration, including the development of green processing with safer
solvents and more efficient use of energy. Microwave assisted hydrothermal processing, applied after
supercritical CO, extraction, was proposed for the sequential extraction of bioactives and biopolymer
fractions. Alternatively, it was combined with natural deep eutectics (NaDES) as cosolvents. Lichenic acids,
antioxidants and oligosaccharides were simultaneously extracted using NaDES, and the recovered poly-
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saccharides showed adequate mechanical properties for the formulation of films with antimicrobial action
against Gram positive bacteria. An environmental assessment of the three different processes using the
Eco-Scale suggested that the NaDES microwave extraction was, due to its low toxicity and good extrac-
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1. Introduction

Lichens have been used in traditional medicine, perfumery,
and cosmetics®® and their unique metabolites provide new
options for the development of functional foods and/or
drugs.>® The major lichen components are polysaccharides,
such as the linear 1,3:1,4 p-p-glucan or lichenan, a-glucans or
galactomannans that account for around 60% of the total.”
The hydrolysis of lichenan using lichenase has been proposed
for bioconversion to bioethanol in a biorefinery approach,®
and more recently, attention is being paid to its anti-tumor,
anti-inflammatory and immunostimulatory activities.®°
Secondary metabolites include lichenic acids, terpenoids and
sterols, and account for up to 5-20% of the dry weight.*'"* One
extensively studied metabolite with a wide spectrum of activi-
ties is usnic acid'®"? although with controversial safety for oral
or intravenous aplications.'® Lichens also produce simple phe-
nolic compounds, playing an important role in the regulation
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tion yield of polysaccharides, the most sustainable of the three processes.

of growth, development and protection. Their content has
been correlated with the antioxidant and antimicrobial
properties.> 1718

Secondary metabolites are mostly hydrophobic, soluble in
organic solvents, such as acetone, trichloromethane, hexane,
ethylacetate, methanol, chloroform™ '*'” and supercritical
carbon dioxide."”” Conventional solvent extraction remains
common,"”” " but greener alternatives are in increasing
demand for safety and environmental issues.”® Representative
examples of the use of green solvents can be mentioned.
Komaty et al.*' selected nontoxic ionic liquids to selectively
extract bioactives from Pseudevernia furfuracea, although degra-
dation of certain compounds could occur. Kulinowska et al.*?
proposed the extraction of usnic acid with thymol: camphor
(1:0.3) in short times with higher yield than those attained
with acetone, methanol and ethanol. Supercritical carbon
dioxide at lab, pilot and industrial scales has been proposed
for the extraction of bioactives from Usnea sp'”**7*° and
Cladonia sp®® and microwave hydrothermal treatment has
been proposed to extract bioactives and gelling polysacchar-
ides from Evernia prunastri. The hydrogels separated showed
antifreezing behaviour, were non-skin irritant and exhibited
antioxidant, anti-tyrosinase, antiproliferative and anti-inflam-
matory properties.>’

The extraction ability and selectivity of subcritical water
extraction can be enhanced by the addition of eutectic solvents
(DES) as co-solvents. This combination was used for the extrac-
tion of alginate and fucoidan from Saccharina japonica.>® Since
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then, it has been proposed for the extraction of xanthone and
phenolics from mangosteen pericarp,> anthocyanins from
black beans hulls,>® pectin from Jaboticaba processing by-
product,® lipids from microalgae,® phenolic compounds
from winemaking by-products®® and sugar, protein, and phe-
nolics from brewery spent grain.** In addition, the assistance
of DES can aid in improving the extraction efficiency of
Lentinus edodes polysaccharides providing stronger antioxidant
activity than subcritical water alone.*” There is no report on
the hydrothermal extraction enhanced with DES for extracting
polysaccharides from lichens.

The lichen slow-growth rate and the difficulties in cultivat-
ing in laboratories have limited the practical and commercial
interest. In nature, lichen is present in a wide range of habitats
and has ecological relevance in ecosystems with abundant
lichen cover. For biodiversity conservation, sustainable forest
management should consider that not all species are tolerant
to intensification,*® and low-intensity harvesting is needed for
their regeneration.’” However, lichens are present in waste
forestal biomass and low-value tree fractions, often discarded
or combusted. The implementation of an extraction stage as
an initial stage of lignocellulosic biorefineries could lead to
high value-added products, which favour the economics of the
process.*®*° Some estimations can be illustrative of the
number of resources that the lichen represents. In tropical dry
forests the epiphyte crustose lichens account for 1.34-1.99 t
ha™, around 61% of the foliar biomass in the forest,*
whereas they are found as a small fraction in litter-fall.*" In old
rockrose plants from Mediterranean areas, abundant amounts
of lichens, especially Evernia prunastri, are found.*?

The aim of this work is to evaluate different sequences
based on green solvents for the extraction of the bioactive
lichenic acids, antioxidant compounds and hydrocolloid frac-
tions from Evernia prunastri biomass, including supercritical
CO, followed by microwave assisted hydrothermal extraction or
a single stage of microwave assisted hydrothermal extraction
with natural DES as cosolvent.

2. Results and discussion

2.1. Sequential supercritical extraction and microwave
assisted hydrothermal processing

Extraction with apolar organic solvents can enhance further
extraction and purification of solutes found in inner lichen
cell structures and could be addressed before the aqueous
extraction of oligosaccharides.”®®" The mechanical pretreat-
ment of lichens is a key factor due to their unique and irregu-
lar distribution of metabolites onto the surface, intra- and
intercellularly. The grinding technique markedly influences
the morphology and length of the hyphae; milling generates a
mixture of small pieces,”>® whereas flaking avoids fine
powders causing plugging and compaction.'”*"** Microwave
heating offers advantages regarding increased yields, lowered
extraction time and solvent consumption compared to conven-
tional methods, due to the enhanced heat and mass transfer.
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The structural matrix damage allows reduced severity of the
mechanical pretreatment, which strongly influences the extrac-
tion rate, yield and quality of the extract."”> The influence of a
short microwave pretreatment on supercritical fluid extraction
was assessed for the extraction of usnic acid, as a representa-
tive metabolite.

Experimental data from the supercritical CO, extraction of
E. prunastri at 35 MPa and 40 °C using 5% ethanol as cosolvent
are shown in Fig. 1, and also the predicted kinetics with the
parameters from the model of Sovova, based on the adjustable
parameters from Table 1. Pressure and temperature were fixed
at values in the range of those leading to high yields and usnic
acid purity from other species, avoiding higher values causing
thermal degradation.’”?® The overall extraction curves (OECs)
obtained show the typical behaviour of SFE kinetics. At the
beginning of the extraction the curve exhibits a linear trend,
the constant extraction rate (CER) stage, where the easily acces-
sible solutes are extracted by convection. Once the most easily
accessible solute was extracted, the extraction rate gradually
decreased. In this falling extraction rate (FER) stage limitations
to mass transfer by diffusion start to play a significant role.
Finally, a diffusion-controlled (DC) process occurs, where the
mass transfer is governed only by the diffusion mechanism.

The previous pretreatment with microwaves for 1 min at
480 W did not show any benefit in the overall extraction yield
(Fig. 1a), but that at 800 W for 1 min showed an increase of
the extraction yield by 67% after 4 h. The usnic acid yield was
enhanced at 1-4 h in samples treated at 480 W (Fig. 1b).
Comparable usnic acid yields have been reported from Usnea
barbata at 30 MPa and 25 °C,"” from Cladonia sp. at 35 MPa at
40 °C and 40 min,*® from Usnea subflorifdiana at 75 °C, 20
MPa and 70 min,* and from Usnea longissima at 42 °C and
7.5 h with 4.3% ethanol.® The most marked effects of the pre-
treatment on the extraction rate and yield were observed for
the second stage of SFE of falling extraction rates, when the
amount of the solute available on the surface decreases and
the solute inside the particles has to diffuse to the surface
(Fig. 1a and b). Therefore, the extraction rate is limited by
intraparticle diffusion of the solute, which controls the
internal mass transfer, closely dependent on the particle size
and on the disruption of the cell walls.'®

The mass transfer coefficients in the fluid phase, kg, were
higher than the mass transfer coefficients in the solid phase,
ksa (Table 1). The extraction resistance is higher when the
solutes are located internally in the solid and the mass trans-
port mechanism is controlled by diffusion, compared to the
extraction resistance by convection of solutes from the surface
of the solid. The parameter r represents the fraction of broken
cells in the solid and is affected by the pretreatment of the raw
material.>® The smallest value of r was obtained for the extrac-
tion without any pretreatment. Furthermore, a shorter CER
period was also observed in this case; therefore the extraction
was dominated by the mass transport in the solid phase from
the very beginning of the process. The application of 1 min of
microwave irradiation at 800 W increased the duration of the
CER period up to 126 min, with an overall extraction yield at

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4gc02741h

Open Access Article. Published on 13 August 2024. Downloaded on 29.10.2025 21:21:02.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

a)

Extraction yield (g per 100 g lichen)
w

0 50 100 150 200 250 300
Time (min)
Fig. 1
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, 1 min 800 W) pretreatment on the supercritical carbon dioxide extraction from Evernia pru-

nastri at 35 MPa and 40 °C and with 5% ethanol as cosolvent. (a) Overall extraction yield and (b) usnic acid extraction yield. Control experiment (@).

Lines represent Sovova’'s model fittings.

Table 1 Kinetic parameters of the model of Sovova for the supercritical carbon dioxide extraction from E. prunastri

Pretreatment ke (min™") kg (min™") 7 Y (gkg™)  tcer (min)  fegr (Min)  AARD (%) R®
Control

Overall extraction yield (g per 100 jichen)  0.159 0.0024 0.286  0.364 12.9 47.4 4.71 0.988
UA extraction yield (Mg giichen ) 0.298 0.0015 0.120  0.053 4.4 29.3 12.45 0.957
MW 480 W

Overall extraction yield (g per 100 Slichen) 0.107 0.0017 0.553 0.199 51.1 131.1 5.23 0.993
UA extraction yield (mg gl,chen 0.090 0.0018 0.767 0.061 78.3 173.7 9.91 0.997
MW 800 W

Overall extraction yield (g per 100 Qlichen)  0.094 0.0011 0.782  0.316 126.0 277.4 19.65 0.993
UA extraction yield (Mg jichen " 0.084 0.0015 0.902  0.043 120.0 246.5 63.94 0.981

keo: fluid-phase mass transfer coefficient; ks,: solid-phase mass transfer coefficient; r: fraction of broken cells; Y;: pseudo-solubility of the extract
in the solvent; {cggr: extraction time at the end of the CER period; ¢ppr: extraction time at the end of the FER period; and AARD: absolute average

relative deviation.

the end of this period of 2.8 g per 100 g lichen. In the case of
the usnic acid extraction kinetics, the application of 480 W for
1 min increased the duration of the CER period from 4 to
78 min, with a yield at the end of this period of 3.4 mg usnic
acid per 100 g lichen.

Acetone and ethyl acetate, selected based on the solubility
of lichen bioactives,**” provided overall extraction yields of
8.09% and 7.65%, respectively (Fig. 2), in the range of those
obtained by Popovici et al.>” but slightly lower compared to
those of methanolic extracts.” The highest total phenolic con-
tents of 18.09 and 17.21 g GAE per 100 g extract, and antiradi-
cal capacities of 70.90 and 83.55 g Trolox.q. per 100 g extract
were obtained, respectively, for the ethyl acetate and supercriti-
cal pure CO, extracts. These contents were comparable to
those of acetone and methanol extracts,>® but higher than
those with hexane,”® methanol®*®%®" or acetone.!” Evernic
acid®® and usnic acid are known to exhibit strong antioxidant
activity, usually correlated with the content of total phenols,
but may also depend on non-phenol components.®” The
further application of a microwave assisted hydrothermal
process allowed an additional extraction of active phenolics,
but with lower selectivity since the polysaccharides were prefer-

This journal is © The Royal Society of Chemistry 2024

entially solubilized. Pure and ethanol modified CO, extracts
contained an analogous proportion of fatty acids, the most
abundant being linoleic acid, followed by oleic, palmitic and
stearic acids, whereas in Soxhlet extracts linoleic and palmitic
acids were predominant (Fig. 2). Alfa-linolenic, stearic, linoleic
and palmitic acids have been reported in this species.®

2.2. Microwave assisted hydrothermal processing with
NaDES as cosolvents

Microwave assisted hydrothermal treatment has been pre-
viously applied to extract polysaccharide fractions that could
be further formulated as hydrogels with biological properties
of interest for topical use. Optimal yields, mechanical pro-
perties and antiproliferative action were found in those
obtained during operation at 160 °C.>” Natural deep eutectic
solvents (NaDES) are usually non-toxic, easy to prepare, highly
biodegradable and compatible with food and pharmaceutical
products, provide a good response to microwaves®® and were
tried as cosolvents during hydrothermal treatments.

NaDES characterization. The two selected natural eutectic
solvents have opposite physicochemical properties (Fig. S17).
The hydrophilic NaDES, synthesized with lactic acid, glycine,

Green Chem., 2024, 26,10205-10224 | 10207
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Fig. 2 Comparative performance of the three sequential processes: conventional Soxhlet acetone and ethyl acetate extraction and supercritical
CO, extraction followed by microwave assisted hydrolysis at 160 °C (MAH160) regarding the total phenolic content, Trolox equivalent antioxidant

capacity and fatty acid content from Evernia prunastri.

and water (LA:Gly:W) (3:1:3) presented a density of 1.21 +
0.01 g ecm™ and viscosity around 82 mPa s at 100 s™'. The
hydrophobic NaDES, made of menthol : lauric acid (Men : Lau)
(2:1), was found to have a density of 0.87 + 0.02 g cm™> and to
exhibit a pseudo-plastic fluid behaviour with a decrease in the
apparent viscosity with an increased shear rate, to reach an
apparent viscosity around 23 mPa s at 100 s~'. These results
are coherent with those previously reported.®>°® Both solvents
were stable after one month, maintaining similar viscosity at
10-100 s~

Whereas Nile Blue A dissolved in LA:Gly: W had a similar
Amax to that in water, indicating that this solvent is polar, a
blue shift to lower wavelengths was observed when dissolved
in Men: Lau, as expected from a more apolar solvent. Similar
results were found by Rebocho et al.®> and Vieira et al.®” using
Nile Red dye. As microwave heating depends on the microwave
absorption and heat transfer properties of the material,
Gonzalez-Rivera et al.®* proposed an indirect approach to esti-
mate the microwave absorption properties of different DESs
comparing their microwave heating profiles. Fig. S1bf shows
the cumulative energy consumed (kW h) to heat LA:Gly: W
and Men : Lau up to 170 °C as a function of time. Both NaDES
showed a higher response to microwaves than water, achieving
170 °C in 70-78 s, whereas water required 83 s. Increasing
NaDES concentration lowered the energy and time consump-
tion. The cumulative energy consumed was also greater for
water (3.54 x 107> kW h) than for Men : Lau (3.25 x 10> kW h
at 50% and 3.10 x 10~ at 80%) and for LA:Gly: W (2.96 x
107% kW h at 50% and 2.84 x 10~ kW h at 80%).

Optimization of hydrothermal extraction with NaDES as
cosolvents. Hydrothermal treatment at high pressures and
temperatures with water under subcritical conditions offers
the possibility of modulating the water polarity since the
dielectric constant decreases with increasing temperature.
Additionally, the thermal and mechanical effects improve the
mass transfer and extraction efficiency by destroying the cell
wall. The autoionization, responsible for facilitating the degra-
dation of polysaccharides, can be additionally enhanced by the
incorporation of DESs, which promotes the production of cata-
lytic ions. The effect of the NaDES concentration and tempera-

10208 | Green Chem., 2024, 26, 10205-10224

ture during microwave assisted hydrothermal extraction was
studied with central composite experimental designs, defined
for two different NaDES (LA:Gly: W and Men: Lau) and con-
centration ranges.

Range of high NaDES percentages during microwave
assisted hydrothermal extraction. Table 2 summarizes the
independent and dependent variables assessed in the liquid
phase for both NaDES. For the experiments with the hydro-
phobic NaDES, a too small aqueous phase was separated and
the TEAC value was measured in the Men: Lau phase. Due to
the incompatibility between Men : Lau and some spectrophoto-
metric methods, the soluble protein and total sugar contents
were only determined for the LA : Gly : W extracts.

The increased protein and polysaccharide solubilization
expected was synergistically enhanced when LA:Gly: W was
used as cosolvent, with temperature being the most influen-
cing variable. Higher temperatures increase the solvent power
due to the decrease in viscosity and surface tension, leading to
an enhanced diffusivity and dissolution of target components.
Despite viscosity being important and that it could also be lim-
iting at the tested concentration of LA : Gly : W, the maximum
carbohydrate yield was obtained at the maximum tested NP.
The enhanced protein and reducing sugar solubilization has
been also reported for choline chloride : formic acid (1:2) at a
lower content, 25%, and 20 min. Accelerating the disinte-
gration of wet microalgal biomass with hydrothermal treat-
ment at 160 °C and formic acid can also promote
depolymerization.??

Under the conditions of experiment 7, with 80% NaDES at
170 °C, maximum carbohydrate and protein yields were
obtained, with up to 35% polysaccharide yield, corresponding
to half the content of this fraction. The addition of NaDES
enhanced the polysaccharide extraction yield compared to the
use of water, which yielded 25.5% carbohydrates for direct
hydrothermal treatment at 180 °C and 15.2% at 160 °C.*”
Usually, spectrophotometrically determined values are overes-
timated, but in this case the ranges were comparable (Table 2).
Using NaDES, no polymer precipitated after freezing and
thawing. Saravana et al’® already found higher values for
choline chloride : glycerol, with 60% water for alginate and

This journal is © The Royal Society of Chemistry 2024
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Table 2 Experimental matrix for the study of the effect of the NaDES percentage (NP) in a range of high values and temperatures (T) on the extrac-
tion yield of carbohydrates and proteins, and on the Trolox Equivalent Antioxidant Capacity (TEAC)

Uncoded variable Coded variable LA:Gly:W Men: Lau
Extraction yield
Extraction yield (g per 100 g lichen) (g per 100 g lichen)
Exp NP (%) T (°C) X, X, Total sugars® Carbohydrate® Protein TEAC TEAC®
1 80 120 1 -1 9.60 12.27 1.24 14.81 12.59
2 86 145 1.41 0 28.05 30.89 2.91 25.13 14.58
3 65 145 0 0 15.60 19.91 1.21 16.58 16.35
4 65 110 0 -1.41 9.19 12.79 0.61 7.47 8.75
5 50 170 -1 1 29.56 30.87 1.64 17.89 36.50
6 50 120 -1 -1 12.21 18.31 0.62 9.66 11.90
7 80 170 1 1 34.81 25.73 4.88 28.22 22.90
8 65 180 0 1.41 28.04 23.69 3.97 25.07 31.21
9 44 145 -1.41 0 18.78 22.52 1.22 17.85 35.66
10 65 145 0 0 19.33 24.97 1.69 21.98 17.96
11 65 145 0 0 21.44 27.18 1.70 22.71 17.26

“ Anthrone method.  HPLC method. ° Men : Lau phase.

fucoidan. The highest protein yield was almost 5%, half of the achieved with Men:Lau at 50%/170 °C, whereas the highest
total amount present in the raw material, and was attained at value with LA:Gly:W, 28.22 g Trolox.q per 100 g of raw
170 °C, close to the value reported for brewery spent grains,> lichen, was obtained at 80%/170 °C. The model coefficients
but during the treatment of microalgae, maximal protein solu- and test parameters for each objective function obtained from
bilization in biomass occurred at lower temperatures.®? the multilinear regression, ¢-tests and ANOVA test are summar-

The maximum total phenolic extraction yield was attained ized in Tables S1-S4.f The objective functions of the reliable
at 65% NP/180 °C and 50% NP/170 °C, respectively, for each models are presented in eqs (1)-(4) for LA: Gly: W and in eqn
cosolvent, but these values are considerably higher than those (5) (Table S51) for Men : Lau and the corresponding response
attained with conventional solvents and in hydrothermal surfaces are shown in Fig. 3a-d. Whereas this range of LA : Gly
extraction at 160 and 180 °C. Therefore, due to the possibility has no significant impact on the carbohydrate yield, it exhibits
of interferences this variable was not studied. The highest anti- a linear positive effect on the TEAC value and the protein. The
radical capacity, 36.50 g Trolox.q. per 100 g E. prunastri, was temperature shows both a strong positive linear effect and
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Fig. 3 Response surface for the effects of NaDES percentage and temperature in a range of high values with LA : Gly : W on (a) the extraction yield
of carbohydrates, (b) the extraction yield of protein, (c) the ABTS antiradical capacity, and (d) for Men : Lau on the ABTS antiradical capacity, and in a

range of low values with LA:Gly: W on (e) the extraction yield of carbohydrates, (f) the extraction yield of protein, and (g) TEAC, and (h) for
Men : Lau on TEAC.
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quadratic effect, which is negative for the TEAC value, probably
due to the degradation of some bioactives at the highest
values. A positive interaction between the NP and the tempera-
ture was observed for protein yield. Even if higher antioxidant
activities were found for Men: Lau, its percentage has a nega-
tive linear effect on the TEAC value but a positive quadratic
effect, whereas temperature has a positive linear impact on the
response variables. A negative interaction between the temp-
erature and NP was also observed.

Total sugar (g glucose eq. per 100 g lichen), , gy,

(1)
=20.60+8.65-T
Carbohydrates (g carbohydrate per 100 g lichen); , gy 2)
Gly: 5
=22.65+5.18-T
Protein (g BSA per 100 glichen); , v 3)
Gly: 3
=176 +0.78 -NP+1.18 - T + 0.66 - NP - T + 0.29T>
TEAC (g Troloxeq. per 100 g lichen), , . ()
o 4

=20.63+3.22-NP+582-T—2.45-T?

TEAC (g Troloxeq, per 100 g lichen),...; .
=18.13 —5.34-NP+8.33-T — 3.57-NP- T + 3.28 - NP*

(5)
Range of low NaDES percentages during microwave assisted
hydrothermal extraction. The conditions defined in the pre-
vious experimental design proved suitable to maximize the extrac-
tion of compounds with antiradical properties, but such high
NaDES content may be underoptimal for the recovery of the bio-
polymer by precipitation. Two effects could justify this. Viscosity
could make precipitation difficult and the NaDES induced hydro-
lysis of the polysaccharides could result in low molecular weight
fractions that do not precipitate by freezing and thawing.

View Article Online
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Therefore, another experimental design with lower NP was con-
structed according to the experimental matrix shown in Table 3.

Operating at 10% LAGly: W and 180 °C, the polysaccharide
yield increased up to 49.2 g per 100 g lichen. Both eutectic sol-
vents provided higher carbohydrate yields than hydrothermal
extraction at the same temperature.”” Regardless of the
NaDES, temperature favours the extraction of carbohydrates
and proteins and the TEAC value. The objective functions
defined considering only the statistically significant coeffi-
cients are shown in eqn (6)-(9), for the extraction yield of
carbohydrates and proteins and TEAC activity for LA: Gly: W
and in eqn (10)-(12), and for carbohydrates, polymer yield and
TEAC with Men: Lau, based on the statistical information of
Tables S6-S9 and S10-S12.7

With LA:Gly: W, the temperature was the only significant
variable for carbohydrates and TEAC and the NP was signifi-
cant for the protein content. For Men : Lau, both NP and T had
a significant impact on the TEAC and sugar values. The corres-
ponding response surfaces are plotted in Fig. 3e-h.

Total sugars (g glucose,, per 100 g lichen); , gy

6
=10.76 +16.03 - T + 8.07 - T* (©)
Carbohydrates (g per 100 gEP); , .y )
o 7

=13.62 +12.50 - T+ 3.97 - T*
Protein (g BSA per100 g lichen), , gy, ()
Gly: 8

=048+0.14-NP+0.44-T
TEAC (g Troloxeq per 100 g lichen),, ¢y :w

=7.91+551-T (9)

Table 3 Experimental matrix for the study of the effect of the NaDES percentage and temperature in a range of low values on the extraction yield
of carbohydrates and proteins, and the TEAC for LA: Gly: W as cosolvent, and total sugars, polymer yield and TEAC in the aqueous phase when

Men : Lau was used as cosolvent

LA:Gly:W Men: Lau
Coded Extraction yield (g per 100 g
Uncoded variable variable lichen) Extraction yield (g per 100 g lichen)
Exp NP(w:w) T(°C) X; X, Total sugars® Carbohydrates Protein TEAC Total sugars”  Polymer yield (%) TEACS
1 15 120 1 -1 3.64 4.83 0.07 2.34 5.34 3.82 3.28
2 17 145 1.41 0 13.34 14.51 0.72 12.16 14.32 14.92 8.43
3 10 145 0 0 8.53 11.2 0.23 8.39 10.81 13.61 10.37
4 10 110 0 -1.41 3.08 3.53 0.07 1.11 3.33 3.39 5.24
5 5 170 -1 1 37.29 32.81 1.01 16.98  20.68 22.98 19.58
6 5 120 -1 -1 4.02 6.23 0.04 2.49 4.54 4.39 6.13
7 15 170 1 1 33.42 29.21 1.21 15.81 30.63 25.25 17.42
8 10 180 0 1.41  49.19 38.21 1.06 12.53 31.63 28.23 19.87
9 3 145 -1.41 0 7.63 11.37 0.09 4.80 8.84 15.38 12.07
10 10 145 0 0 10.67 13.98 0.43 5.02 10.48 14.78 12.81
11 10 145 0 0 12.10 15.68 0.32 5.39 10.09 15.15 12.06

“Total sugars (anthrone method). ? Total sugars in the aqueous phase (anthrone method). ° TEAC in the aqueous phase after the polysaccharide

precipitation.
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Total sugars (g glucose per 100 g lichen), 1o 1.au
=10.46 +2.31-NP +10.18 - T 4 2.29 - NP - T + 0.75 - NP?
+3.70- 17

(10)

Polymeryields (g polysaccharide precipitated (11)
per100glichen), 1.y = 14.724+9.39- T

TEAC (g Troloxeq per 100 g lichen) ., 1au (12)

=11.57 —-1.27 -NWP +6.03 - T

A certain water content is required for the NADES mixture
to lower the viscosity, which could limit the mass transfer and
solubilisation. When used as solvents in heating-stirring,
Soxhlet, microwave- or ultrasound-assisted extraction, they can
be added at 50-75%, but in semicontinuous pressurized liquid
extraction, solvents have to be pumped through the system
and the NADES cannot be employed as true solvents but as
solvent modifiers at lower percentages.*> ChCl could be used
as a solvent modifier and 30% solvent was suitable to maintain
low viscosity. Optimal values of 40-50% were reported for the
polysaccharide yield of Lentinus edodes at 147 °C for
17.6 min,* and for subcritical water extraction at 122 °C modi-
fied with 8% DES to improve pectin yield from Jaboticaba pro-
cessing by-products.’’

Choline chloride and citric acid were used at 1% for the
subcritical water extraction at 130 °C of phenolics and antho-
cyanins from black bean hulls, increasing the performance
compared to that with the use of pure water.®* A higher
content of ChCl: U at 30% and 100 °C was the best condition
for the extraction of phenolic compounds from winemaking
by-products.®® The beneficial effect of increasing the DES con-
centration from 10 to 30% on the phenolic and xanthone
extraction from mangosteen pericarp was more marked at
120 °C than at higher temperatures, probably due to lignin
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depolymerization in the DES that may have acted as a cata-
lyst.>* However, NaDES at 180 °C slightly improved the extrac-
tion efficiency of phenolics under subcritical hydrolysis
conditions.**

When the eutectic solvent made of LA : Gly: W was used as
cosolvent during hydrothermal treatment both at high and low
concentrations, none or almost none of the polysaccharides
precipitated after freezing and thawing. In general, polysac-
charide solubility in water decreases with its molecular
weight.®® The HPSEC chromatograms of the sample extracted
with water exhibited two peaks under 786 kDa and one of
higher molecular mass (Fig. 4). Almost no peak for structures
with a value higher than that was observed in the sample with
NaDES at high concentration. Note that the peak at 8-12 min
is related to the NaDES itself and note also that this technique
lacks accuracy to determine molecular mass, but it offers a
first approach for determining the conformational properties
of the oligosaccharides. The chromatograms of the sample
with low NaDES concentrations exhibited a peak at high mole-
cular weight coincident with that of the polysaccharides
extracted with water, but its magnitude decreases with increas-
ing temperature and NaDES ratio. The highest peak was
observed at 5%-170 °C and the lowest at 17%-145 °C and
10%-180 °C. Thermodegradation is promoted by the NaDES**
and was confirmed on a previously water extracted, dried poly-
saccharide, which was dissolved in water or in 10 or 65%
NaDES, stirred at 80 °C for 2 h.

The samples in water and 10% LA : Gly : W exhibited a light-
yellow color, but the sample at 65% NaDES exhibited a strong
brown color, suggesting that the polysaccharide could react
with the solvent. Moreover, after maintaining the samples at
—18 °C for 48 h, the sample with 65% NaDES did not freeze
and only the polysaccharides dissolved in water precipitated
again. The HPSEC of the polysaccharides dissolved in water
had mainly a high molecular weight (>786 kDa) (Fig. 4c). This
peak at high molecular weight was also observed for the

- § 8
g =
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Fig. 4 HPSEC chromatograms of the extracts obtained during microwave assisted autohydrolysis with cosolvent (a) LA: Gly : W at high concen-
trations, (b) LA : Gly : W at low concentrations, and (c) the polymer extracted with water (MAH160), precipitated by freezing and thawing, dissolved in

water and in LA : Gly : W at 10% and at 65%.
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samples dissolved in 10 and 65% NaDES but with a height
negatively correlated with the NaDES content. However, the
promoted solubilization of biomacromolecules at 160 °C and
20 min with 25% ChCl: formic acid (1:2) was confirmed by
the increased average molecular weight (from 1043 Da to 3203
Da) of solutes in the aqueous phase.*

Polymer recovery and film formation. Polymer precipitation
was observed after cooling the aqueous phase from Men : Lau
experiments. The use of Men:Lau offered the possibility of
extracting different components in each phase. This strategy
has not been previously explored in lichens but has been
reported in several cases, i.e. for the simultaneous extraction
of flavonoids, terpene trilactones, procyanidine and polyprenyl
acetates from Ginkgo biloba leaves in two-phase systems with
two hydrophilic and one hydrophobic DESs.*® Also, biphasic
systems with DESs and y-valerolactone were used for glucan
saccharification, furfural production, and lignin recovery.”
The yield of polymers extracted with MAH_ML5-170, which
precipitated after freezing and thawing, is shown in Table 3.
Rheological properties are summarized in Tables S13-S16.}
The temperature had a positive significant impact on the
polymer extraction yield and a negative one on the logarithm
of the viscosity, and on the elastic and viscous moduli.
However, models for the elastic modulus and viscosity pre-
sented a very low p-value for the lack of fit which means that
these models are likely to be inaccurate. For none of the
response variables evaluated, the NP has a statistically signifi-
cant impact. The polymer’s viscosity at 1 Hz varies from 114 to
82.8 x 10* mPa s. In comparison, the polymer extracted at
160 °C with water presented a viscosity around 5000 mPa s.
Some of the precipitated polymers, before any other thermal
treatment or formulation, already presented viscoelastic pro-
perties of a middle strength gel as their moduli are invariant
with the frequency and the elastic modulus is almost 10 times
higher than the viscous one. It is for example the case for 5%-
120 °C and 15%-120 °C. The polymer extracted at 5%-170 °C
was selected for further analysis and formulation as it pre-
sented a good balance between extraction yield and visco-
elastic properties (a higher gap between the elastic and viscous
moduli than those for samples from 17%-145 °C or 15%-
170 °C).

2.3. Sequential solvent and hydrothermal extraction vs.
hydrothermal extraction with NaDES as a modifier

The extraction technique has a great influence on the lichenic
acid composition of the extracts (Table 4). Atranol and chloroa-
tranol, which are degradation products of atranorin and chlor-
oatranorin and well-known allergens, were identified in the
hydrothermal extracts of the supercritical CO, residual solid,
but they were not detected in the hydrothermal extracts of the
residual solids after the Soxhlet extraction. In terms of total
peak area, the highest value was obtained with ethyl acetate in
the Soxhlet system, followed by supercritical extraction with
pure CO,, with ethanol modified CO, and with acetone in the
Soxhlet system. The results are coherent with the total pheno-
lic content value obtained (Fig. 2).

10212 | Green Chem., 2024, 26, 10205-10224

Table 4 Comparative performance of different extraction technologies on the lichenic acids from E. prunastri, expressed as the area of the identified peaks by HPLC-MS and their relative

percentage

Extraction technology

10

1

Compounds (area x 10%), % total
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Evernic acid accounts for about 40% of the area in acetone
extracts and in the ethanol modified supercritical solvent,
whereas ethyl acetate extracts exhibited maximum values for
orsellinic acid, divaric acid, everninic acid and lecanoric acid.
Atranorin, chloroatranorin and usnic acid are more concen-
trated in supercritical extracts. However, no erverninic acid was
found in these latter ones. As expected, supercritical extraction
with pure CO, enhanced the recovery of the more apolar com-
pounds. The hydrothermal phase did not contain any of the
major lichenic acids, but only one or two unidentified peaks.
Usnic acid was more concentrated in the Men : Lau extract, but
neither of the other major known peaks were found. The
results were expected since evernic acid was the most abun-
dant in the acetone extracts of E. prunastri, followed by usnic
acid, chloroatranorin, atranorin, and lecanoric acid.’® Other
metabolites identified in this lichen species, evernic and phy-
sodic acids, atranol and chlorobutanol, are the most
studied.”***** No common compounds were observed in the
extracts with LA:Gly:W nor in the aqueous phase of
Men : Lau. This extract contained more than 50% usnic acid,
and could be obtained in a simple stage with higher selectivity
than in conventional extraction. Therefore, three processes
were further selected, and they involved sequential extraction
with conventional and supercritical CO, extraction before
hydrothermal processing, as well as the use of a single stage of
hydrothermal extraction using NaDES as cosolvents. The flow
diagram is shown in Fig. 5.

Residual solids. The SEM images of the residual solids from
the three different treatments, shown in Fig. 6, confirm that
the smooth surface of untreated lichen changed to a rough,
broken surface in treated solids. Furthermore, significant
differences can be observed depending on the treatment; the
residual solids from acetone and hydrothermal processing
(SA-MAH160) present a grainy surface, whereas those from
supercritical and hydrothermal processing (SCF-MAH160)
present irregular folds. The residual solid after the hydro-
thermal processing with hydrophobic NaDES as cosolvent
(MAH_ML5-170) appears to be the most damaged. Machmudah
et al.*® also observed the disruption on the surface of biomass
after subcritical water extraction with citric acid and alanine
eutectic solvent as cosolvent, which may also act as a catalyst,
facilitating the decomposition of the solid matrix components.
Similarly, Roy et al** reported various degrees of damage in
brewery spent grains; whereas subcritical water treatment
showed a cracked and destroyed structure, the addition of DES
led to a broken and internally damaged structure.

FTIR spectra of the residual solids, shown in Fig. 6b,
confirm that the solvent extraction prior to the microwave
assisted hydrothermal treatment did not affect the microstruc-
ture, since RS-SCF_MAH160 and RS-SA-MAH160 have similar
profiles. The increase in the peak at 1713 cm™' in
RS-MAH_ML5-170 due to the stretching vibration of the carbo-
nyl group of lauric acid shifted because of hydrogen bonding
with menthol and an increase in the peaks at 2840-2930 cm ™’
due to the presence of the eutectic solvent on the residual
solid.®®

This journal is © The Royal Society of Chemistry 2024
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In all spectra, the peaks at 813 cm ™' may be related to the
B-glucosidic bonds of the p-p-mannopyranose units of galacto-
mannans and/or f-glucopyranose of f-glucans and at 852 cm™*
due to the presence of a-p-galactopyranose. The presence of
cellulose and hemicellulose can be identified by the peaks at
1110 em ™, due to the stretching of C-O, C=C, and C-C-O in
sugar rings and at 1150 cm™" for the stretching vibration of C-
O-C. Peaks related to lignin are seen at 1270 cm™* (binding
vibration of C-H bonds in lignin aromatic rings), at 1515 cm™*
(aromatic skeleton vibration) and 1580 em™" (aromatic ring
vibration). The peak at 1645 cm™ may be related to the
stretching vibration of the carbonyl group in a conjugated
ketone or aldehyde in lignin and hemicellulose, whereas the
peak at 1722 cm™' may be attributed to the stretching
vibration in unconjugated C=O0 ketone, aldehyde, carbonyl or
aliphatic groups in hemicellulose. Finally, the wide band
around 3300 cm™' is related to intra- and intermolecular
hydroxyl stretching of lignin, cellulose, hemicellulose and
water.”"”? In the residual solids, the peaks from the primary
aromatic blocks in lignin confirm that the basic lignin struc-
tures are maintained, but a reduction of peaks at 1270, 1515
and 1580 cm™" related to lignin can be observed which might
indicate that some lignin was extracted.”® Lignin solubilization
with DES is well known, i.e. ChCl: LA treatments at 90-180 °C
can selectively cleave ether linkages in wood lignin, and
provide a high purity low molecular lignin.”* The extraction of
hemicelluloses can be corroborated by the reduction of peaks

at 813, 852, 1110, 1150, 1645, and 1712 cm™.

2.4. Film formulation

Various techniques have been reported to efficiently recover
DES after biomass pretreatment, including anti-solvent
addition, crystallization, membrane filtration as well as solid-
liquid, liquid-liquid or supercritical fluid extraction.*?
However, the direct utilization of the final extract or its appli-
cation for the formulation of novel products has operational
advantages.””””> The polymers recovered from the hydro-
thermal extracts from the different strategies tested were
characterized for mechanical and biological properties. The
surface morphologies of the films formulated with the recov-
ered polymers, analysed by SEM (Fig. 7a-d), were quite similar,
with irregularities and some polymer clumps. These granules
were also observed by Ruggeri et al.”> and Coelho et al.”® in
galactomannan films. Strong hydrogen bonds between the
polysaccharide chains in the film forming solution or steric
hindrance during the film formation might explain the pres-
ence of aggregates.”””® However, the surface of MAH_ML5-170
seems slightly smoother and more homogeneous. All films
presented similar FTIR spectra (Fig. 7e) with typical
galactomannan bands at 852 and 813 cm™", respectively, due
to the presence of a-p-galactopyranose and p-p-mannopyranose
units or B-glucopyranose units of p-glucans.’® The peaks at
1118 and 1143 cm ™" are characteristic of the stretching of C-0O,
C=C, and C-C-O in sugar rings and of the stretching vibration
of C-O-C in hemicellulosic materials. No peak deformation/

Green Chem., 2024, 26,10205-10224 | 10213
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Fig. 5 Flow diagram of the different processes tested for the extraction of bioactives and biopolymers from E. prunastri: (a) SA-MAH160, (b)
SFE_E-MAH160 and (c) NADES-modified hydrothermal extraction with LA:Gly: W 80% at 170 °C (bioactives) or with Men:Lau 5% at 170 °C

(polysaccharides).

addition due to the Men:Lau residue was observed in the
spectra of F-MAH_ML-5-170.

The viscoelastic properties of the film are displayed in
Fig. 7f. Although all the films have an elastic modulus higher
than the viscous one and both are invariant with the fre-
quency, a large difference can be observed between F-SA/
SAE-MAH160, which has a lower elastic modulus value, and
F-MAH160, F-SCF-MAH160, and MAH_ML5-170 for which the
elastic component is more prevalent. This confirms for these
latter that the application of a stress to the films results in a
more reversible deformation. F-SA/SAE-MAH160 is a weaker

10214 | Green Chem., 2024, 26,10205-10224

film, and the values of tané = G/G' of F-MAH160,
F-SCF-MAH160, and MAH_ML5-170, of 0.36, 0.20, and 0.27,
respectively, are higher but of the same order of magnitude as
those obtained by Wang®" and Castro-Yobal et al.®* for carragee-
nan/galactomannan and alginate films (between 0.08 and 0.20).

Lichen metabolites exhibit promising antitumoral pro-
perties, but their low levels of cytotoxic compounds, the
difficulties in their isolation and characterization, and the
insufficient understanding of their mechanism of action limit
the advances.’>®* None of the extracts were cytotoxic for
normal MRC-5 cells. A low A549 tumoral cell growth inhibition

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 SEM photographs of the films (F) formulated with direct processing of lichens by (a) microwave assisted extraction at 160 °C (F-MAH160), (b)
microwave assisted extraction of the residual solid after Soxhlet acetone extraction (F-SA_MAH160), (c) microwave assisted extraction of the residual
solids after ethanol modified supercritical CO, extraction (F-SCF_E-MAH160), (d) and direct processing by microwave assisted hydrothermal extrac-
tion at 170 °C with 5% menthol-lauric acid as a modifier (MAH_ML5-170), (e) FT-IR spectra, and (f) rheological properties of these films and cyto-

toxicity on A549 tumoral cells.

(£50%) at the maximum concentration evaluated (1000 pg
mL~") was found for the microwave assisted extracted polymer.
However, the polymers obtained in a process modified with
Men : Lau_5%_170 °C show a reasonable growth inhibition of
55% compared to 93% for cisplatin, and a good activity with a

This journal is © The Royal Society of Chemistry 2024

low ECso of 25.7 pg mL™". This value was similar to those
reported for two acidic polysaccharides (ICso: 41.2 and 47.8 pg
mL™"),** and more favourable than those reported for syn-
thetic chitosan selenate,® for beta-glucans®*® and for
galactomannans.®®
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When the hydrophobic NaDES was used as cosolvent
during hydrothermal extraction, usnic acid accounted for 50%
of the identified peaks. The high usnic acid content in the
Men: Lau extract could explain the potency of these extracts,
whereas the hydrothermal treatment alone did not exhibit any
action. The activity was in the range of those reported for pure
usnic acid against HCT-116, HeLa and MCF-7, which showed
ICs, values of 18, 24, and 76, respectively.®® However, conven-
tional solvent extracts of E. prunastri showed higher ICs,
values, i.e. 120.9 pg mL ™" for acetone extract in FemX and LS
174 cell lines lines,"” and 295.6 ug mL™" for methanol extract
in the colon cancer adenocarcinoma cell line HCT-116.>%*

Different compounds could be responsible for this action;
evernic acid in the acetone and dichloromethane extracts from
E. prunastri reduced cell migration and proliferation during
the angiogenesis and inhibited the pro-inflammatory acti-
vation of leukocytes.”® Lecanoric acid and atranorin were
responsible for the most effective anti-proliferative effects in
various cancer cells.”’ However, usnic acid exhibits different
activities, including anti-inflammatory and antimicrobial
activities, and supresses the proliferation of gastric,”
cervical®®* and breast cancer cells.*>*® It might be respon-
sible for the reduced tumor cell viability, apoptosis, and cell
cycle inhibition.”® Its low water solubility could limit some
potential applications and further studies are needed to
develop different products.’® The hydrothermal process with
Men:Lau as cosolvent allowed the production of films with
more potent bioactivity than those elaborated with beta-glucan
and galactomannan components, obtained without the
cosolvent.

Antimicrobial activity. The films developed with the polymer
extracted after direct processing by microwave assisted hydro-
thermal extraction at 170 °C with 5% menthol-lauric acid as a
modifier (MAH_ML-5-170) exhibited the best antimicrobial
properties. They inhibited the growth of all tested Gram-posi-
tive bacterial strains, particularly Staphylococcus aureus and
Bacillus cereus with a halo of 3 mm, Listeria monocytogenes and
Staphylococcus epidermidis with a halo of 2 mm and
Enterococcus faecalis with a halo of 1.5 mm. The polysacchar-
ide-films prepared with extracts from ethanol modified super-
critical CO, (F-SCF_E-MAH160) exhibited less growth inhibition.
In this case, only the proliferation of Enterococcus faecalis and
Staphylococcus epidermidis was inhibited with a halo of 1 mm.
Note here that those films formulated after Soxhlet acetone
extraction (F-SA + MAH160) did not present an antimicrobial
inhibition effect under the tested processing conditions. In all
cases, the results with Escherichia coli, Pseudomonas aeruginosa
and Salmonella spp. were negative. This suggests that the devel-
oped polysaccharide-films only exhibited a positive effect on
gram positive bacterial strains, without evidence of any effect on
Gram negative microorganisms. In the Men : Lau based process,
the simultaneous extraction of this bioactive and biopolymers
could be achieved, maintaining also biocompatibility and ade-
quate mechanical properties.

Methanol followed by ethanol and acetone extracts from
corticolous lichens were highly active against Gram-positive
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bacterial strains, whereas some aqueous infusions did not
present antibacterial and antifungal activities.> The anti-
microbial impact of usnic acid was found against different bac-
teria, including E. faecalis, S. epidermidis, B. cereus and
S. pyogenes.®® These authors also designed adhesive polymeric
films to enhance usnic acid bioavailability to promote a pro-
longed release in the wounds and with antibacterial activity
without affecting cell viability on human keratinocytes and
fibroblasts.

2.5. Environmental analysis

The environmental impact of the three selected processes was
estimated using the Eco-Scale method, slightly adapted from
Sousa et al.®” and Van Aken et al.®® as it was initially invented
for organic synthesis. In opposition to common green metrics
like the E-factor or the atom economy factor, which only evalu-
ate the sustainability of one aspect of the process, the Eco-
Scale considers six criteria: the relative yield of products, the
price/availability of the solvents, the technical setup needed,
the operating conditions, and the downstream processes
required (Table 5). However, it is important to note that the
Eco-Scale is not as complete as the LCA as it does not consider
the synthesis of the reagents and the use and end of life of the
products. In the Eco-Scale, fixed penalty points are allocated to
each process and substracted from 100 to give a final punc-
tuation between 0 and 100, with 100 indicating an ideal
process where a quantitative yield is reached, using in-
expensive, non-toxic, non-flammable solvents, with a simple
and not energy intensive technical setup and purification
process. Usually, processes that have a final score of 75 or
more are considered to have an excellent sustainability, those
between 50 and 75 have an acceptable sustainability and those
below 50 are not considered green. As two kinds of compounds
were targeted, the lichenic acids/phenolic compounds and the
polysaccharides, the relative final yield penalty was determined
by calculating the average between, for the lichenic substances,
the relative yield penalty of usnic acid and the antioxidant
activity and for the biopolymer, the relative yield penalty of the
recovered polysaccharides. The allocated penalty points are cal-
culated from eqn (13)

100 — relative yield
2

Yield penalty = (13)

The final penalty point for the yield was 27.4 for
SEA-MAH160 (mean between 26.3 and 28.5) as it had the
lowest polysaccharide yield and the second best usnic acid and
antioxidant yield. SCF_E-MAH160 received 19.2 penalty points,
having the second-best polysaccharide yield, the best usnic
acid yield and the third antioxidant yield. Finally, MAH_ML5-
170 received 12.3 penalty points, having the best yield of poly-
saccharides and antioxidant content and the third best usnic
acid yield. Regarding the price, as ethanol and CO, are in-
expensive, SCF_E-MAH160 did not get any penalty points. As
the price of ethyl acetate is around 52 € per L it was considered
as expensive and received 3 penalty points, and the eutectic
made with menthol and lauric acid was considered very expen-

This journal is © The Royal Society of Chemistry 2024
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Table 5 Greenness assessment of the selected processes using the Eco-Scale

Parameter

Penalty pts

SEA-MAH160 SCF_E-MAH160 MAH_ML-5-170

Total point (100 - penalties)

(1) Penalty yield (mean of
the two)

(2) Price/availability
(solvent)

Inexpensive (<50 € per kg)
Expensive (50-100 € per kg)
Very expensive (>100 € per kg)
(3) Safety N (dangerous for the environment)
T (toxic)

F (flammable)

E (explosive)

F + (extremely flammable)

T + (extremely toxic)

(4) Technical setup Common setup

Instruments for controlled addition of
chemicals

Unconventional technique

Pressure equipment, >1 atm

Any additional special glassware
(Inert) gas atmosphere

Glove box

(5) Temperature/time Room temperature, <1 h
Room temperature, <24 h
Heating, <1 h

Heating, >1 h

Cooling to 0 °C

Cooling, <0 °C

(6) Workup and
purification

None

Cooling to room temperature
Adding solvent

Simple filtration

Removal of solvent with bp <150 °C
Crystallization and filtration
Removal of solvent with bp >150 °C
Solid phase extraction
Distillation/rotary evaporation
Sublimation

Liquid-liquid extraction

Classical chromatography

sive and had 5 penalty points allocated (menthol price for 1 kg
is around 150 € and that of lauric acid is 60 €). For safety, all
processes received 5 penalty points for being flammable, and
ethyl acetate and ethanol were in addition penalised for
certain toxicity (5 penalty points) and ethyl acetate for being
dangerous for the environment (5 penalty points). As the
microwave extraction is performed on pressurized vessels, all
processes received 3 penalty points for “pressure equipment >
1 atm”. SCF_E-MAH160 received an extra 3 points as the super-
critical CO, equipment is also used under pressure. 2 penalty
points were allocated to MAH_ML-5-170 for being an uncon-
ventional technique. All processes received 2 penalty points
because of the short heating time during microwave extraction
and 5 penalty points for cooling the samples below 0 °C to
make the polysaccharides precipitate. During Soxhlet extrac-
tion and supercritical extraction, there was heating for >1 h

This journal is © The Royal Society of Chemistry 2024

(100-relative
yield)/2

[S2 RN

[$ BN E ST ) W R =W

P WWWwhhhRFE OO OoOOoOo

(=}

39 52 66
24.5 for
bioactives

0 for polymers

19.3 for
bioactives
19 for polymers

26.3 for
bioactives
28.5 for
polymers

X

(X)

which gave 3 additional penalty points. In the workup and
purification category, ethyl acetate and ethanol need to be
evaporated, coinciding with 3 penalty points. Regarding the
lichenic acids in the NaDES phase, two options can be con-
sidered. One would be the direct use of the extracts in the
eutectic and the second one would be a solid phase extraction.
2 penalty points would be allocated in the latter case.

To summarize, two of the three processes are considered to
have an acceptable sustainability, SCF_E-MAH160 and
MAH_ML-5-170, whereas SEA-MAH160 could not be con-
sidered a green process. The process using NaDES combined
with microwaves received the best score mainly thanks to its
low toxicity, its fast heating time and its good yield. However,
its relatively high cost makes its recycling important to try,
which would induce an additional solid phase extraction. In
addition, despite NaDES being considered green solvents with
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Fig. 8 Comparative summary of the tested processes.

low environmental impact compared to some organic solvents
from non-renewable sources, the impact of the synthesis or
bioconversion of their constituents could contribute to their
life-cycle environmental impact.®® A summary of this compara-
tive assessment is shown in Fig. 8.

3. Experimental

3.1. Materials

Samples from Evernia prunastri (L.) Ach. were collected in Nogueira
de Ramuin (Ourense, Spain) (altitude: 608 m, 42° 24’ 47" North, 7°
43’ 34" West), air dried and ground in a lab knife miller before
storage in airtight plastic bags in the dark. The specimen was
identified by Prof. Maria Eugenia Lopez de Silanes (University of
Vigo, Spain) and a voucher specimen has been deposited at the
Herbarium SANT (University of Santiago de Compostela, Spain,
Ref. SANT-Lich 12461-A). The dried and ground (<0.5 cm) samples
contained 11% moisture, and on dry basis contained 2.3 + 0.3%
ash, 9.9 + 0.3% protein, 1.1 + 0.1% lipids, 14.9 + 0.1% acid in-
soluble residue, and 68.79 + 2.36% carbohydrates, including
30.9% glucose, 13.7% galactose, 12.4% mannose, 3.79% arabitol,
1.29% mannitol, 3.7% glucuronic acid, 0.7% galacturonic acid,
1.7% acetic acid and minor amounts of arabitol and mannitol.>”
Natural deep eutectic solvents were prepared with distilled
water, L(+) lactic acid (Erbapharm 88-92%), glycine (Glentham
Life Science >98%), p.-menthol (Thermo Scientific >98%), and
lauric acid (Scharlau). Other reagents used in this study were
pure liquid CO, (Air Liquide); Folin-Ciocateau reagent,
Na,HPO,, NaNj, K,S,04, and KH,PO, (Panreac Quimica);
ABTS, BSA, gallic acid, Trolox, Bradford reagent, antrone,
glucose, Nile Blue and Na,CO; (Sigma-Aldrich); NaCl and
NaOH (Thermo Scientific), KCI, ethyl acetate, ethanol 96%,
acetone and sulfuric acid (Merck); and glycerol (Scharlau).

3.2. Conventional solvent extraction

Soxhlet extractions were performed for 8 h with acetone and
ethyl acetate, at least in triplicate. The extracts were rotoevapo-
rated and then suspended in ethanol for further analysis.

3.3. Supercritical fluid extraction

Pretreatment. The control sample was compared with
samples subjected to microwave pretreatment performed in a
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BSEAMAHI6) W SCF_EMAH160

domestic microwave oven (BMO20SM-20, Bluesky, France) at
480 W or at 800 W for 1 min. After the treatments, the samples
contained 9-10% moisture.

Extraction. Dried lichens (10 g) were packed with glass
beads into a 1 L cylinder extractor in a Thar Designs
SFE-1000F-2-C10 (Pittsburgh, USA) equipment with two
500 mL separators. CO, was precooled with a bath
(PolyScience, USA, model 9506) and pumped with a P-200A
piston pump (Thar Design Inc., Pittsburgh, PA, USA) at 25 g
CO, per min and the cosolvent was pumped with a HPLC
pump (Scientific Systems, Inc., USA, model Series III).
Extraction conditions were fixed at 35 MPa, 40 °C and 5%
ethanol, based on previously reported data.>® The extract was
collected at ambient temperature in the first separator, and
was further washed with 96% ethanol. Ethanol was removed in
a Rotavapor and the extracts were kept under N, at —20 °C in
the dark until analysis.

Kinetic assays were performed for 4 h by collecting extract
samples at pre-established time intervals. The overall extrac-
tion curves (OECs) obtained were evaluated using the Broken
and intact cell model,”® based on the assumption that a part
of the extractable material is accessible to the solvent due to
cell rupture caused by milling and pretreatment, whereas the
rest of the solutes remain trapped inside the intact cells, and
in order to dissolve them, the solvent has to penetrate by
diffusion. According to the different mass transport phenom-
ena occurring, three periods are observed: (i) a constant extrac-
tion rate (CER) period, associated with the extraction, mainly
by convection, of easily accessible solutes; (ii) a falling extrac-
tion rate (FER) period, where mass transfer is controlled by
both convection and diffusion in the solid phase and (iii) a
diffusion controlled (DC) period, in which easily extractable
solutes are removed and mass transfer is governed by
diffusion. The extracted solute as a function of time is
described by the following equations:

Mext = Q- Ys[1 —exp(—=Z)] fort < tcer (14)
Mext = Q- Y[t — tepr €xp(Zw — Z)] fortcer < ¢t < tmr  (15)
Ys W - xo
mext:ms~{x0——~ In{l—k(exp( )—1>
w Ys
(16)

X exp(—W.er(rfSCER — t)> . <%§)]} fort > trgr
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where
() o] )
Z= % (18)

W = % (19)

fopr = msyx‘)iz(l(;r) (20)

trer = fopr + Qm—;/ - In {r +(1—7) exp (W;")] (21)

where me,. is the mass of the extracted solute (kg), Q is the
solvent flow rate (kg h™), Y5 is the pseudo-solubility of the
extract in the solvent (kg kg™, x, is the initial mass fraction of
the extract in the inert material (kg kg™'), r is the fraction of
broken cells, mg is the mass of the inert solid material (kg), p¢
is the density of the solvent (kg m™2), p; is the bed density (kg
m™"), ¢ is the bed porosity, kg, is the fluid-phase mass transfer
coefficient (h™), ks, is the solid-phase mass transfer coefficient
(h™), tcgr is the extraction time at the end of the CER period
(h) and tpgg is the extraction time at the beginning of the diffu-
sional period (h).

The initial mass ratio (x,) was fixed as the asymptotic value
at infinite time. The slope of the first linear part of the OEC
curve was employed as an initial estimation of Y, and fitted to
the experimental data along with the adjustable parameters
keay ksa and r by minimizing the sum of least squares between
the experimental and calculated values of mey;.

The absolute average relative deviation (AARD) given by eqn
(22) was used for error estimation:

AARD(%) = ?Z

=1

m;?XP _ mlqalc.
mS®

(22)

where n is the experimental observation number, and 1, and
Meate. are the experimental and calculated extract mass,
respectively.

3.4. Microwave assisted hydrothermal extraction

The aqueous extraction was performed in an Anton Paar
Microwave reactor Monowave 450 (Austria). The residual solids
after acetone and ethyl acetate extraction or after supercritical
CO, extraction were mixed with distilled water at a solid/liquid
ratio of 1:30 (w/w) and after heating up to 160 °C (after
around 1 min), isothermal operation was maintained for
5 min with an agitation speed of 800 rpm. After cooling down
to 50 °C, the solid and liquid phases were separated by
vacuum filtration.

3.5. Natural deep eutectic solvent (NaDES)

Selection and preparation of the solvent. Two eutectic mix-
tures were selected based on their stability, non-toxicity, and
different ranges of polarities to try to extract different kinds of

This journal is © The Royal Society of Chemistry 2024
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bioactive compounds. A solvent with high polarity, prepared
with lactic acid : glycine : water at a molar ratio (3:1:3), was
selected as a more stable and transparent solvent than lactic
acid : p-glucose monohydrate : water (5:1: 1), proline : glutamic
acid (2:1) and lactic acid : sodium citrate (4:1). The use of a
hydrophobic solvent was also proposed to favor the extraction
of lichen acids, forming a biphasic system with water in order
to also extract polar compounds, using pr-menthol and lauric
acid at a molar ratio (2 : 1). In both cases, all components were
mixed for at least 40 min at 70 °C, until transparent monopha-
sic liquids were obtained. They were then stored at room temp-
erature in closed vials before being used within a week.

Microwave assisted hydrothermal extraction with NaDES as
cosolvent. The ground lichen biomass was processed by micro-
wave assisted hydrothermal extraction, performed in an Anton
Paar Microwave reactor Monowave 450 (Austria) using a solid/
liquid ratio of 1:30 (w/w), for 5 min, with an agitation speed
of 800 rpm. The vials were cooled down until 50 °C before
vacuum filtration or centrifugation depending on the extracts.
The soluble extracts were stored at —18 °C, whereas the solid
ones were dried in an oven and stored at room temperature for
further characterization.

Design of the experiment and data modelling. In order to
evaluate the effect of the NaDES percentage (NP) and the
extraction temperature on different response variables (carbo-
hydrates, protein, TEAC, and polymer mechanical properties),
a Central Composite Design (CCD), consisting on 11 experi-
mental runs including 4 axial or star points and a triplicated
central point, was applied. The temperature in the range
110-180 °C and two NaDES percentages in the solvent, 5-17%
and 44-86%, were evaluated. For each response variable,
results were analyzed by multilinear regression using a full
quadratic model from eqn (23):

Y = bo + b1 X1 + by X5 + b1, X1 X, + b1,1X12 + by X,” (23)

where Y is the response variable, X; and X, are the indepen-
dent factors (with X; = NP and X, = extraction temperature), b,
the intercept, b; and b, the coefficients of the linear effect of
X, and X,, by, the coefficient for the interaction effect, and
b, and b, , the coefficients of the quadratic effects of X; and
X,

A backward elimination was performed on all full quadratic
models, eliminating all non-significant terms at a 10% level of
acceptance through t-tests. ANOVA tests were also performed
to evaluate the models’ accuracy. Only results where the null
hypothesis “Ho: The model fits the data adequately” for the
lack of fit test was accepted at a 5% level of acceptance are dis-
played. All these steps have been performed on R Studio, using
the “rsm” package.

3.6. Biopolymer recovery and formulation of film matrices

Freezing the liquid phases for at least 2 days and thawing were
used to obtain biopolymers, after precipitation and recovery by
centrifugation (5 °C, 10 min, 5000 rpm). Rheological analyses
to compare their viscosity and viscoelastic properties were per-
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formed on the polymers before drying in an oven at 40 °C for
24 h. In order to prepare the film forming solutions, the poly-
mers were dissolved in distilled water to obtain a 2% dw solu-
tion and glycerol (40% dw of polymer) was added as a plasti-
fier. Two mL of the film forming solutions was placed in a cir-
cular cup (diameter = 2.4 cm) and oven dried at 40 °C for 24 h.

3.7. Analytical methods

Moisture and ash contents were gravimetrically determined at
105 °C for 24 h and at 575 °C for 6 h, respectively. The protein
content was estimated using the universal factor 6.25 to
convert the nitrogen content, determined by Kjeldahl.
Hydrogen and carbon contents were measured on an elemen-
tal analyzer (Thermo Flash EA 1112, Germany). Carbohydrates
were analyzed by high performance liquid chromatography
(HPLC) after an acid hydrolysis of samples, with 72% sulfuric
acid at 30 °C for 60 min and 4% sulfuric acid at 121 °C for
60 min and filtration to separate the acid-insoluble residue
(AIR) and the filtrate was further filtered (0.45 pm). The mono-
mers quantified by HPLC (1100 series Agilent
Technologies, California, USA) in an Aminex HPX87H column
(300 x 7.8 mm, BioRad, USA) operated with 0.6 mL min™" of
0.003 M sulfuric acid (Sigma-Aldrich, USA) as the mobile phase.
1 mg mL™" solutions of extracts were analysed for secondary
phenol metabolites.'® Secondary metabolites content of
extracts was determined by HPLC/DAD/MS using a Prominence
Shimadzu LC-20AD system and an ADVION expression CMS
mass spectrometer. The chromatography was conducted on a
Phenomenex Kinetex C18 column (2.6 pm, 100 x 4.6 mm), with
a standard gradient program using 0.1% formic acid in HPLC-
grade water and 0.1% formic acid in acetonitrile.’®* An electro-
spray ionisation (ESI) source in negative mode was used and
data were treated with MZmine 2v.53'% to identify lichen com-
pounds by dereplication against our in-house databases.

were

3.8. NaDES characterization

Polarity. Nile Blue A, exhibiting a maximum absorbance
varying as a function of the polarity of the medium, with a
blue shift in more apolar medium, was used to estimate the
polarity of each eutectic mix used. A small amount of Nile
Blue A dye was first diluted in ethanol and water, as
LA:Gly: W is insoluble in ethanol and Men: Lau is insoluble
in water, and this first solution was dissolved until an absor-
bance between 0.6 and 1.2 was reached. Then 50 pL of the dye
dilution were added to 950 pL of the solvent and the absor-
bance was scanned from 400 to 700 nm.***>

Viscosity. Steady-state shear measurements were performed
at 25 °C in an MCR 302 controlled stress-rheometer (Paar
Physica, Austria) with a Peltier module (+0.01 °C) to determine
the apparent viscosity. Solvents were placed in a sand blasted
parallel plate of 25 mm diameter at a 1 mm gap. The apparent
viscosity vs. the increasing shear rate of the prepared solutions
was recorded from 1 to 100 s™*, as well as the corresponding
time-dependence.

Density. Density was manually determined weighing 3 times
1 mL of solvent.
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Stability. Solvents were placed at room temperature in vials.
The apparent viscosity and visual appearance were assessed
after 1 month.

3.9. Liquid phase characterization

Total phenolic content. The phenolic content was estimated
using the Folin-Ciocalteau method.*® In test tubes, 1.875 mL
of distilled water and 0.125 mL of the Folin reactive diluted at
a 1:1 ratio with distilled water and 0.25 mL of Na,CO; at 20%
were mixed with 0.25 mL of sample. The hydrolysate phase
was diluted by 10-50 times as reported by other authors.?*?**
After one hour in the dark, the absorbance was measured at 4
= 765 nm. In the case of p.-menthol : lauric acid, 0.750 mL of
NaOH at 4% was added to avoid NaDES precipitation, follow-
ing the article in ref. 47 The standard curve was set up using
gallic acid at concentrations between 0.1 and 0.00625 mg
mL ™.

Carbohydrate content. The total carbohydrate content was
estimated with the anthrone method. 0.75 g of anthrone were
dissolved in 500 mL of sulphuric acid at 70% (v/v) and 2.5 mL
of this mixture was added to 0.1 mL of sample. The test tubes
were then heated at 90 °C for 17 min before measuring their
absorbance at 625 nm. The standard curve was set up using
glucose from 0 to 0.5 g L™".

Oligosaccharide content. The liquid phases from hydro-
thermal treatment were subjected to hydrolysis with sulfuric
acid (4%) at 121 °C for 20 min, and once cooled to room temp-
erature were filtered (0.45 pm) before HPLC determination. In
experiments with NaDES, their contribution during post-
hydrolysis was considered in a blank sample.

Soluble protein content. The soluble protein content was
measured reading the absorbance at 595 nm after 16 min of
0.5 mL of Bradford reagent added to 0.5 mL of sample. Bovine
serum albumin was used as a standard.*®

The antiradical capacity of the samples was evaluated using
the ABTS (2,2"-azinobis(3-ethylbenzothiazoline-6-sulfonic
acid)) radical scavenging technique.*® The Trolox equivalent
antioxidant capacity (TEAC) reagent was diluted in a PBS
buffer to reach an absorbance at 734 nm of 0.7 + 0.05 nm. One
mL of the reagent was added to 10 pL of sample and incubated
for 6 min at 30 °C. The blank was the PBS buffer, and a control
with water was used for each 9 measurements. The standard
curve was prepared using Trolox from 0.1 to 1 mM.

3.10. Structural characterization

The recovered biopolymers were analyzed by Fourier-transform
infrared spectroscopy (FTIR) using a Nicolet 6700 spectrometer
(Thermo Fisher Scientific, Massachusetts, USA). Samples were
blended with KBr and the spectra were monitored from 500 to
4000 nm using a resolution of 4 cm™* and 32 scans per min
employing the OPUS-2.52 software (Opus Software Limited,
UK).

The molecular weight distribution. The molecular weight dis-
tribution was determined by High-performance size exclusion
chromatography (HPSEC). The measurements were conducted
on a HPLC (Agilent Technologies, California, USA) equipped
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with a TSKgel SuperMultiporePW-H column (6 mm x 15 cm)
and a TSKgel SuperMP(PW)-H guard column (4.6 mm x
3.5 cm) (Tosoh, Tokio, Japan). Operating conditions were fixed
at 40 °C, using Milli-Q water (0.4 mL min~") as the mobile
phase. Polyethylene oxide was employed as a standard, from
23.6 10° to 786 10° g mol ™.

SEM. Scanning electron microscopy (SEM) was used to study
the residual solid morphology (JEOL JSM6010LA, Japan). The
different residual solids were previously coated with a 15 nm
layer of gold.

3.11. Characterization of film matrices

Cytotoxicity on A549 human tumoral (Sigma Aldrich) cells was
assessed for the recovered biopolymers, based on the fact that
tetrazolium salts of MTT (3-[4,5-dimethylthiazol-2-y1]-2,-5
diphenyltretrazolium bromide) are turned into formazan when
the cells are metabolically active. Briefly, 10,000 cells were
seeded into each well of a 96-well sterile plate and incubated
for 24 h in the growth medium (Eagle’s minimum essential
medium, EMEM, with 10% fetal bovine serum under an atmo-
sphere of 95% air and 5% CO, at 37 °C). The tested extracts
were dissolved in water, added to the cells and incubated for 7
days. Then, 10 pL of 5 mg mL™" MTT in PBS (0.136 M NaCl,
1.47 mM KH,PO,, 8 mM NaH,PO,, and 2.68 mM KCl) was
added to the wells and the plate was incubated for 4 additional
days. Finally, 100 pL of 10% SDS in 0.01 M HCI was added
before incubating the plate for 12-14 h. The absorbance of the
cell plate was measured at 595 nm in a Tecan M1000 infinite
Pro microplate reader between a value for 10,000 cells in
EMEM and in the absence of growth factors (to determine the
stable cell concentration) and another value for those in the
usual growth medium (to determine the maximum growth at 7
days). The control with water instead of extracts did not exhibit
any growth inhibition. All experiments were carried out with
triplicate. The growth inhibition was determined using the fol-
lowing formula:
Inhibition(%) = 100 — (@) X 100 (24)
AT

with AO = absorbance of the wells with the extracts and AT =
absorbance of the control wells with H,O.

For the extracts showing a concentration-dependent inhi-
bition, the inhibitory potency was evaluated by calculating the
concentration — % inhibition curve adjusted to the equation:

Emax

y=—""7~ 7
e ()
X

where y is the observed effect at concentration x, En.x the
maximum observed effect, IC5, the concentration at which a
50% growth inhibition is reached and n the slope of the curve.
Cisplatin was used as a reference for the growth inhibition of
A549 cells. The cytotoxicity of the polymers was also tested on
MRC-5 non-cancerous cells.

(25)
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Antimicrobial studies. Antimicrobial studies were performed
to assess the microbial inhibition capacity of the three selected
extracts in the developed lichenan-based films. Gram positive
and Gram negative bacterial strains from the Spanish
Collection of Type Cultures (CECT), such as Bacillus cereus
(CECT 148), Enterococcus faecalis (CECT 481), Listeria monocyto-
genes (CECT 935), Staphylococcus aureus (CECT 435),
Staphylococcus epidermidis (CECT 231), Escherichia coli (CECT
516), Pseudomonas aeruginosa (CECT 108) and Salmonella spp.
(CECT 4594), were used. They were seeded on Mueller-Hinton
agar plates at a concentration of 10* ufc mL™" in all cases. The
inoculum was distributed homogeneously over the surface of
the plates before a portion of each of the lichen films was
aseptically applied in contact with the surface of the plate. The
plates were incubated at 37 °C under the favourable conditions
of each bacterium. The trials were performed at least in
triplicate.

3.12. Statistical analysis

All the above measurements were performed at least in tripli-
cate. Experimental data were assessed using one-factor analysis
of variance, ANOVA, by means of a statistical software (PASW
Statistics v.22, IBM SPSS Statistics, New York, USA). Whenever
differences between means were distinguished, a post-hoc
Scheffé test was carried out (95% confidence, p < 0.05).

4. Conclusions

The extraction of the major bioactives and biopolymers from
lichens was proposed using a sequential process with conven-
tional or with supercritical extraction followed by a hydro-
thermal stage and alternatively the extraction was carried out
by a single hydrothermal extraction with a hydrophobic NaDES
as cosolvent. When supercritical CO, extraction was used for
the selective separation of lichenic acids and phenolic com-
pounds, the required time could be reduced compared to con-
ventional extraction using acetone or ethyl acetate. In addition,
the lichenic acids were more concentrated and the antiradical
properties were enhanced. Further microwave assisted
aqueous extraction under subcritical conditions solubilized up
to 50% polysaccharides which could be used to formulate
films. The simultaneous extraction of bioactives and biopoly-
mers using menthol : lauric acid as cosolvent at 5% allowed
the production of a material enriched in usnic acid, with anti-
proliferative action against lung cancer cells and antimicrobial
activity against Gram positive bacteria. From a sustainability
point of view, the conventional Soxhlet extraction followed by
microwave assisted hydrothermal extraction cannot be con-
sidered green. This process uses more toxic and hazardous
chemicals and has a lower polysaccharide extraction yield than
the microwave extraction with menthol:lauric acid and a
lower usnic acid extraction yield than that with supercritical
CO,. The supercritical CO, extraction followed by microwave
hydrothermal extraction received an intermediate Eco-Scale
score and can be considered to have an acceptable sustainabil-
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ity. The low toxicity and good yield (for polysaccharide and
usnic acid) of the microwave extraction with NaDES make it
the more sustainable of the three processes studied.
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