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Supercritical carbon dioxide and Soxhlet extraction were employed for delivering Marrubium vulgare
extracts. By varying process temperature and pressure, the impact of different densities of carbon
dioxide on the extraction yield and chemical profile of the extracts was investigated. The highest
extraction yields of M. vulgare were obtained by supercritical carbon dioxide extraction (3.51%) at 300
bar and 60 °C, while the yield obtained with the Soxhlet extraction was 3.23%. The chemical profiles of
these two extracts were significantly different and marrubiin, the most dominant component of
supercritical extracts was not present in extracts obtained by this conventional method. This labdane
diterpene was the most abundant in extracts obtained at 200 bar and temperatures of 40, 50, and 60 °C

. 44t D ber 2020 (62.60, 68.41, and 71.96%, respectively). For the intensification of marrubiin, supercritical fractions were
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Accepted 22nd February 2021 collected in successive time intervals over the course of the extraction (300 bar/60 °C). It was
determined that after 1 h of extraction the highest content of marrubiin (75.14%) can be achieved. The

DOI: 10.1039/d0ra10253a similarities between the obtained extracts were estimated and the correlations to the content of
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Introduction

Marrubium vulgare L., also known as white horehound, is
a perennial plant that belongs to the Lamiaceae family and
genus Marrubium and is commonly applied in traditional
medicine. Due to its bitter taste, it is used to treat numerous
disorders of the digestive tract. It is also consumed as a remedy
for respiratory tract diseases." The therapeutic properties of M.
vulgare which include anti-inflammatory, hypoglycemic, anal-
gesic, antispasmodic, vasorelaxant, anticoagulant, and antidi-
abetic effects are partly attributed to marrubiin (Fig. 1).
Marrubiin was isolated for the first time from its leaves and is
considered a chemotaxonomic marker for the genus Mar-
rubium.” Furthermore, this important secondary metabolite is
conventionally extracted with acetone in yields of up to 1%, but
different samples of the herb provide greatly differing amounts.
This can be a consequence of the harvesting season,
geographical origin, plant development stage, the way and time
of drying, and storage.* Additionally, M. vulgare belongs to the
species that are not characterized as rich in content of essential
oil (0.05-0.06%).** Despite the low yield of essential oil,
different conventional extraction techniques including

“Faculty of Technology, University of Novi Sad, Bulevar cara Lazara 1, 21000 Novi Sad,
Serbia. E-mail: viladicjelena@gmail.com; vladicj@uns.ac.rs; Tel: +381 21 485 3731
*Faculty of Food Technology, Josip Juraj Strossmayer University of Osijek, Franje
Kuhaca 18, 31000 Osijek, Croatia
T Electronic  supplementary
10.1039/d0ra10253a

information  (ESI) available. See DOL

© 2021 The Author(s). Published by the Royal Society of Chemistry

identified lipophilic compounds were established using multivariate data analysis tools.

hydrodistillation, steam distillation, and solvent extraction have
been employed for its attainment due to the essential oil's high
pharmacological potential and its most significant constituent
marrubiin.® In addition, several attempts were made to develop
an extraction methodology suitable for an exhaustive extraction
of marrubiin from this species. Furthermore, efforts were made
to intensify the essential oil extraction yield by applying the
pulsed electric field as a pretreatment.” Additionally, optimiza-
tion of process variables of hydrodistillation and Soxhlet
extraction was conducted including temperature, drying and
grinding the plant, the solvent to solid mass ratio, the contact-
time, and the nature of the solvent.?

In addition to generating large amounts of liquid waste, the
disadvantages of conventional processes such as the Soxhlet
extraction are insufficient selectivity, time-consuming proce-
dure, and potential emission of toxic vapors during the

Fig. 1 Chemical structure of marrubiin.
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extraction.” In order to overcome these shortcomings and
isolate components from complex matrices, green technologies
have been developed. With regard to contemporary methods for
the extraction of M. vulgare, microwave-assisted extraction with
50% ethanol was applied. Moreover, extraction parameters
including microwave power, irradiation time, and solvent to
drug ratio were optimized to intensify the concentration of
marrubiin.*®

Supercritical fluid extraction which is a green method
superior to the processes of hydrodistillation and Soxhlet has
attracted considerable attention in recent decades as a prom-
ising alternative to conventional extraction technologies and
mechanical compression for obtaining lipophilic extracts. The
most commonly used fluid in supercritical fluid extraction is
carbon dioxide (CO,). Moreover, this fact is attributed to its
properties which include chemical inertness, non-flammability,
mild supercritical condition, and availability." On the other
hand, the drawback of CO, is that it is adequate for non-polar
components. However, this can be overcome by adding
a polar modifier. Numerous studies demonstrated that the
extraction with CO, in supercritical state is efficient for
extracting bioactive compounds from various natural materials
such as medicinal plants, algae, food waste and by-products.*>
In addition, supercritical CO, (SC) extraction offers benefits
which include complete removal of solvents residues in prod-
ucts, and more efficient and selective isolation of
compounds.*** Although SC has been investigated extensively
for the recovery of bioactive compounds from numerous
medicinal plants, there are no unique SC parameters for the
optimal recovery of bioactive constituents from different types
of natural materials due to the significant differences in mate-
rial type, way of cultivation, and other factors.

SC has not been applied for the extraction of white hore-
hound. Therefore, the main aim of this study was to investigate
for the first time the SC extraction of M. vulgare lipophilic
compounds. Additionally, the study aimed to establish the
optimal parameters for marrubiin isolation. To determine the
efficacy of this alternative technique for the extraction of M.
vulgare, conventional Soxhlet extraction was conducted and
used as a reference method. The differences in the distribution
of marrubiin and other detected lipophilic compounds in white
horehound extracts were investigated by applying the multi-
variate data analysis.

Results and discussion
Extraction yield

In order to isolate the lipophilic components of M. vulgare, SC
was applied in addition to the conventional Soxhlet extraction.
The influence of different pressure and temperature on the
extraction yield (g of obtained extract per 100 g of dry herbal
material) and chemical composition of white horehound
extracts was examined. Furthermore, the yield of Soxhlet
extraction of M. vulgare (3.23%) was comparable to the yield of
SC (3.51%) achieved at 300 bar and 60 °C. By observing the
Soxhlet extraction as a reference method, the obtained results
suggested that SC achieved complete and more efficient
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exhaustion of the lipophilic fraction of M. vulgare. The lower
yield of the Soxhlet extraction can be caused by extended
exposure to high temperature. Fig. 2a-c (ESI-Table 1f)
demonstrate that with increasing pressure, the total extraction
yield increases at temperatures 40 and 60 °C. Moreover, this is
in line with the statement that increasing the CO, density also
increases its dissolving power.® At 50 °C temperature, no
significant was recorded in the total extraction yield obtained
at 200 and 300 bar. Also, at pressures of 200 and 300 bar, two
extraction periods can be observed: (1) the period of fast
extraction during which easily accessible solutes in the
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Fig.2 Extraction kinetics at different pressures (100, 200, and 300 bar)
at (a) 40 °C, (b) 50 °C, and (c) 60 °C.
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supercritical fluid are extracted, and (2) the period of slow
extraction during which components of higher boiling point
and higher molecular weight such as fatty oils, pigments, and
waxes are extracted.'” By observing the isobaric process at the
lowest pressure of 100 bar, the highest yield was achieved at
the lowest temperature of 40 °C which is also in accordance
with the fact that applying CO, of higher density positively
affects the yield. On the other hand, a positive correlation
between the extraction yield and temperatures was noted at
higher pressures, that is, a negative correlation with the
density of the CO,. Hence, 60 °C temperature was the most
adequate for achieving the highest yield at pressures 200 and
300 bar. At constant pressure and with temperature increase,
the density of CO, decreased which also lowers its solvatation
ability. However, as a consequence of the lower viscosity of
CO,, diffusion is improved which further enhances the mass
transfer.”® Westerman et al.' explained this influence of
temperature with the enhanced solubility effect. More specif-
ically, the rise in the solute's vapour pressure outweighs the
solvent power reduction as a result of reduced density. Iva-
novic et al.*® observed that the model parameter related to
solvent diffusion in the solid phase increases with supercrit-
ical CO, density from 290 to 630 kg m?, while above 630 kg
m " it decreases. The authors stated that a possible reason
behind this lies in the fact that a higher amount of solute in
supercritical CO, defined by the increase of extract's solubility
at densities higher than 630 kg m ™ also requires more time
for diffusion of extract from solid matrix to supercritical
phase. Furthermore, extraction kinetics are affected negatively
as the residence time of CO, may be extended when CO,
density is increased above 630 kg m 3.2

Table 1 GC-MS analyses of Soxhlet horehound extract (area

percentage (%) and retention time (TR))

Area

Compound Tgr (min) percentage (%)

Oxygenated monoterpenes

Limonene oxide 50.63 4.88
Carvone 34.08 2.96
Sesquiterpenes hydrocarbons

trans-Caryophyllene 28.12 8.37
Caryophylla-4(12),8(13)-dien-5p-ol 30.18 4.42
Ledene oxide 32.02 7.22
Salvialan 56.29 7.34
Longipinen-12,15-diol 27.95 6.96
Fatty acid

Palmitic acid 41.63  31.18
Aliphatic hydrocarbons
Tricyclo[6.3.0.0(3,7)Jundec-1(8)-an-3-0l, 48.59  18.08
2,2,5,5-tetramethyl

2-Tridecanone 37.67 2.92
Total 94.33
Unknown 5.67
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Chemical composition of lipophilic extracts

To determine the chemical profile of M. vulgare extracts ob-
tained by SC and Soxhlet extractions, the GC-MS analysis was
applied (Tables 1-4), and the peak area was used to determine
the relative content of compounds in samples. The presence of
20 components was confirmed in extracts obtained at different
temperatures and 100 bar pressure, while at 200 and 300 bar
pressure, 10 and 20 components were identified, respectively
(Tables 2-4). In the Soxhlet extract in which the presence of 10
components was confirmed, the most dominant compounds
where sesquiterpene hydrocarbons (34.31%) followed by the
saturated fatty acid and palmitic acid with 31.18%, while
oxidized monoterpenes, which include citric oxide and carvone,
were present in 7.84% (Table 1). Among the sesquiterpenes,
trans-caryophyllene had the highest content (8.37%). This
compound might be considered as an alternative to synthetic
drugs used for the treatment of inflammatory diseases as its
anti-inflammatory effect on treated animals was comparable to
that of dexamethasone.® A similar content of trans-car-
yophyllene was determined in a supercritical extract obtained at

Table2 GC-MS analysis of SC horehound extracts obtained at 100 bar
(area percentage; %) at different temperatures (40 and 50 °C) and
extraction time 4 h

Temperature (°C)

Compound 40 50

Oxygenated monoterpenes

Carvacrol 1.04 0.46
Sesquiterpene hydrocarbons

trans-Caryophyllene 9.16 5.39
a-Humulene 0.69 0.45
Germacrene-D 11.71 7.38
Bicyclogermacrene 9.43 4.81
a-Cedrol 0.34 —
Spathulenol 4.77 3.30
Caryophyllene oxide 2.69 1.34
Viridiflorol 1.50 0.73
Aliphatic hydrocarbons

(E,Z)-3,8-Dimethyldeca-4,6-dien 0.54 —
6,10,14-Trimethyl-2-pentadecanone 1.36 1.22
Nonadecane 1.87 —
Tricosane — 1.62
Fatty acids

Palmitic acid 15.81 11.24
Linoleic acid 2.09 2.01
9,12,15-Octadecatrienoic acid, methyl ester 3.48 3.90
Diterpenes

Phytol 2.05 2.20
Labda-8(17), 13E-dien-15-al 2.20 1.77
Marrubiin 4.32 30.18
7,8-Epoxy-a-dihydroionone — 11.41
Total 65.66 89.41
Unknown 34.34 10.59
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100 bar and 40 °C (9.16%). In the Soxhlet extract, the presence of
marrubiin was not recorded. Considering that the marrubiin is
soluble in methylene chloride and that it is a highly oxidized
compound,’® the potential cause of the Soxhlet method ineffi-
ciency for the extraction of marrubiin can be the degradation
due to exposure to high temperature during 6 h of extraction.
Methylene chloride has boiling point approximately 40 °C,
however, there is still possibility of compound decomposition
due to the long period of extraction.??

In the study by Mittal and Nanda,' Soxhlet extraction of M.
vulgare aerial parts with ethanol was applied and the obtained
yield of 11.27% had a low marrubiin yield (0.69%). Additionally,
the time-consuming Soxhlet extraction (18 h) and the drug/
solvent ratio 1:50 (m/v) which suggests a high solvent
consumption point to the inferiority of this conventional tech-
nique compared to the microwave-assisted extraction. The
authors stated that the yield of marrubiin doubled with the
application of optimal conditions of the microwave extraction
compared to Soxhlet.*

The area percentages of compounds identified in supercrit-
ical extracts of M. vulgare obtained at 100 bar and temperatures
of 40 and 50 °C are shown in Table 2. The chemical profile of the
extract at 60 °C is not presented due to an extremely low
extraction yield achieved under these conditions, insufficient
for chemical analysis. The most likely reason for such a large
difference in the extraction yields achieved at 100 bar and
temperatures of 40 and 60 °C is a large difference in the density
of CO, which is 628.7 kg m ™ at 40 °C and 290 kg m > at 60 °C.

The percentages of total identified components in super-
critical extracts varied depending on the applied pressure and
temperature and ranged from 65.66-89.41% at 100 bar, 76.39-
80.66% at 200 bar, and 61.98-92.26% at 300 bar.

The components identified in the extracts can be classified
into the following groups: oxidized monoterpenes, sesquiter-
pene hydrocarbons, aliphatic hydrocarbons, fatty acids, and
diterpenes. Based on the obtained results, extract of M. vuligare
obtained at 100 bar and 40 °C had the most sesquiterpene
hydrocarbons (40.29%) which include trans-caryophyllene, o-
humulene, germacrene D, bicyclogermacrene, a-cedrol, spa-
thulenol, caryophyllene oxide, and viridiflorol. Other authors
also detected trans-caryophyllene, a-humulene, germacrene D,
caryophyllene oxide, and viridiflorol in M. vulgare essential
0il.>*** Furthermore, the importance of detected sesquiterpenes
has also been established. Germacrene D, which is a constituent
of juniper species essential oil, exerts antimicrobial activity
against Staphylococcus aureus and Bacillus cereus.” Natural
bicyclic sesquiterpenes, B-caryophyllene, and B-caryophyllene
oxide possess significant anticancer activities, affecting the
growth and proliferation of numerous cancer cells. Car-
yophyllene oxide was found to exhibit anti-inflammatory, anti-
oxidant, antiviral, and analgesic properties.”**® In addition,
carvacrol represents a highly important monoterpene which is
used as a food flavoring ingredient and preservative in the food
industry and a fragrance ingredient in the cosmetic industry.
Carvacrol possesses wide specter of pharmacological activities
such as antimicrobial, antioxidant, and anticancer activities.*
The extract obtained at 40 °C and 100 bar contained 4.32%
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marrubiin. However, by increasing the temperature to 50 °C
while maintaining the same 100 bar pressure, the content of
marrubiin was increased approximately sevenfold (30.18%)
making it the most dominant component of the extract.

By applying a higher pressure of 200 bar, the content of
marrubiin was significantly increased by 2.5 times. M. vulgare
extracts obtained at 200 bar and 40-60 °C temperatures had the
most labdan diterpene marrubiin (62.60, 68.41, and 71.96%,
respectively), followed by sesquiterpene hydrocarbons (7.26,
5.77, and 4.2%, respectively) which include trans-caryophyllene,
germacrene D, bicyclogermacrene, spathulenol, and car-
yophyllene oxide. Oxidized monoterpenes were not identified
(Table 3). As the temperature was increased, the relative
percentages of all sesquiterpenes decreased because the density
of CO, also decreased from 839.90 to 723.80 kg m > and thus its
dissolution power. Saturated fatty acid - palmitic acid, was
present in the composition of all three extracts and its content
also decreased with increasing the temperature (5.02, 3.77, and
2.18%). Unsaturated w-6 fatty acid - linoleic acid, was present in
all three extracts but in a significantly smaller proportion than
palmitic acid (0.79, 0.56, and 0.74%).

When the highest pressure of 300 bar was applied, the lower
content of marrubiin was obtained compared to 200 bar, but it
was higher compared to 100 bar (30.50, 23.74, and 58.39% for
extracts obtained at temperatures 40, 50, and 60 °C, respec-
tively) (Table 4).

The largest proportions of sesquiterpene hydrocarbons were
obtained at a temperature of 40 °C, while the smallest were
obtained at 50 °C temperature under isobaric extraction
conditions. According to Pourmortazavi and Hajimirsadeghi,*
SC at higher temperatures reduces the yield of non-volatile

Table 3 GC-MS analysis of SC horehound extracts obtained at 200
bar (area percentage; %) at different temperatures (40-60 °C) and
extraction time 4 h

Temperature (°C)

Compound 40 50 60

Sesquiterpene hydrocarbons

trans-Caryophyllene 1.79 1.44 1.09
Germacrene-D 2.32 1.77 1.27
Bicyclogermacrene 1.62 1.23 0.82
Spathulenol 1.04 0.91 0.69
Caryophyllene oxide 0.49 0.42 0.33
Aliphatic hydrocarbons

Hexadecane — — 1.20
Fatty acids

Palmitic acid 5.02 3.77 2.18
Linoleic acid 0.79 0.56 0.74
Diterpenes

Phytol 0.72 0.60 0.38
Marrubiin 62.60 68.41 71.96
Total 76.39 79.11 80.66
Unknown 23.61 20.89 19.34

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 GC-MS analysis of SC horehound extracts obtained at 300
bar (area percentage; %) at different temperatures (40-60 °C) and
extraction time 4 h

Temperature (°C)

Compound 40 50 60

Oxygenated monoterpenes

Carvacrol 0.30 0.29 0.32
Sesquiterpene hydrocarbons

trans-Caryophyllene 3.55 1.04 2.27
Germacrene-D 4.07 1.32 2.61
Bicyclogermacrene 2.34 0.86 1.79
Spathulenol 1.85 0.81 1.35
Caryophyllene oxide 0.77 0.37 0.66
Aliphatic hydrocarbons

Octadecane 13.54 — 4.23
Tricosane — — 1.22
Nonacosane — — 3.90
Docosane 9.64 22.03 1.33
Nonadecane 4.10 5.58 2.96
Tetracosane 14.98 — —
Fatty acids

Palmitic acid 5.24 4.61 6.56
Diterpenes

Phytol 1.06 0.99 0.79
Labda-8(17),13E-dien-15-al 0.32 — 0.37
Marrubiin 30.50 23.74 58.39
7,8-Epoxy-a-dihydroionone — 0.34 1.85
Total 92.26 61.98 90.60
Unknown 7.74 38.02 9.4

compounds, as well as the competition between solubility and
volatility of compounds. Therefore, the relatively high extrac-
tion yield achieved at 40 °C (92.26%) decreased at 50 °C
(61.98%) and increased again with an increase in operating
temperature to 60 °C (90.60%). Palmitic acid was present in all
three extracts (5.24, 4.61, and 6.56%). With regard to oxidized
monoterpenes, the presence of carvacrol was confirmed in all
three extracts at 300 bar with similar relative proportions (0.30,
0.29, and 0.32%).

The most dominant component in all obtained supercritical
extracts was the chemotaxonomic marker marrubiin, except for
the extract obtained at 100 bar and 40 °C. The relative content of
this diterpene in the extracts obtained at a pressure of 200 bar
was 62.60-71.96% and in the extracts obtained at 300 bar, it was
23.74-58.39%. Therefore, the most favorable parameters for
extraction of marrubiin are 200 bar pressure and 60 °C
temperature (Fig. 3). Moreover, Soxhlet demonstrated to be an
inadequate technique for the recovery of marrubiin. In addi-
tion, compared to the yield of marrubiin (1.35%) obtained by
microwave-assisted extraction with ethanol in the Mittal and
Nanda' study, it can be concluded that the SC extraction is
a more adequate and efficient method for the recovery of mar-
rubiin compared to the traditional Soxhlet extraction with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Area percentages (%) of marrubiin in supercritical horehound
extracts obtained at different pressures and temperatures.

organic solvents and the microwave-assisted extraction with
ethanol.

At selected pressure and temperature (300 bar, 60 °C) which
provided the highest extraction yield, supercritical fractions
were collected in successive time intervals (0.5, 1, 1.5, 2, 3, and 4
h) over the course of the extraction and analyzed by GC-MS in
reference to marrubiin content (Fig. 4). The procedure aimed to
investigate the most favorable conditions for the extraction of
marrubiin and report the quantitative differences among frac-
tions collected during successive time intervals. The highest
content of marrubiin (75.14%) was obtained after 1 h of
extraction which is of high importance from the economic
perspective. Additionally, it facilitates the scale-up of the
process. Subsequently, the content of marrubiin gradually
decreased to 44.39% after 4 h of extraction when SC was
completed.

Correspondence and canonical correspondence analysis

Correspondence analysis (CA) analysis was employed in order to
visually explore the similarities between the white horehound
extracts obtained using Soxhlet and SC extraction under various
extraction conditions (pressure and temperature). The score
plot obtained using all detected lipophilic compounds as vari-
ables is shown in Fig. 5.

Fig. 5 demonstrates that the white horehound extract ob-
tained using Soxhlet extraction exhibits significant differences

80 1

60 o
50 o
40 A
30 A
20 +
10 +

Rel. percentage (%)

0.5 1 1.5 2 3 4

Extraction time (h)

Fig. 4 Extraction kinetics at 300 bar and 60 °C in relation to the area
percentage of marrubiin.
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Fig.5 Correspondence analysis (CA) score plot of extracts obtained using Soxhlet and SC under various conditions (pressure and temperature).

in qualitative and quantitative content of the compounds
identified using the GC-MS system, whereas extracts obtained
using SC at higher pressures (200 and 300 bar) exhibit more
similarities, regardless of the applied extraction temperature.

In order to visually improve distributions between white
horehound SC extracts, and to investigate the correlations
between samples and identified chemical groups (diterpenes,
aliphatic hydrocarbons, fatty acids, and sesquiterpenes),
a sample obtained using Soxhlet extraction was removed as an
outlier. Thus the obtained score plot of canonical correspon-
dence analysis (CCA) is presented in Fig. 6a-d. Carvacrol was
the only oxygenated monoterpene identified in SC extracts and
its highest content was measured in an extract obtained under
the mildest extraction conditions: pressure of 100 bar and
temperature of 40 °C.

Fig. 6a shows the distribution of diterpenes in the obtained
white horehound SC extracts. The compound 7,8-epoxy-a-
dihydroionone was the most abundant in the extract obtained
at 100 bar and 50 °C, while marrubiin was most abundant in SC
extracts obtained at higher pressures.

Compounds that belong to aliphatic hydrocarbons (tricyclo
[6.3.0.0(3,7)Jundec-1(8)-an-3-0l, 2,2,5,5-tetramethyl, (E,Z)-3,8-
dimethyldeca-4,6-dien, and 6,10,14-trimethyl-2-pentadecanone)
were present in samples obtained at the lowest extraction
pressure of 100 bar, hexadecane was found in the 200 bar/60 °C
extract, while longer chain aliphatic hydrocarbons (octadecane,
nonadecane, docosane, tricosane, tetracosane, and non-
acosane) were highly abundant in the SC extracts obtained at
higher pressures of 200 and 300 bar (Fig. 6b). All detected fatty
acids (palmitic, linoleic, and linolenic acid) had higher
concentrations in SC extracts obtained at the lowest pressure of
100 bar (Fig. 6c).

Fig. 6d shows the distribution of sesquiterpenes in the ob-
tained white horehound SC extracts. These chemical groups
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had higher concentrations in a sample obtained at the lowest
pressure and temperature conditions of 100 bar and 40 °C,
followed by a sample obtained at 100 bar and 50 °C.

Experimental
Plant material

M. vulgare aerial parts were purchased from the local supplier of
cultivated plants Chamomilla (Banatski Karlovac, Serbia). The
dried M. vulgare aerial parts were grounded in a domestic
blender and the mean particle size (0.28 mm) of grounded
material was determined using vibration sieve sets (CISA,
Cedaceria, Spain).

Chemicals

The carbon dioxide (Messer, Novi Sad, Serbia) with purity
>99.98% (w/w) was used for the lab-scale SC extraction. Meth-
ylene chloride was used as a solvent in the Soxhlet extraction.

Soxhlet extraction

Grounded material (8 g) was transferred to an extraction
thimble which was placed in a Soxhlet apparatus with a con-
nected reflux condenser. Methylene chloride (150 mL) was then
added to the flask and used as a solvent. After 6 h of extraction
and complete exhaustion of the white horehound herbal
material, the solvent was removed by evaporation on a rotary
vacuum evaporator, and the extraction yield and chemical
composition were determined. The extraction was performed in
duplicate.

Supercritical carbon dioxide extraction (SC)

The laboratory-scale high pressure extraction plant (HPEP,
NOVA-Swiss, Effretikon, Switzerland) was used for SC. The main

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Cannonical correspondence analysis (CCA) bi-plot of SC extracts obtained under various pressure and temperature conditions showing
the distribution of all compound classes used as variables: (a) — diterpenes; (b) — aliphatic hydrocarbons; (c) — fatty acids; (d) — sesquiterpenes.

specifications of the SC unit are as follows: gas cylinder with for heating medium (with internal volume 200 mL, maximum
carbon dioxide (CO,), diaphragm type compressor (with a pres- operating pressure of 700 bar), separator with a cooling jacket
sure range up to 1000 bar), extractor vessel with a heating jacket for cooling medium (with internal volume 200 mL and
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maximum operating pressure of 250 bar), pressure control
valve, temperature regulation system, and regulation valves.
The dry and grounded M. vulgare material (40 g) was extracted at
different pressures (100, 200, and 300 bar) and temperatures
(40, 50, and 60 °C), while the CO, flow (0.3 kg h™') and extrac-
tion time (4 h) were constant in all experiments. At the selected
pressure and temperature (300 bar, 60 °C) at which the highest
extraction yield was achieved, supercritical fractions were
collected in successive time intervals (0.5, 1, 1.5, 2, 3, and 4 h)
over the course of the extraction and analyzed by GC-MS in
reference to marrubiin content. The pressure and temperature
in the separator were 15 bar and 23 °C. All extracts that were
obtained were placed in glass bottles, sealed, and stored at 4 °C
prior to further analysis. Each extraction was performed in
duplicate.

Gas chromatography-mass spectrometry (GC-MS) analysis of
lipophilic extracts

Agilent 7890B gas chromatography together with a mass spec-
trometer (Agilent, Series 5977A, USA) were used for the analysis.
The components of M. vulgare lipophilic extracts were separated
on an HP-5MS capillary column (30 m x 0.25 mm, 0.25 pm)
(19091 S - 433 UI-INT, Agilent Technologies, USA). Injector
temperature was set at 250 °C with an injected sample of 3 uL in
split mode of 1:50. Helium of 99.99% purity was used as
a carrier gas, in a constant flow regime of 1 mL min~". The
following temperature program was set: 70 °C temperature (2
min) which was increased by 3 °C min~" to reach 200 °C and
maintained constant for 18 min. The separated components
were analyzed with a mass spectrometry (electron energy of 70
eV) with a scanning range in the m/z range of 30-450.
Temperature of the ion source was 230 °C, while the tempera-
ture of the quadrupole was 150 °C. Qualitative identifications of
present compounds were performed using Wiley9 and NIST09
databases, as well as the literature data of retention indices
calculated with C9-C25 alkanes. The analysis of each sample
was performed in three replicates.

Multivariate data analysis

Correspondence analysis (CA) and canonical correspondence
analysis (CCA) were both performed using PAST software
(Natural History Museum, University of Oslo, Norway).*"*> The
correspondence analysis routine finds the eigenvalues and
eigenvectors of a matrix containing the Chi-squared distances
between all rows, i.e. investigated white horehound extracts.
The scatter plot allows one to see all data points (rows) plotted
in the coordinate system given by the CA. CCA is the corre-
spondence analysis of a sample (extract) matrix where each
sample has given values for one or more environmental vari-
ables - identified lipophilic compounds. The ordination axes
are linear combinations of the environmental variables.*

Conclusions

Supercritical extraction methodology proved to be suitable for
extracting marrubiin from white horehound efficiently. Optimal
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pressure and temperature values for its isolation are 200 bar
and 60 °C, while more accurate quantitative analysis is needed
to confirm the marrubiin content. These results were supported
by the application of a multivariate statistical approach (CCA).
Taking into account that during the first hour of the extraction
more than 75% of marrubiin was extracted, this opens up new
possibilities towards the scale-up of this green approach for
efficient exploitation of M. vulgare as a source of marrubiin.
Apart from marrubiin, the presence of other significant
components that are applied in the food, cosmetic, and phar-
maceutical industries was also confirmed.
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