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Comprehensive two-step supercritical fluid
extraction for green isolation of volatiles and
phenolic compounds from plant material}
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Frantisek Svec and Lucie Novakova (2 *

Extraction of compounds with different physicochemical properties from a complex matrix usually
involves several individual steps and requires large volumes of organic solvents. In this pioneering study,
we propose a comprehensive two-step supercritical fluid extraction using carbon dioxide, ethanol, and
water. This novel approach allows the extraction of non-polar and polar analytes within one run in two
consecutive steps. Indeed, the first step with a dominant amount of CO, with only 2% cosolvent allowed
the selective extraction of non-polar volatile terpenes only in 20 min. The conditions were then automati-
cally switched. Increasing the cosolvent volume in the extraction solvent up to 44% (v/v) resulted in the
extraction of more polar compounds, including flavonoids and phenolic acids, in 60 min. Importantly,
switching the supercritical fluid extraction (SFE) conditions does not require any manual intervention but
results in two separate fractions containing target compounds with distinctly different physicochemical
properties. The novel method was verified in terms of repeatability, accuracy, precision, and greenness.
Two-step SFE was applied to seven plant species differing in volatile terpenes and phenolic profiles. The
results proved that this concept is suitable for the analysis of complex plant samples. In addition, it
enables a reduction in the toxic solvents consumption, extraction time, and manual intervention required

rsc.li/greenchem

Introduction

Plants are an important source of bioactive compounds,
including several classes of compounds that differ in physico-
chemical properties, such as molecular weight, polarity, and
acidic-basic properties. Various extraction methods have been
developed and optimized to isolate target analytes from plant
matrices, but the real challenge arises when different classes
of metabolites are to be extracted from the same sample.’
Conventional methods, such as maceration, decoction,
infusion, digestion, percolation, and more advanced Soxhlet
extraction and hydrodistillation, are still among the most com-
monly used methods in many laboratories. They are based on
the extraction of the solid plant matrix with water and/or
organic solvents of different polarities, e.g., ethanol, methanol,
chloroform, and hexane. Inorganic and organic acids, bases,
and buffers are also used to improve the extractability of com-
pounds with acidic/basic properties. The selectivity of the
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for traditional extraction approaches when isolating different groups of metabolites.

method is mainly affected by the extraction solvent. If com-
pounds with different lipophilicity have to be extracted from a
matrix, different multi-step extractions are carried out to
obtain the fractions, resulting in a time-consuming process.
Despite their undoubted simplicity and low demands on lab-
oratory equipment, the classical extraction methods suffer
from high consumption of organic solvents and their toxicity,
affecting extraction safety, long extraction times, and low
extraction yields. Filtration of the extract is also required. In
addition, many traditional methods are carried out at elevated
temperatures or above the boiling point. This can lead to the
degradation of thermolabile compounds and the loss of vola-
tile compounds.”™® Several instrumental methods have been
introduced to overcome these drawbacks and increase the
safety of extraction. Ultrasonic-assisted extraction, microwave-
assisted extraction, and pulsed electric field extraction signifi-
cantly reduce the extraction time and solvent consumption.
They also increase the extraction yield by accelerating the dis-
solution and diffusion of the analytes due to the applied
mechanical stress. The selectivity of these methods is typically
low due to the use of polar solvents (water, alcohols), which,
together with mechanical stress, increase the extractability of
the entire sample content.>* Another method, pressurized
liquid extraction (PLE), alters the properties of polar solvents

This journal is © The Royal Society of Chemistry 2024
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by using elevated pressure. It increases mass transfer and com-
pound solubility, resulting in more effective and faster extrac-
tion. Again, PLE primarily uses polar solvents. This makes it
the preferred method for the isolation of polar compounds.>”

In contrast, supercritical fluid extraction (SFE) is based on
the use of carbon dioxide under supercritical conditions, p >
74 bar, T > 31 °C. Supercritical CO, is considered a non-polar
solvent due to its extremely low relative permittivity. Thus, SFE
is preferred for the extraction of non-polar compounds, and
the extraction of polar compounds can be challenging.
Nevertheless, the properties of CO, can be easily tuned due to
its high (i) compressibility and (ii) miscibility with different
organic solvents. Indeed, (i) the changes in pressure and temp-
erature affect the solvent density, the solubility of the com-
pounds, and thus, their extractability and extraction selectivity
targeting different groups of analytes. The increased pressures
can result in the extraction of medium-polar compounds. (ii)
The addition of 1-20% of polar organic solvents (cosolvents),
such as methanol and ethanol, increases the relative permittiv-
ity and, thus, the solvent strength of CO, and the extraction
selectivity. Then, the polar compounds can be easily extracted
by SFE.>®° It should be emphasized, that selectivity in this
regard implies the ability of the extraction method to discrimi-
nate against defined unwanted interferences.'® Recently, it has
been demonstrated that the amount of cosolvent in CO, can
be increased by more than 20%, resulting in a gas-expanded
liquid with different physicochemical properties compared to
the liquid state of the organic solvent. The formation of a
single-phase liquid must be observed to avoid phase separ-
ation and poor extraction repeatability.'*

According to the theory of SFE, the use of different con-
ditions to one sample should result in the collection of indi-
vidual extracts containing compounds with different physico-
chemical properties. Therefore, we aimed at the optimization
of a comprehensive two-step SFE for the extraction of different
groups of bioactive compounds from plant materials in two
consecutive steps without any sample manipulation. This
proof-of-concept extraction method should increase the
throughput of the plant samples in laboratories, reduce the
use of toxic organic solvents, and be applicable to different
plant species. Corymbia citriodora leaves were chosen as a
model plant matrix because they are a rich source of various
phytochemicals. Our study focused on groups of (i) volatile
compounds, including various terpenes, ketones, and alcohols
such as 1,8-cineole (eucalyptol), citronellol, citronellal, pinene,
etc., (ii) phenolic acids, i.e., ellagic, gallic, and chlorogenic, (iii)
flavonoids, i.e., quercetin, rutin, myricetin, quercitrin, etc., and
(iv) triterpenoic acids.’** SFE has been successfully used in
several published papers to extract essential oils'>® and triter-
penoic acids'®?*® from leaves and bark of Eucalyptus sp.
Typically, the neat CO, was used at various pressures and
temperatures for the extraction of volatiles, while the addition
of ethanol (< 5%) was required for the extraction of triterpe-
noic acids. Phenolic acids and flavonoids are still preferably
extracted by simple maceration and Soxhlet extraction.*'”>*
Nevertheless, several methods using SFE have been published
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for the extraction of quercetin and related compounds.'**>7>8
To the best of our knowledge, only several articles have been
published using consecutive steps in SFE, but with different
purposes. Chuang demonstrated the application of counter-
current extraction under supercritical conditions, including
enrichment and esterification, for the extraction of minor com-
ponents (fatty acid esters, vitamin E, carotenoids) in crude
palm o0il.>® Multistep fractionation of pine bark has also been
carried out under supercritical conditions to extract fatty acids
and phenols in different steps.®® Different lipid classes from
microalga were extracted in different fractions using SFE and
PLE.*! Various conditions, ie., 150 and 300 bar and 40 °C,
using different cosolvent amounts, were used in sequential
SFE for the clean-up and removal of ballast compounds in the
first step and extraction of carnosic acid and carosol within
the second extraction step.* It is evident that none of the pub-
lished studies aim to extract different classes of bioactive com-
pounds in a single run as the clean-up was typically carried
out within the first step followed by the extraction of the com-
pounds of interest. The workflow we optimized for Corymbia
citriodora leaves was successfully applied to different plant
species to confirm the ability of the method to selectively
extract targeted groups of compounds in two consecutive
steps.

Experimental
Chemicals and reagents

Reference standards of 17 volatiles, 3 triterpenoic acids, and
20 phenolic compounds used in this study are summarized in
ESI Table S1.f Pressurized liquid CO, 4.5 grade (99.9995%)
was purchased from Messer (Prague, Czech Republic).
Methanol (MeOH), ethanol (EtOH), acetonitrile (ACN), and
heptane in LC/MS grade quality were provided by VWR
International (Prague, Czech Republic). Water (Optima LC-MS)
was obtained from Fisher (FisherScientific, Loughborough,
UK). Ammonia 4 mol L™" solution in methanol and formic
acid (99.9%) for LC/MS were purchased from Sigma-Aldrich
(Steinheim, Germany).

Standard solutions

The standard stock solutions of all reference standards were
prepared by dissolving each compound in ACN, MeOH, or
EtOH to obtain a stock solution at a concentration of 1 mg
mL~" as specified in ESI Table S1.} Stock solutions of tamarix-
etin, isorhamnetin, and ellagic acid were prepared at a concen-
tration of 0.1 mg mL™" due to their lower solubility. These
solutions were stored at —20 °C. Pure ethanol was used for
further dilution and preparation of mixed solutions.

Plant material

Leaves and stems of lemon-scented gum, cider gum, bay
laurel, and common myrtle were collected in the period from
November 2020 to January 2021 in the Garden of Medicinal
Plants, Hradec Kralové. Leaves and stems of lemon grass and
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tea tree, and rose petals were collected in the period from June
to August 2021. The fresh plant material was spread in thin
layers on trays and dried by natural air flow (natural convec-
tion) in a dark room to avoid material degradation by sunlight.
The homogeneous material was ground to powder using an
IKA A11 basic analytical mill (IKA-Werke GmnH & Co. KG,
Staufen, Germany). It was sieved using a manual set of sieves
to obtain a fine homogeneous sample for extraction. The
optimization of the extraction method was carried out on
Corymbia citriodora leaves (lemon-scented gum, particle size:
0.180-0.315 mm). The final method was applied to Eucalyptus
gunii leaves (cider gum, 0.180-0.315 mm), Laurus nobilis leaves
(bay laurel, 0.315-0.630 mm), Melaleuca alternifolia stems (tea
tree, 0.315-0.630 mm), Rosa hybrida petals (rose,
0.180-0.315 mm), Myrtus communis stems (myrtle,
0.315-0.630 mm), and Cymbopogon citratus leaves (lemon
grass, 0.180-0.315 mm). The powdered plant matrix was stored
in amber glass bottles in the dark and at room temperature.

Supercritical fluid extraction (SFE)

A MV-10 ASFE benchtop analytical system (Waters, Milford,
MA, USA) was used for all extraction experiments. It consisted
of a fluid delivery module with a high-pressure pump for CO,
cooled by a chiller operating at 5 °C, the pump for the organic
cosolvent, a thermostatic oven for holding extraction vessels,
an automated back pressure regulator, and a fraction collector
module. The dynamic extraction mode was used with the
solvent flow rate controlled as a volumetric ratio between CO,
and organic cosolvent. The system was controlled by
ChromScope™ software (Waters, Milford, MA, USA). 0.5 g
dried homogenized sample was placed in the 5 mL stainless
steel extraction vessel between two layers of 3 mm inert glass
beads. The system was flushed with a CO,/ethanol mixture for
5 min followed by neat CO, to remove the residual solvent
from the system after each extraction. The collected extract was
stored at —20 °C. For the analysis of flavonoids and terpenoic
acids, the 1 pL of the sample was diluted with 999 pL of EtOH.
The sample was diluted 10 and 100 times for volatiles to cover
different concentration levels and to fit the calibration range.
Box-Behnken design of experiments (DoE) with three center
points was designed in MODDE 12.1 (Sartorius Stedim Data
Analytics AB, Umed, Sweden) to evaluate the effect of specific
extraction parameters and their interactions. The first DoE
tested EtOH ranging from 2 to 95% as a cosolvent with or
without water addition (0-20 vol% in EtOH). Temperature
40-80 °C and pressure 100-320 bar were investigated as listed
in ESI Table S2.1 The second DoE focused only on the extrac-
tion of volatile compounds and tested 0-10% hexane as co-
solvent in CO, while the remaining conditions were in the
same ranges in both DoE (ESI Table S3t). The flow rate and
extraction time were kept at 2 mL min~"' and 10 min, respect-
ively, in both DoE. A total of 42 experiments were carried out
in two different DoE. Multiple linear regression was used to
calculate the fitting model and response surface. The
optimum values for the tested parameters, which allowed to
obtain the maximum peak areas and the highest extraction
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yield, were obtained by numerical analysis based on the desir-
ability function. The suitability of the model was evaluated by
the model validity, model reproducibility, and R* and Q*
values, where R* represents the model fit and Q® represents an
estimate of the future prediction precision. The predicted vs.
observed plot and coefficient box plots were also used for the
model evaluation. The selected optimal conditions suggested
by the software were evaluated and compared in terms of
extraction yield and are listed in ESI Table S4.f Consequently,
2 and 4 mL min~" flow rates were tested to evaluate the effect
of flow rate on the extraction yield. Extracts were collected at
the defined time points during a run, including 5, 10, 15, 30,
45, 60, and 90 min to plot the extraction kinetic curve. EtOH
(2 mL) was always added to the collection flask prior the extrac-
tion to avoid loss of volatile compounds.

Two-step SFE method

The final SFE procedure combined the following two steps:
Step 1, targeting volatile terpenes, used CO,/EtOH + 3% water
in a ratio of 98/2 (v/v) as the extraction solvent at 2 mL min™".
The extraction temperature was set at 78 °C and the pressure
at the back pressure regulator (BPR) was set at 133 bar. 0.5 mL
min~"' EtOH was used as a make-up solvent to avoid the pre-
cipitation of extract in the system. The extract was collected for
20 min. The conditions were then changed to Step 2, targeting
polar phenolics. Here, 56 vol% CO, was mixed with 44 vol% of
cosolvent, i.e., EtOH and water (99/1, v/v), using the same flow
rate, temperature was kept at 80 °C, and pressure at 108 bar.
Extraction step 2 was completed in 60 min.

Selectivity, repeatability, accuracy, and precision

The selectivities of step 1 and step 2 were verified by analysis
of both extracts by each of the analytical methods, and the
extracted amounts of compounds were determined. The
repeatability was verified by 3 replicates of the Corymbia citrio-
dora sample. Accuracy and precision were determined by stan-
dard addition of target compounds to the SFE extracts at 5
different concentration levels, namely 0.1, 0.5, 1, 5, and 10 pg
mL™" for volatile terpenes, and 10, 50, 100, 500, and 1000 ng
mL™" for other compounds. Method accuracy was determined
as the agreement between the response in a standard solution
at the tested concentration level and in the sample spiked with
the same amount of the standard and after the subtraction of
the naturally occurring amount. The precision of the method
was determined as the relative standard deviation (RSD [%])
between 3 extract replicates spiked with reference standards at
the tested concentration levels. For the semi-quantitative deter-
mination of plant extracts, the standard calibration curve was
used.

Extraction completeness was confirmed by ultrasound-
assisted extraction (UAE) of the matrix previously extracted by
the final SFE method. 10 mL of EtOH was added to the sample
and extracted by UAE at 40 °C for 15 min. The sample was fil-
tered through a 0.2 um PTFE syringe filter and analyzed by
UHPSFC-MS/MS methods.

This journal is © The Royal Society of Chemistry 2024
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Analysis of SFE extracts

Two ultra-high performance supercritical fluid chromato-
graphy-tandem mass spectrometry (UHPSFC-MS/MS) methods
published by Plachké et al.>® were used and are briefly sum-
marized here. All experiments were carried out using an
Acquity UPC”> supercritical fluid chromatography system
(Waters, Milford, MA, USA) with a binary pump, an autosam-
pler, a column thermostat, a BPR, and a PDA detector. The
system was coupled to a triple quadrupole mass spectrometer
Xevo TQ-XS (Waters) via a commercial SFC-MS dedicated pre-
BPR splitter device with an additional binary pump to deliver
the make-up solvent (Waters). The autosampler was cooled to
5 °C and the partial loop with needle overfill injection mode
was used to inject a 2 and 10 pL sample for methods 1 and 2,
respectively. MassLynx Software 4.1 was used for system
control, data acquisition, and processing.

Method 1 for the analysis of volatile terpenes: A 150 x
3.0 mm Supel Carbon LC column (Merck) packed with 2.7 pm
particles at 60 °C and MeOH as organic modifier in gradient
elution were used for the separation. The gradient was as
follows: 0% for 1.5 min, 0-40% in 1.5-4.0 min, 40-41% in
4.0-6.0 min followed by 1.5 min equilibration at initial con-
ditions. The flow rate was 1.5 mL min~" and the BPR pressure
3300 psi (227.5 bar). The multimodal ionization source ESCi
in positive mode was used with the following settings: corona
current - 2 pA, desolvation gas flow rate (N,) - 720 L h™", cone
gas flow rate (N,) - 280 L h™", nebulizer pressure - 5 bar, probe
temperature — 150 °C, cone voltage - 150/5 V, desolvation
temperature — 350 °C, capillary voltage - 1 kV.

Method 2 for the analysis of phenolics and triterpenoic
acids: Torus Diol column (50 x 3.0 mm, 1.7 um) from Waters
(Milford, MA, USA) was used at 20 °C and 5% water in MeOH
as an organic modifier with specific gradient conditions listed
in ESI Table S5.1 Electrospray ionization in positive and nega-
tive mode was used with desolvation gas flow rate (N,) - 500 L
h™, cone gas flow rate (N,) - 250 L h™", nebulizer pressure - 6
bar, probe temperature - 150 °C, cone voltage - 5 V, desolva-
tion temperature — 200 °C, capillary voltage — 0.5 kV.

Argon was used as collision gas for both methods. The SRM
conditions for each target analyte are listed in ESI Table S6.f
MeOH containing 10 mmol L™' formic acid, 10 mmol L™*
ammonia, and 1% H,O was delivered as a make-up solvent at
0.1 mL min™' and 0.3 mL min~' for methods 1 and 2,
respectively.

Results and discussion
Optimization of key extraction parameters

The DoE enabling fast optimization with the reduced number
of experiments compared to one-at-a-time approach was used
to optimize of extraction solvent composition, temperature,
and pressure as the key extraction parameters. The significance
of each parameter and interactions between individual para-
meters were evaluated.**> The ranges of extraction para-
meters tested were set up with an emphasis on the physico-
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chemical properties of the analytes and the limits of the
instrumentation used.

The first DoE used green solvents, i.e., a mixture of CO, and
EtOH with or without water addition, which increases the
polarity of supercritical CO, and affects the solubility, and
thus the extractability, of a wide range of analytes. Therefore,
the EtOH as a cosolvent ranged from 2 to 95% (v/v) with water
addition up to 20% (v/v). The single-phase composition of the
ternary mixtures used in the method optimization was verified
by plotting the individual mixtures in a ternary phase diagram
as illustrated in ESI Fig. S1.7 As obvious, all solvent compo-
sitions fitted in a single-phase liquid region above the dew
point/bubble point curve.’® This DoE was preferably aimed at
the extraction of flavonoids and phenolic acids defined by
log P < 2.79 and pK, in the range of 4.60-7.49, corresponding
to weak acids and neutral compounds. In addition, a higher
extraction yield was also expected for the terpenoic acids.

Volatile terpenes are characterized as neutral compounds
with log P ranging mainly from 2.08 to 6.42. Thus, the nonpo-
lar CO, with only a small addition of organic cosolvent (EtOH)
was expected to be optimal as the extraction solvent.
Additionally, the second DoE using the pure nonpolar super-
critical CO, or CO, with hexane addition up to 10 vol% was
examined. Temperature and pressure were tested in the range
of 40-80 °C and 100-320 bar, respectively, according to the
critical point of CO, in both DoE designs.

In order to obtain the conditions relevant for different ana-
Iytes, the compounds were divided into four groups: volatile
terpenes, terpenoic acids, phenolic acids, and flavonoids. The
choice of organic cosolvent played an important role in the
extraction of volatiles. When hexane was used, some com-
pounds such as limonene, linalool, and citronellol were not
extracted at all. 4-7% of hexane was beneficial for citronellal
and eucalyptol, while no effect was observed for others, such
as pinene and terpineol. In addition, the model did not
provide sufficient predictive power (Q < 0.1) and linearity (R* <
0.2) for some volatiles. However, the repeatability of the repli-
cates was sufficient, and the model had no lack-of-fit (ESI
Fig. S2-4t). For EtOH as organic cosolvent, the proposed
model provided sufficient linearity with R* > 0.7, predictive
power with Q* > 0.45, validity, and repeatability as summarized
for selected model compounds in ESI Fig. S5-6.1 The extracta-
bility of volatiles increased when < 10% of EtOH was used as
cosolvent in supercritical CO,. The addition of water to co-
solvent was not a statistically significant parameter as the error
bar crossed 0 value on the y-axis (see ESI Fig. 5 and 67).
Nevertheless, the addition of a small percentage of water to
the ethanolic co-solvent enhanced the extraction yield, as
obvious from ESI Fig. 7,7 where the red space indicates the
highest extraction yield. The effect of temperature and pressure
was negligible for both models tested, with factor contri-
butions of 5.4% and 1.0%, respectively. The model for the
three terpenoic acids showed that the solvent composition and
pressure were the main parameters affecting the extraction
yield. The highest extracted amounts of analytes were observed
with an increasing percentage of EtOH in the extraction
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solvent, ie., > 80% EtOH in CO,, negligible amount of water
(2%), and low pressure ranging between 110-130 bar (ESI
Fig. S8 and 97).

The phenolics, including phenolic acids and flavonoids,
did not exhibit unambiguous results. The composition of the
extraction solvent was evaluated as the most important para-
meter as shown by the coefficient plots (see ESI Fig. S10 and
11}). However, its effect on the extractability differed depend-
ing on the physicochemical properties of the individual ana-
lytes. Typically, a higher percentage of EtOH resulted in a
higher amount extracted for most target compounds, as
evident from the contour plots, for example in the case of
caffeic acid. In contrast, for ellagic acid, only 50-60% of EtOH
in CO, was optimal, and for protocatechuic acid, a high extrac-
tion yield was obtained with only 10% of EtOH in CO, (ESI
Fig. S12%). On the other hand, an increasing percentage of
water could significantly decrease the extractability, probably
due to the lower solubility of analytes, such as quercitrin and
hirsutrine in the extraction solvents used (ESI Fig. S13-157).

Based on the models for the analyte target sets, MODDE
Optimizer suggested a list of optimal conditions for each
analyte target sets (data not shown), which should allow the
extraction of the maximum number of target compounds. Of
all the proposed conditions, 16 different setups with the
lowest probability of failure, listed in ESI Table S4,f were
selected and compared experimentally. These conditions were
selected based on several facts. (i) For volatile terpenes, only
one condition using hexane as a cosolvent was included
because the probability of failure varied from 25% to 54%
among the proposed experiments. Moreover, the conditions
suggested in the 12 experiments using hexane as a cosolvent
did not show significant parameter variance. In fact, the
amount of hexane varied from 8 to 10% (v/v), the temperature
from 45 to 50 °C, and the pressure from 212 to 248 bar. (ii)
The probability of failure (up to 90%) of the proposed con-
ditions for extraction of volatile terpenes increased with
increasing amount of EtOH and water addition. Pressure and
temperature varied in a wide range from 40 to 80 °C and 133
to 315 bar, respectively. Thus, five different conditions were
tested in this part of the study. (iii) Three conditions suggested
for the extraction of terpenoic acids with a probability of
failure < 0.94% were investigated. The EtOH (> 64%) mixed
with water (0-5%) and pressure < 150 bar were suggested as
the most appropriate conditions. (iv) For phenolics, the pro-
posed conditions covered whole ranges of tested conditions,
and no trends were observed. (v) In addition, the conditions
suitable for the extraction of all analytes except volatiles, were
also tested. Here, the gas-expanded liquid (GXL) was rec-
ommended as an extraction solvent containing 93% EtOH
with 7% water, a temperature of 80 °C, and a pressure of 320
bar, but with an expected lack of selectivity.

From these tested conditions, the mixture of CO, with
EtOH/H,0 (97/3, v/v) in a 98/2 (v/v) ratio provided the highest
extracted amounts of volatiles. In addition, based on the pre-
liminary results, no phenolics were extracted in 10 min long
extraction using the CO, with cosolvent in 98/2 (v/v) ratio (data
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not shown). For the remaining groups of compounds, two con-
ditions using (i) GXL containing 56% CO, mixed with EtOH/
H,O0 (99/1, v/v) and (ii) GXL composed of EtOH/H,0 (91/9, v/v),
CO,/cosolvent 5/95, v/v, provided two times higher extraction
yields compared to the remaining proposed conditions.

Extraction kinetics

Three selected methods (ESI Table S41 marked in orange) were
further optimized in terms of flow rate and extraction time.
The first method for the extraction of volatile compounds
showed that volatiles were extracted in 15 min using both flow
rates. Thus, 20 min was considered as optimal for the final
procedure. In fact, no significant differences in extracted
amounts were observed between 2 and 4 mL min~'. This
means that the extraction was mainly controlled by desorption.
In this case, the extractability depends on the diffusion of the
analytes from the matrix to the extraction solvent. The same
trends were also observed for both methods with GXL aimed
at the extraction of phenolic and triterpenoic compounds. The
method with 44% EtOH gave the highest extraction yields. The
extraction of triterpenoic acids was completed in 40 min. A
longer time was required for the complete extraction of pheno-
lic acids and flavonoids, i.e., 60 min.

As a result, the final method combined two consecutive
steps with a flow rate of 2 mL min~". The method with 2% of
cosolvent was selected as the first step for the extraction of
volatile terpenes. The second step used 44% of cosolvent to
extract the remaining compounds. Again, the single-phase for-
mation to avoid the phase separation and poor method repeat-
ability was evaluated by the ternary phase diagram based on
the data obtained by Lim et al. under 60 °C and 142 bar as the
conditions close to our achieved optimum (ESI Fig. S1%).*°
Additionally, the optimal temperature and pressure for both
steps were close, i.e., 78 °C and 133 bar for step 1 and 80 °C
and 108 bar for step 2. Thus, no gap was expected and
observed between the two steps due to long equilibration.
Similarly, the possibility of failure of the extraction step 2, e.g.,
by over pressurizing of the system when the much higher
pressure would have to be equilibrated before the second step,
was minimized.

Final method scheme and method selectivity

The final procedure is summarized in Fig. 1 and took a total of
80 min, including the 20 min step 1 aimed at extraction of
volatile terpenes and the 60 min step 2 for the extraction flavo-
noids and phenolic compounds. The selectivity focused on the
target groups of analytes in two consecutive individual steps
was evaluated on the Corymbia citriodora sample. Individual
extraction steps were carried out and the visual differences
between them were observed. For step 1, the extract was yellow-
ish with a strong odor of volatile terpenes, while for step 2, the
extract was green with a typical ethanolic odor.

The obtained extracts were analyzed by UHPSFC-MS/MS
methods. The results summarized in Table 1 show the perfect
selectivity for the extraction of volatile terpenes. In fact, >88%
of terpenes were extracted during SFE step 1 aiming selectively

This journal is © The Royal Society of Chemistry 2024
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Table 1 Heat map summarizing the selectivity of each step of the two-
step SFE for target groups of analytes for Corymbia citriodora, step 1 —
volatile terpenes, step 2 — phenolic acids and flavonoids. UAE - ultra-
sound-assisted extraction. 0% means that the compound was not extracted
in individual steps. 100% corresponds to the total amount extracted in all
steps, i.e., 100% = [%] SFE-step 1 + [%] SFE-step 2 + [%] UAE

SFE 1 SFE 2 UAE
Caryophyllene 100% 0% 0%
Citronellal 97% 3% 0%
Citronellol 100% 0% 0%
Eugenol 100% 0% 0%
Geraniol 100% 0% 0%
Geranyl acetate 97% 3% 0%
Limonene 89% 11% 0%
Linalool 97% 3% 0%
Menthol 100% 0% 0%
Nerolidol A 95% 3% 2%
Nerolidol B 88% 8% 4%
Pinene 100% 0% 0%
Terpin 100% 0% 0%
Terpineol 100% 0% 0%
Catechin 0% 65% 35%
Hirsutrin 0% 53% 47%
Phloridzin 0% 37% 63%
Quercitrin 0% 72% 28%
Rutin 0% 100% 0%
Caffeic acid 28% 39% 33%
Ellagic acid 0% 53% 47%
Gallic acid 0% 31% 69%
Protocatechuic acid 43% 23% 33%
Betulinic acid 90% 6% 4%
Oleanolic acid 79% 12% 9%
Ursulic acid 42% 37% 21%

at this type of compounds. Step 2 and UAE extracted only a
residual amount, i.e., 2-11% of several terpenes, such as citro-
nellal, geranyl acetate, limonene, linalool, and nerolidol.

This journal is © The Royal Society of Chemistry 2024

Flavonoids and phenolic acids were not extracted by SFE step 1
as their extractability increased with increasing EtOH. Only
caffeic and protocatechuic acids were partially extracted in the
SFE step 1. In fact, 28% of caffeic acid and 43% of protocate-
chuic acid were observed here. We speculate that this may be
due to their higher log P and lower molecular weight when
compared to gallic and ellagic acids, which were only extracted
in the SFE step 2. Nevertheless, all phenolic acids and flavo-
noids were also found in the extract from UAE. The residual
amount of compounds was high (>50%) despite the plateau
obtained during the kinetic experiments. This could be caused
by the short extraction time, shallow increased extracted
amount of phenolic compounds, channeling effect, and/or
tight packing of the material as discussed by Abrahamson for
lipids.?” The triterpenoic acids were extracted during the whole
extraction procedure. We expected the highest concentration
during the SFE step 2 due to the high molecular weight.
However, the highest proportion, 79-90%, was extracted in SFE
step 1 targeting non-polar compounds and the remaining
amounts < 12% were extracted in step 2 and UAE for betulinic
and oleanolic acids. For the ursulic acid, the distribution was
different compared to other triterpenoic acids, 21-42%.

Repeatability, accuracy, and precision

The repeatability of the extraction was verified and determined
for neat extracts without any standard addition as RSD for
each analyte in 3 replicates on 3 consecutive days (n = 9). The
RSD ranged from 4.9 to 23.0% for volatile compounds, 2.4 to
16.6% for flavonoids and phenolic acids, and 18.2 to 28.6% for
triterpenoic acids extracted during both extraction steps.
Accuracy and precision were evaluated for both SFE steps
using the standard addition method, where the known concen-
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tration of the compound was added to the sample. Since there
is no guideline for the plant analysis, we evaluated both, accu-
racy and precision, for 5 concentration levels covering the
linear calibration range of the UHPSFC-MS/MS from 0.1 to 100
ng mL™'. Fig. 2 shows that most of the results met the cri-
terion of RSD < 20%, which summarizes the error of the two-
step SFE and UHPSFC-MS/MS analysis. Only citronellol at a
concentration of 100 ng mL™", ursulic acid at 1000 ng mL ™,
and betulinic acid at 10 ng mL™"' showed lower precision
expressed as RSD, namely 35%, 29%, and 26%, respectively.
For accuracy, the results were mostly in the range of 76-123%.
Again, three analytes at different concentration exhibit lower
accuracy, namely caryophyllene at the concentration level of
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Fig. 2 Accuracy and precision determined at 5 concentration levels for
individual analytes. The grey square corresponds to the area covering
precision in the range of 0-20% expressed as RSD and accuracy in the
range of 80-120%. A red square expresses 25% RSD and accuracy in the
range of 75-125%.
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100 pg mL™" (132%), oleanolic acid at 500 ng mL™" (135%),
and tamarixetin at 50 ng mL ™" (127%).

Method greenness

In the last step, the greenness of the optimized sample prepa-
ration method was evaluated. Several metrics have been devel-
oped and introduced in recent years to assess method green-
ness.*® All available metrics are based on the incorporation of
different green chemistry criteria. As a result, they provide
different method assessments, variable complexity, appear-
ance, and comprehensibility. In 2022, a new metrics tool
aiming specifically targeting sample preparation was proposed
by Wojnowski et al®° This freely available software, the
Analytical GREEnness Metric Approach for sample preparation
(AGREEprep) calculator, based on the 10 principles of green
chemistry, was used to estimate the greenness of the newly
optimized SFE method. Briefly, these principles include in situ
sample preparation (criterion #1), use of safer chemicals (#2),
use of sustainable and reusable materials (#3), minimization
of waste, sample, and chemicals (#4, #5), maximization of
sample throughput (#6), automation (#7), low energy con-
sumption (#8), analytical method (#9), and operator safety
(#10). As a flexible tool, AGREEprep translates the criteria into
a score range of 0-1. The final score is derived from the evalu-
ation of all tested principles, with score 1 being the greenest
and score 0 being the least green. In addition, it is possible to
change the weight of each criterion according to its impor-
tance for the individual method.

The optimized procedure involves external sample collec-
tion and transport to the laboratory (#1), onsite sample prepa-
ration is not possible as the sample must be dried and hom-
ogenized. Toxic materials and chemicals are not required,
operator safety is maximized (#2, #10), and sustainable and
reusable materials are used (#3). The extracted matrix (< 1 g) is
the only waste produced as the extract obtained is not con-
sidered as an analytical waste (#4, #5). The entire procedure
took 1 h 20 min. However, each step took < 1 h (#6). Here, the
weight of the criterion was reduced compared to the standard
setup, because the SFE system specifically used within this
study did not allow the parallel extraction of several samples,
whereas up to 10 samples can be extracted in series without
any manual intervention in the conventional SFE systems. In
fact, the optimized method is fully automated. The only
manual intervention was to place a sample in the extraction
cell and extractor and to remove it after the extraction (#7). The
total energy consumption per sample (#8), including both
extraction steps, was calculated to be 11.81 kW h. No energy
consumption was needed for the drying process, as the plant
biomass was dried by natural air convection. The UHPSFC-MS/
MS analysis also reduced the greenness of the method (#9).
The final pictogram is shown in Fig. 3. The total score of the
method greenness is 0.62 62 confirming the green method
characteristics. Four weak criteria (#1, #6, #8, #9) was not poss-
ible to improve in the greenness terms. The detailed report is
summarized in ESI Fig. S16.}

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Results of the AGREEprep metrics tool for two-step SFE.

Application to various plant species

The method was applied to the extraction of 7 different plant
samples to confirm its suitability for the extraction and ana-
lysis of different species, including Corymbia citrioda,
Eucalyptus gunii, Melaleuca alternifolia, Cympogon citratus,
Myrtus communis, Laurus nobilis, and Rosa hybrida (ESI
Fig. S177).

The profiles of the target analytes were compared for all
species (Fig. 4). Focusing on volatile compounds (Fig. 4), sig-
nificant differences were observed between the profiles of all
plant species. Overall, M. communis contained the highest
amount of volatile terpenes, followed by C. citriodora, and
E. gunii. Moreover, the different volatile compounds were
dominant in individual extracts. Indeed, pinene was dominant
in M. communis, citral (> 95%) in C. citratus, and eugenol
(70%) and eucalyptol (20%) dominated in the L. nobilis extract.
Different ratios of eucalyptol and geranyl acetate, namely 80/12
(conc%) and 65/30 (conc%), were predominantly observed in
E. gunii and M. alternifolia, respectively. For R. hybrida,
eugenol (60%), linalool, and citronellal are among the most
extracted volatile terpenes. For C. citriodora, the results were
different. No dominant volatile compound was observed, and
the extract contained a mixture of different target volatiles in
very similar amounts, including citronellal, -citronellol,
menthol, geranyl acetate, linalool, limonene, and terpineol.

The differences in the profiles of SFE extracts targeting on
flavonoids and phenolic acids were not so significant,
although the extracted amount varied. In fact, the highest
amount of flavonoids and phenolic acids, ranging from 1800
to 3000 ng mL™', was found in R. hybrida, C. citriodora,
E. gunii, and M. alternifolia. On the other hand, C. citratus con-
tained ten times lower amount of phenolics. As shown in
Fig. 4, gallic acid, quercitrin, rutin, hirsutrin, and catechin
were detected and semi-quantified in different ratios in all
extracts. C. citriodora and E. gunii provided similar profiles of
phenolic acids and flavonoids. No rutin was detected in
M. communis, while a high content of protocatechuic acid was
found. R. hybrida also contained a high level of kaempferol.
L. nobilis had a significantly different profile, with epicatechin,
rutin, and quercitrin dominating. M. alternifolia contained
mainly quercetin. Gallic acid, caffeic acid, quercitrin, and hir-

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Profiles of target analytes for the group of volatile terpenes,
flavonoids, phenolic acids, and triterpenoic acids in SFE extracts of seven
different plant species.

sutrin were dominant in C. citratus. Triterpenoic acids were
also found in all samples. Again, the highest amounts
(5-11 000 ng mL™") were found in C. citriodora, C. gunii, and
M. alternifolia. Ursulic acid dominated most of the extracts (>
60%), typically followed by oleanolic acid with amounts
ranging from 10 to 25%. Betulinic acid was typically observed
at the lowest concentration. The betulinic acid was dominant
(50%) only in M. alternifolia. In addition, betulinic and oleano-
lic acids were not detected in L. nobilis species.

Based on the described differences, the hierarchical cluster
statistical analysis was carried out to create a dendrogram
showing the similarities (relationships) between each species.
The measured concentrations of target analytes were logar-
ithmically transformed to obtain a normal distribution of the
data. Ward linkage was then used to determine the similarity
between the plants analyzed. Surprisingly, C. citriodora was
found to be the most different species, while E. gunii,
M. alternifolia, and L. nobilis were found to be the most related
species as shown in Fig. 5. In fact, E. gunii and M. alternifolia
provided very similar profiles of target compounds. The

Green Chem., 2024, 26, 6480-6489 | 6487
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second cluster was formed by C. citratus, R. hybrida, and
M. communis. Here, the similarity of M. communis and
R. hybrida is obvious especially in the ratio of triterpenoic
acids. The phenolic profiles of C. citratus and R. hybrida shown
in Fig. 4 confirmed a close content of polar compounds, while
significant differences were observed for volatile terpenes.

The residual plant matrix was extracted by UAE to evaluate
the extraction efficiency of both SFE steps. The results
obtained for the 6 plant species confirmed the observations
obtained for the model sample of Corymbia citriodora and are
presented in the ESI Table S7.}

Conclusions

We developed a comprehensive two-step SFE procedure for the
extraction of different target analytes from different plant
species. In the first extraction step, the method allowed the
extraction of small non-polar volatile terpenes, which was com-
pleted in only 20 min, while no target phenolic compound was
extracted. The following second extraction step aimed at the
extraction of polar phenolic acids and flavonoids. These were
successfully extracted in 60 min as confirmed by the kinetic
experiments. Although the UAE applied to the residual material
extracted residual amounts of target compounds, the repeatability
of the SFE extraction was excellent (RSD < 20% for most com-
pounds). This proof-of-concept two-step SFE method demon-
strated the feasibility and suitability of SFE in a complex extrac-
tion of plant samples when aiming at selective extraction of
different target groups of analytes. Traditional approaches typi-
cally use large solvent volumes, require long extraction times,
usually in hours, and use a wide range of different organic sol-
vents, even toxic ones, to achieve selectivity for polar and non-
polar species. In contrast, this holistic SFE method allows rapid
extraction of polar and non-polar compounds in less than 1.5 h
using green carbon dioxide, ethanol, and water in various ratios
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as extraction solvents. In addition, no manual intervention is
required between individual steps.
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