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Abstract: Moringa oleifera L. tree (Mo) has emerged as a rich alternative source of bioactive compounds
to design cosmetic formulations. Supercritical carbon dioxide fluid extraction (SFE-CO2) was success-
fully applied on the screening of Mo seed, leaf, and root extracts. The extraction yield was evaluated
by response surface methodology (RSM), for pressure and temperature ranges of 117–273 bar and
41–60 ◦C, respectively, using a design of experiments (DOE). The pressure significantly affected the
results (α = 0.05), with the highest extraction efficiency obtained at conditions above 195 bar. The
extracts’ composition, evaluated by gas chromatography-mass spectrometer (GC-MS), revealed an
increasing correlation between the pressure, total extract solubility, and mass of extract at a constant
temperature, due to the higher extraction yield. Seed extracts presented more than 80% of oleic acid in
relative composition (8.04 mgcompound·gplantpart

−1). Leaf extracts performed well for the obtainment
of linolenic acid (>20%; 3.10 mg·g−1), nonacosane (>22%; 0.46 mg·g−1), and α-tocopherol (>20%;
0.21 mg·g−1). Mo root resulted in higher relative composition for sterol molecules, despite its very
low affinity with CO2. The most promising bioactive compounds, oleic acid and α-tocopherol, were
more abundant when operating at 250 bar at 45 ◦C and 195 bar at 55 ◦C, for Mo seed and leaf SFE-CO2

extracts, respectively.

Keywords: oleic acid; α-tocopherol; cosmetic formulation

1. Introduction

The properties of Moringa oleifera L. tree (Mo) as a traditional medicine treatment option
for skin injuries, malnutrition, and other diseases have been well-known for centuries [1].
However, the scientific community only recently recognised Mo’s rich phytochemical
composition and bioactive potential [1–3], resulting in increased use of its oils and extracts
in commercial goods, such as cosmetic, pharmaceutical, therapeutical, and nutraceutical
formulations [4–6].

Previous studies have shown that the different plant parts—leaf, root, and seed—present
interesting but distinctive compositions and properties. For example, Mo leaves have
revealed significant amounts of quercetin, kaempferol, myricetin, rutin, and lutein com-
pounds, responsible for anti-inflammatory and antioxidant activities [3,7]. These flavonoid
compounds extracted from Mo leaves have been shown to enhance the proliferation
and viability of the cellular response to tissue injuries [4]. Additionally, the presence
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of isothiocyanate molecules indicates a pharmacological potential related to chronic in-
flammations [8], with diverse functional properties [9]. In vivo tests have shown the
anti-inflammatory and antioxidant activities in cosmetic products using Mo leaf extracts
as an ingredient. Male volunteers had skin hydration improved by up to 40%, avoiding
more than 50% of the trans-epidermal water loss and preventing UV radiation effects
after topical application of Mo active cream for a 12-week testing period [10]. Mo-based
formulations also presented inflammatory response by reducing atopic dermatitis, trig-
gered by proinflammatory cytokine-related mRNA cells (TNF-α, CCL17, IL-1β, IL-6) and
mitogen-activated protein kinases (TNF-α/IFN-γ) in rat ears [11]. Due to the presence of
condensed tannins and flavonoids, Mo root extracts presented a significant antioxidant
ability, up to 70 times higher than the reference ascorbic acid, and thus provided potential
for skin and anti-ageing products [12]. Other studies showed that Mo root extracts have
an analgesic effect and a confirmed action on rheumatoid arthritis due to the presence of
1,3-dibenzyl urea and aurantiamide acetate compounds [13]. Moreover, a higher antifungal
activity toward C. albicans was found in Mo root extracts compared to the commercial
Nystatin ointment [14], as well as activity against S. aureus, B. subtilis and E. coli [12].

Fatty acids and sterols are generally found in the Mo seeds composition, predomi-
nantly oleic, palmitic, and behenic acids, but also brassicasterol, campesterol, and stigmas-
terol phytochemicals [15]. The lipidic fraction plays an important role as an active ingredient
in topical products, providing high skin hydration and anti-ageing potential [15,16]. Sterols
and fatty acids are functional compounds widely used to increase the antioxidant potential
of skin care formulations, helping the cream spreadability and creating a barrier against
environmental stressors such as UVB radiation [15,17]. Furthermore, Mo seed extracts
have been shown to present antibiofilm, antioxidant, and anti-inflammatory effects due the
presence of tocopherols and phenolic acid compounds [3,15,18].

The Mo benefits can be achieved by using the fresh plant or by applying extraction
and concentration techniques. Conventional extraction methodologies, such as hydrodistil-
lation [3], maceration [4], and Soxhlet [19], have been used to obtain Mo extracts; however,
numerous drawbacks have been reported (e.g., thermal decomposition of target com-
pounds, long extraction time, and residual toxic solvents in the extracts) [20,21]. A new
generation of consumers and, thus, industry, have increasingly been urging the use of safe
and environmentally friendly alternatives. The scientific community has pointed out green
technologies as a solution to overcome both quality and environmental issues. The ‘green
technology’ term can be ascribed to other extraction methods, such as pressurised hot-water
extraction [22], microwave-assisted extraction [23], and ultrasound extraction [24]. These
methods usually result in high total extraction yields.

Supercritical extraction using carbon dioxide (SFE-CO2) has been extensively used
as an alternative green technology, resulting in extracts with higher compound selectivity,
as the extraction yield of a specific compound or group of compounds can be enhanced
by tuning the pressure and temperature. Supercritical CO2 presents diffusion coefficients
similar to gases and low viscosities similar to liquids, resulting in a decrease in surface
tension and an increase in the solvent penetration into the plant matrix [17]. The extraction
ability of CO2, a non-polar solvent, can also be enhanced using a co-solvent such as
ethanol. The mixture modifies the solvent characteristics and improves the polar molecules’
affinity [25].

Parameters such as plant material granulometry, extraction time, CO2 flow rate, and
use of co-solvent are frequently considered in optimisation processes [26,27]. Recognised as
a GRAS (Generally Recognised as Safe) process by the United States FDA (Food and Drug
Administration) and European Union statements, SFE-CO2 has been previously applied
to obtain Mo seed [26–34] and leaf extracts [25,35,36]. Moreover, statistical methodologies,
namely the response surface methodology (RSM), were used to improve the extraction
of the target compounds. RSM is a reliable mathematical tool to describe correlated and
independent factors upon a response of interest [27]. However, no work has reported a full
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screening of the main Mo plant parts, which is helpful to identify promising compounds or
a blend of compounds to incorporate in cosmetic products as an ingredient.

This study aims to assess SFE-CO2 extracts obtained from Mo leaves, seeds, and roots,
using the RSM to define the best extraction conditions in terms of the extraction yield and
phytochemical composition, in view of their potential use as skincare ingredients.

2. Materials and Methods
2.1. Chemicals

Carbon dioxide (CAS 124-38-9, food grade, 99%) was purchased from Air Liquid
(Paris, France); n-hexane (CAS 110-54-3, 99%) and ethanol absolute (CAS 64-578-6, ≥99%)
were obtained from Supelco (Madrid, Spain). The analytical standards for oleic acid (CAS
112-80-1, 99%), linolenic acid (CAS 463-40-1, ≥99%), nonacosane (CAS 630-03-5, 99%), and
α-tocopherol (CAS 10191-41-0, 99%) were acquired from Sigma Aldrich (Madrid, Spain).

2.2. Plant Material

Mo plant material was supplied by Moringa del Sur (Malaga, Spain, moringadel-
sur.com, accessed on 12 January 2023). Leaves and roots were harvested in May and
September of 2021, respectively, and seeds were collected during the harvesting season
of 2020. Both aerial materials were received having been previously dried at room tem-
perature, while the roots were submitted to freeze-drying (55C, CoolSafe, Beverwijk, The
Netherlands) at −55 ◦C for 72 h. All samples were ground for 20 s (Hr7762/90 Mini
Chopper, Philips Walita, Amsterdam, The Netherlands) and carefully sieved (D-42781,
Retsch, Haan, Germany). The grinding of leaves and seeds resulted in small particles
with granulometry between 0.50 and 0.70 mm. Root grinding resulted in a powder with a
particle size below 0.50 mm.

2.3. Supercritical Fluid Extraction Using Carbon Dioxide

The extraction procedures were conducted on bench-scale SFE-CO2 equipment [37].
The pressurisation system included a CO2 cylinder up to 50 bar and an isocratic pump
(JASCO PU-2080 Plus) with a cooled head, with a constant flow rate below 5 mL·min−1.
The pressured CO2 flowed, in continuous mode, to an extraction cell made of stainless steel
with a capacity of 200 mL and designed to reach a pressure of 300 bar, with a temperature
ranges from 40 to 80 ◦C. The system was also equipped with a pump (JASCO, PU-4180),
optionally used to add ethanol as the co-solvent. The extractions were monitored using
a pressure transducer and controlled by a back pressure regulator (BPR), working as a
programmed set-point. The BPR and additional depressurisation valves were maintained
at temperatures up to 90 ◦C by a resistance strip and controlled by a thermostat to avoid
dry ice clogging caused by the free expansion of CO2, also known as the Joule-Thomson
effect. Finally, the extracted compounds were collected in a single separator, kept at 5 ◦C
and below 40 bar—it could work up to 100 bar—while the CO2 reduced to atmospheric
pressure by two needle valves to be quantified using a mass flow meter.

In this work, the extraction conditions were set according to the limits of the equipment
and the target molecules to be obtained: pressure and temperature range of 117 to 273 bar
and 41 to 69 ◦C, respectively. The extractions were performed in continuous mode using a
CO2 flow rate of 4 mL·min−1 for 120 min, and 10 g of sample in each experiment. At the
end of each extraction, the apparatus was cleaned with 200 mL of ethanol absolute, and
CO2 was pumped for 15 min to recover the entire extracted material. Finally, the solvent
was removed in a rotary vacuum evaporator (RE100B, Bibby Scientific Ltd., Stone, UK) at
40 ◦C, and the extracts were subjected to an air-drying process at the same temperature
(Venticell, MMM Medcenter, Planegg, Germany) until reaching a constant weight. For
storage and further analysis, the leaf and root extracts were then dissolved in 25 mL of
ethanol, the seed products solubilised in 25 mL of n-hexane, and all extracts were stored at
−20 ◦C.
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The extraction yield, ηext, (in dry weight) and the solubility of the extracts were,
respectively, obtained by:

ηext(%) =

(
extract mass (g)
sample mass (g)

)
× 100 (1)

Solubility
(
µgext·gCO2

−1
)
=

ηext (µg)
CO2 mass flow (g)

(2)

Additional isothermal properties of CO2 (see Table 1) were obtained in the online
database NIST (National Institute of Standards and Technology) [38].

2.4. Design of Experiments and Response Surface Analysis

A design of experiments (DOE) with 22 + 2 central points and twoblocks was applied
to the extraction of each plant part, as shown in Table 1. The central point (0,0) was chosen
as the mid-range pressure and temperature, while the two blocks were used to reduce the
variations in the results. A second-order polynomial equation (quadratic model) was used
to fit the experimental data obtained from DOE, expressed as:

Y = β0 + ∑2
i=1 βiXi + ∑2

i=1 βiiX2
i + ∑ ∑2

i<j=1 βijXiXj + ε, (3)

where Y is the dependent/response variable (extraction yield), and β0, βi, βii, and βij
are the coefficient constants for the intercept, linear, quadratic, and interaction terms,
respectively. Xi and Xj correspond to the independent variables, in this case, pressure and
temperature, and ε is the experiment residual.

The independent variables are represented by the surface and contour plots, which
reveal the optimum extraction condition.

The significant differences were assessed by ANOVA (analysis of variance) and Tukey
tests, with α = 0.05 (significance level; 95% confidence), and the RSM was evaluated using
Statistica StatSoft (version 14, USA).

2.5. Chemical Composition Assays by GC-MS

The volatile compounds of the two experiments achieving the highest extraction yield
for each Mo plant part were assessed using gas chromatography (GC) (TQ8040 NX Triple
Quadrupole, Shimadzu, Kyoto, Japan) (Table 1). Both central points were also analysed to
validate the DOE procedure.

This equipment worked with an ion-trap mass spectrometer (MS), a splitless injector,
an automatic sampler (AOC-20s+i), and a cross-bonded fused column (30 m × 0.25 mm,
0.25 µm film thickness) for low-polarity phases (Rxi-5Sil MS, Restek, Bellefonte, PA, USA).
All samples were analysed in triplicate, and the volume of 1 µL was injected at 280 ◦C,
carried out at 1 mL·min−1 by ultrapure helium operating in linear velocity flow control
mode. The mass scanning was set at m/z 40–500, and the ion and interface temperatures
were kept at 250 ◦C and 260 ◦C, respectively.

The oven was isothermally optimised for each Mo plant part to guarantee ideal
compound separation. The temperature programming for seed extracts comprised 40 ◦C
for 1 min, then increased from 40 to 200 ◦C for 2 min at 20 ◦C·min−1, 200 to 250 ◦C for
5 min at 10 ◦C·min−1, and finally, 250 to 280 ◦C for 1 min at 20 ◦C·min−1. Leaf and root
extracts were analysed at 40 ◦C for 1 min, raised to 200 ◦C for 2 min at a rate of 7 ◦C·min−1,
followed by an increase to 250 ◦C for 2 min at 15 ◦C·min−1, and then established at 280 ◦C
for 1 min at 20 ◦C·min−1.
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Table 1. DOE procedure (22 + 2 central points, twoblocks) for Mo seed, leaf, and root SFE-CO2 extracts, and their thermodynamic properties.

Nblock P
(bar)

T
(◦C)

V [38]
(µPa·s−1)

ρ [38]
(kg·m−3)

Seed Leaf Root

ηext
(%)

ηRSM
(%)

Error
(%)

Solubility
(µgext·gCO2

−1)
ηext
(%)

ηRSM
(%)

Error
(%)

Solubility
(µgext·gCO2

−1)
ηext
(%)

ηRSM
(%)

Error
(%)

Solubility
(µgext·gCO2

−1)

E1 1 140 (−1) 45 (−1) 59 720 0.18 0.71 3.02 41 0.79 0.75 0.04 183 0.06 0.07 0.08 15

E2 1 140 (−1) 65 (+1) 37 506 0.12 0.59 3.75 29 0.39 0.35 0.11 90 0.04 0.06 0.42 10

E3 1 250 (+1) 45 (−1) 83 857 3.19 3.63 0.14 742 1.29 1.38 0.07 300 0.16 0.18 0.12 39

E4 1 250 (+1) 65 (+1) 66 762 2.10 2.48 0.18 491 1.66 1.75 0.05 387 0.11 0.14 0.31 25

E5 (CP1) 1 195 (0) 55 (0) 64 747 1.94 2.15 0.11 452 1.34 1.31 0.02 312 0.15 0.16 0.02 35

E6 2 117 (−1.41) 55 (0) 34 480 0.10 0.12 0.18 24 0.22 0.30 0.27 51 0.02 0.03 0.82 04

E7 2 273 (+1.41) 55 (0) 78 830 3.38 3.53 0.04 786 1.83 1.74 0.05 427 0.18 0.17 0.05 41

E8 2 195 (0) 41 (−1.41) 77 830 2.29 2.33 0.02 452 1.12 1.11 0.01 261 0.14 0.15 0.09 32

E9 2 195 (0) 69 (+1.41) 52 656 1.31 1.44 0.10 308 1.08 1.08 0.00 252 0.12 0.11 0.06 28

E10 (CP2) 2 195 (0) 55 (0) 64 747 1.81 2.15 0.18 422 1.27 1.31 0.04 295 0.14 0.16 0.13 32

Nblock: number of experiment, 1,2: block of experiments, P: pressure, T: temperature, V: CO2 viscosity, ρ: CO2 density, ηext: experimental extraction yield (%), ηRSM: predicted extraction
yield (%).
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Each molecule was identified as previously described by Kessler et al. [39]. Briefly, the
mass spectra of each molecule were compared to those obtained in the database software
from the National Institute of Standards and Technology (NIST 21, 27, 107, 147), and their
respective linear retention indices (LRI) were calculated based on the Kovats retention
index equation, by analysing a homologous series of alkanes (C8-C20) under the same
chromatographic conditions. The selected target compounds were quantified through
calibration curves of their respective analytical standards.

3. Results and Discussions
3.1. Extraction Yield of Mo SFE-CO2 Extracts

Table 1 shows the results of the ten experiments performed following the DOE. The
extraction yields, ηext, resulted in values between 0.10% and 3.38%, 0.22% and 1.83%, and
0.02% and 0.18% for seed, leaf, and root plant materials, respectively.

The data show the pressure and temperature influence on the extraction results. Higher
pressures at constant temperature enhanced the CO2 density and increased the extraction
yield. On the other hand, by keeping the pressure constant and increasing the temperature,
there was a tendency for higher mass transfer resistance between the sample surface and
the supercritical phase, reflected in a decrease in the extraction yield [26,35]. This behaviour
was mainly noticed for seeds, whereas the leaves revealed the opposite effect at 250 ◦C.
CO2 showed a higher ability to extract compounds from the Mo seed matrix, achieving
a solubility of 786 µgext·gCO2

−1. The results may reflect the non-polar profile of the seed
extract content and its affinity with the solvent [26,27,29].

The significant contribution of the pressure and temperature on the extractable amount
of Mo biocompounds can be observed from the ANOVA results (Table 2) with p ≤ 0.05.
The highest extraction yields were obtained using pressures above 195 bar for all samples,
and a similar increase was observed in their respective solubility values. The temperature
influence was mainly noticed in the seed extractions. Temperatures below 55 ◦C promoted
a significant increase in the extraction yields, explained by the solubility dominance of
CO2 and its solvation power toward Mo seeds. For leaf and root extracts, no significant
influence of the temperature alone was observed on the extraction yield; however, the
correlation factors have shown some influence with p ≤ 0.05.

Table 2. Significant effects on SFE-CO2 experiments by ANOVA (α = 0.05) for Mo seed, leaf, and
root SFE-CO2 extracts.

Mo Plant Parts Seed Leaf Root

Lack of fit/MS residual 0.0416062 0.0116891 0.0004018

R2 0.9905 0.9851 0.9540

Regression term f F-value p f F-value p f F-value p

Blocks 1 4.3426 0.128524 1 0.0245 0.885652 1 0.71056 0.461159

(Xi) Pressure (bar) (L) 1 278.3292 0.000469 * 1 175.9659 0.000926 * 1 48.1694 0.006134 *

(Xi) Pressure (bar) (Q) 1 2.8843 0.188009 1 8.3088 0.063400 1 9.24785 0.055822

(Xj) Temperature (◦C) (L) 1 18.9888 0.022334 * 1 0.0657 0.814290 1 3.25902 0.168786

(Xj) Temperature (◦C) (Q) 1 1.9398 0.257957 1 4.5531 0.122569 1 1.97041 0.255011

XiXij (L) 1 6.4467 0.084751 1 12.7589 0.037500 * 1 0.80103 0.436735

f: degree of freedom, terms with p ≤ 0.05 indicate significant influence (*).

Combining the data (Tables 1 and 2), no crossover behaviour could be observed for
the seed optimisation. The crossover results from an enhancement of extraction yield
by increasing the temperature at constant pressure. Usually, this phenomenon occurs at
pressures above 300 bar due to the balance between the CO2 density and the solute vapour
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pressure. Literature findings support the conclusions on the pressure range applied in this
work [27,30,31].

The correlation between the density and compounds’ solubility can be observed by
comparing experiments 7 and 8, both at 830 kg·m−3 (Table 1). The extraction performed at
273 bar and 55 ◦C reached solubilities more than 1.7, 1.6, and 1.3 times higher than using
195 bar and 41 ◦C for seeds, leaves, and roots, respectively. This increase may correspond
to the enhancement in the extracts’ solubility due to higher pressure and temperature [29].
These effects have also been indicated by the DOE results (Table 2), using 273 bar and
55 ◦C as the condition set to obtain the highest extraction yield of Mo plant parts by
SFE-CO2. However, the extraction yield is not reflected in the efficiency to obtain target
compounds useful for cosmetic applications, such as those belonging to the fatty acid,
sterol, and tocopherol groups. Further discussion will address extraction yield and relative
composition to define the best extraction condition for each sample material.

3.2. Optimisation Study of Mo SFE-CO2 Extracts by RSM

From the SFE-CO2 optimisation study, Figure 1 shows the RSM analysis obtained
for each Mo part, seeds, leaves, and roots, for each experimental condition, where the
empty circles represent the experimental data. Higher extraction yield has been shown to
be achieved by increasing the pressure up to 273 bar for seed and leaves, with opposite
responses regarding the temperature. Temperatures below 40 ◦C (Figure 1a) and above
55 ◦C (Figure 1b) have shown a tendency to improve the compounds’ solubility in CO2,
respectively. Figure 1c evidences the range of pressures and temperatures applied in
experiment E7 as the best condition to obtainroot’s extract.

The following regression curves were obtained for each response surface model:

ηRSM,seed(Q, L) = −11.80 + 6.84 × 10−2P − 5.32 × 10−5P2 + 2.09 × 10−1T − 1.35 × 10−3T2

−4.71 × 10−4PT + 2.69 × 10−1 R2 = 0.990
(4)

ηRSM, leaf(Q, L) = −1.81 + 8.57 × 10−3P − 4.79 × 10−5P2 + 5.11 × 10−2T − 1.09 × 10−3T2 − 3.51 × 10−4PT
+1.07 × 10−2 R2 = 0.985

(5)

ηRSM,root(Q, L) = 0.89 + 5.44 × 10−3P − 9.36 × 10−6P2 + 1.66 × 10−2T − 1.34 × 10−4T2 − 1.63 × 10−5PT
+1.07 × 10−2 R2 = 0.954

(6)

Table 2 exhibits the ANOVA analyses of the models considering the linear (L) and
quadratic (Q) terms. A significant influence of pressure and temperature was observed on
the seed extracts’ solubility, corroborating the previous results. The leaf extracts significantly
differed in the pressure and correlated terms, while root SFE-CO2 extracts presented only
a statistical influence due to the pressure. The statistical significance of each coefficient
is indicated by p ≤ 0.05, and only the linear terms fit the response factor with significant
influence. However, high F-value and low magnitude of p can also reveal influence on the
coefficients (Xi, Xj, and XiXj).

The predicted extraction yields (ηRSM) are shown in Table 1. All samples have pre-
sented errors below 1%, except the experiments carried out at 140 bar using Mo seeds.
The conclusion is supported by the correlation between the observed and predicted data
(Supplementary Material—Figure S1). The values fit well up to 99%, 98%, and 95% for
seeds, leaves, and roots, respectively. Moreover, the three polynomial models showed
MS residual p ≤ 0.05, with 95% confidence. The quadratic model was previously chosen
to describe the optimisation process of SFE-CO2 experiments using Mo seed samples by
varying temperature, pressure, and particle size [29].
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Figure 1. Response surface methodology (RSM) applied for (a) Mo seed, (b) leaf, and (c) root SFE-CO2

extracts, according to DOE analysis.
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3.3. Chemical Profile of Mo SFE-CO2 Extracts Useful for Cosmetic Products

The most promising extracts obtained from Mo plant parts were characterised. The
analysis criterion was based on the extraction yield, selecting one central point (E5) as a
reference, and the two highest extraction yields in each optimisation process.

Figure 2 illustrates the chemical profile of Mo seed, leaf, and root SFE-CO2 extracts
performed at 273 bar and 55 ◦C, for which the higher extraction yield was obtained.
Tables 3–5 show the compound identification of Mo extracts for each plant part. Distinct
chemical compositions were observed for the tested raw materials, requiring an individual
interpretation of the extract potential as a cosmetic ingredient based on the identified
compounds with reported interest in the field. The discussion focuses on the compounds
with the most intense peaks, but also on target compounds in low relative concentrations.

Table 3. Chemical composition of SFE-CO2 extracts obtained from Mo seeds analysed by GC-MS.

Chemical Group Compound (n◦) CAS [38] Base Peak LRI * RT (min)
Relative Concentration (%)

E3 ± E5 (CP) ± E7 ±

Aldehydes

7-Tetradecenal (4) 65128-96-3 55, 41, 67 1899 10.978 0.25 0.01 0.34 0.01 0.39 0.01

Fatty acids

Palmitic acid (5) 57-10-3 43, 73, 60 1963 11.644 1.75 0.01 2.11 0.05 1.54 0.06

Methyl oleate (7) 112-62-9 55, 69, 74 2098 13.025 0.294 0.001 0.32 0.01 0.29 0.01

Oleic acid (8) 112-80-1 41, 55, 43 2146 13.495 82.04 2.08 82.02 4.74 82.02 4.08

Stearic acid (9) 57-11-4 43, 73, 60 2164 13.677 2.42 0.01 2.43 0.08 2.33 0.12

Oleic acid chloride (11) 112-77-6 55, 98, 41 2421 16.055 7.33 0.08 6.30 0.06 7.13 0.11

Hydrocarbons

Hexadecane (1) 544-76-3 57, 43, 71 1600 8.784 0.153 0.001 0.23 0.01 0.31 0.01

Heptadecane (2) 629-78-7 57, 43, 71 1800 10.093 0.247 0.03 0.48 0.01 0.629 0.002

8-Hexylpentadecane (6) 13475-75-7 57, 71, 43 2000 12.025 0.48 0.01 0.72 0.02 0.808 0.001

Tetracosane (10) 646-31-1 57, 43, 71 2397 15.842 0.68 0.02 0.87 0.04 1.04 0.02

Tetratriacontane (15) 14167-59-0 57, 71, 43 2897 22.288 1.11 0.04 1.53 0.01 1.12 0.03

Sterols

Stigmasta-5,22-dien-3
β-ol, acetate (14) 4651-48-3 43, 55, 81 2893 22.223 0.21 0.02 tr tr

Stigmast-5-en-3-ol,
oleate (17) - 396, 147, 382 3076 24.188 0.61 0.01 0.470 0.004 0.54 0.02

Terpenes

Phytol (3) 150-86-7 81, 82, 43 1834 10.396 0.23 0.01 0.275 0.001 0.25 0.02

Unknown

Unknown (12) 2769 20.403 1.08 0.01 1.44 0.04 1.14 0.03

Unknown (13) 2853 21.674 0.23 0.02 0.00 0.00

Unknown (16) 2947 22.796 0.899 0.003 0.46 0.02 0.47 0.03

Identified 98.92 98.10 98.39

* LRI: linear retention indices calculated through Kovats retention index equation for series of alkanes C8-C10
using a cross-bonded fused column in GC-MS, RT: retention time, E3: 250 bar and 45 ◦C, CP1: 195 bar and 55 ◦C,
E7: 273 bar and 55 ◦C.
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Figure 2. Examples of chromatograms SFE-CO2 extracts obtained from Mo (a) seeds, (b) leaves,
and (c) roots at 273 bar and 55 ◦C, analysed by GC-MS. The numbers correspond to the molecules
identified in Tables 3–5, respectively.
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Table 4. Chemical composition of SFE-CO2 extracts obtained from Mo leaves analysed by GC-MS.

Chemical Group Compound (n◦) CAS [38] Base Peak LRI * RT (min)
Relative Concentration (%)

E4 ± E5 (CP) ± E7 ±

Aldehydes

2,4-Nonadienal (1) 5910-87-2 81, 138, 41 1004 7.101 0.146 0.001 0.13 0.01 0.081 0.002

Octanal (2) 124-13-0 43, 44, 56 1016 7.344 0.92 0.02 0.74 0.06 0.67 0.03

Nonanal (6) 124-19-6 57, 41, 43 1107 9.285 1.56 0.06 1.29 0.22 1.076 0.005

cis,cis, cis-7,10,13-
Hexadecatrienal (15) 56797-43-4 79, 67, 41 2426 29.837 0.72 0.03 0.71 0.04 0.83 0.02

Pentadecanal (20) 2765-11-9 82, 57, 43 2838 33.436 0.75 0.01 0.50 0.02 0.81 0.04

Fatty acids

Palmitic acid (11) 57-10-3 88, 101, 43 1992 24.560 4.50 0.06 5.28 0.26 5.23 0.15

Linoleic acid (12) 60-33-3 67, 81, 95 2161 27.246 3.29 0.01 3.28 0.05 3.469 0.003

Linolenic acid (13) 463-40-1 79, 95, 67 2167 27.324 19.40 0.01 18.85 0.05 20.17 0.15

Ethyl pentadecanoate (14) 41114-00-5 88, 101, 43 2194 27.669 1.382 0.004 2.25 0.18 2.13 0.01

Arachidic acid (18) 506-32-1 88, 43,101 2795 33.108 0.94 0.03 0.65 0.03 0.83 0.06

Hydrocarbons

Dodecane (7) 112-40-3 57, 43, 71 1196 11.172 1.26 0.03 1.15 0.09 0.93 0.02

Tetradecane (8) 629-59-4 57, 43, 71 1395 15.100 1.39 0.01 1.46 0.11 1.31 0.03

8-Hexylpentadecane (16) 13475-75-7 57, 71, 43 2500 30.525 3.74 0.03 3.55 0.14 3.75 0.12

Heptacosane (17) 593-49-7 57, 71, 43 2701 32.436 11.73 0.04 10.04 0.19 11.23 0.38

Squalane (19) 111-01-3 57, 71, 85 2800 33.141 0.47 0.02 0.518 0.003 0.37 0.02

Nonacosane (21) 630-03-5 57, 71, 43 2901 33.926 22.89 0.01 17.74 0.74 19.14 0.61

Terpenes

α-pinene (3) 80-56-8 93, 91, 92 1020 7.445 0.17 0.01 0.136 0.003 0.105 0.004

p-cymene (4) 99-87-6 119, 134, 91 1034 7.736 0.107 0.001 tr tr

D-limonene (5) 5989-27-5 68, 93, 67 1038 7.824 0.891 0.005 0.74 0.08 0.822 0.002

cis-Phytol (9) 5492-30-8 81, 82, 43 1835 22.290 1.40 0.03 1.82 0.24 1.81 0.02

β-amyrone (26) 638-97-1 218, 203, 55 3352 38.765 1.30 0.02 1.87 0.01 1.46 0.04

Tocopherols

γ-tocopherol (23) 7616-22-0 151, 416, 191 3051 35.289 0.35 0.01 0.36 0.01 0.27 0.01

Vitamin E
(α-Tocopherol) (24) 10191-41-0 165, 430, 164 3129 36.081 16.41 0.17 21.51 0.79 17.49 0.37

Unknown

Unknown (10) 1878 22.916 0.700 0.005 0.74 0.05 0.718 0.002

Unknown (22) 3042 35.202 1.17 0.03 1.17 0.08 1.95 0.26

Unknown (25) 3245 37.409 2.42 0.05 3.52 0.07 3.35 0.01

Identified 95.71 94.57 93.98

* LRI: linear retention indices calculated through Kovats retention index equation for series of alkanes C8-C10
using a cross-bonded fused column in GC-MS, RT: retention time, E4: 250 bar and 65 ◦C, CP1: 195 bar and 55 ◦C,
E7: 273 bar and 55 ◦C.
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Table 5. Chemical composition of SFE-CO2 extracts obtained from Mo roots and analysed by GC-MS.

Chemical Groups Compound CAS [38] Base Peak LRI * RT (min)
Relative Concentration (%)

E3 ± E5 (CP) ± E7 ±

Fatty acids

Ethyl palmitate (1) 628-97-7 88, 101, 43 1961 11.625 0.00 3.81 0.35 8.08 0.51

Palmitic acid (2) 57-10-3 74, 87, 43 1991 11.936 7.74 3.33 3.24 0.02 0.98 0.11

Linolelaidic acid (3) 2566-97-4 67, 41, 81 2132 13.357 0.00 3.17 0.03 8.70 0.96

Oleic acid (4) 112-80-1 55, 41, 69 2137 13.408 0.00 6.57 0.34 12.30 0.25

Linoleic acid (5) 60-33-3 67, 81, 95 2162 13.655 2.82 0.36 1.69 0.03 0.91 0.02

Stearic acid (6) 57-11-4 43, 73, 60 2165 13.687 4.78 0.31 3.50 0.17 3.62 0.35

Ethyl pentadecanoate (8) 41114-00-5 88, 101, 43 2191 13.944 10.36 3.09 6.30 0.39 1.53 0.24

Hydrocarbons

Hexatriacontane (11) 630-06-8 57, 71, 43 2899 22.307 tr 0.37 0.02 0.3220 0.0001

Terpenes

24-Methylenecycloartanol (21) 1449-09-8 55, 95, 41 3430 29.004 2.03 0.07 2.42 0.02 2.06 0.05

Sterols

22,23-Dibromostigmasterol
acetate (9) 50633-49-3 43, 81, 55 2866 21.854 2.07 0.45 0.65 0.05 0.53 0.07

Cholesta-6,22,24-triene,
4,4-dimethyl (10) - 55, 43, 83 2890 22.191 1.29 0.49 0.385 0.002 0.26 0.04

Cholesteryl bromide (12) 516-91-6 81, 147, 105 2921 22.776 4.43 1.31 1.59 0.01 1.14 0.13

3-Bromocholest-5-ene (13) 137036-75-0 81, 147, 105 2942 23.217 1.86 0.20 0.83 0.03 0.48 0.08

Stigmasta-5,22-dien-3β-ol,
acetate (14) 4651-48-3 43, 55, 81 2956 23.516 1.33 0.11 0.540 0.002 0.28 0.03

Stigmast-5-en-3-ol, oleate (16) - 396, 147, 382 2987 24.195 4.49 0.73 1.99 0.03 1.16 0.09

Campesterol (18) 474-62-4 43, 41, 55 3212 25.863 17.53 0.13 19.61 0.41 17.10 0.28

Stigmasterol (19) 83-48-7 55, 83, 81 3238 26.216 11.24 0.17 14.08 0.25 12.52 0.23

γ-Sitosterol (20) 83-47-6 43, 55, 57 3300 27.049 24.63 1.48 27.68 0.56 27.08 0.39

Unknown

Unknown (7) 2171 13.747 0.72 0.02 0.36 0.02 0.16 0.04

Unknown (15) 2969 23.796 1.74 0.15 0.65 0.02 0.40 0.06

Unknown (17) 3153 25.122 0.95 0.04 0.58 0.01 0.40 0.01

Identified 96.60 98.41 99.05

* LRI: linear retention indices calculated through Kovats retention index equation for series of alkanes C8-C10
using a cross-bonded fused column in GC-MS, RT: retention time, E4: 250 bar and 45 ◦C, CP1: 195 bar and 55 ◦C,
E7: 273 bar and 55 ◦C.

3.3.1. Seed SFE-CO2 Extracts

GC-MS analyses of Mo seed extracts (experiments E3, E5 (CP) and E7) resulted in the
identification of 17 compounds (Table 3, Figure 2a). Oleic acid is present with the highest
relative concentration (82.04%) for all the tested experimental conditions, followed by its
derivative oleic acid chloride (6.30–7.33%). These compounds belong to the monounsat-
urated fatty acid group (present with a total relative composition of 88.15–89.36%), and
show antioxidant and emollient properties. Fatty acids are beneficial for reducing free
radical skin production and preventing skin damage, such as photoaging. The effects of
skin ageing and skin colour changes are observed due to reduced natural hydration (e.g.,
higher glycosylation process and lower sebum production) and increased melanin produc-
tion, respectively [15]. Cosmetic formulations have included Mo seed oil to enrich their
nourishing, moisturising, and lightening properties, as well as to maintain the natural skin
pigmentation [15,40,41]. Stearic acid (2.33–2.43%), palmitic acid (1.54–2.11%), and methyl
oleate compounds (0.29–0.32%) were also identified in Mo seed extracts, corroborating the
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extract’s potential for cosmetic applications, as these compounds have been shown to act
as a functional barrier on the epidermal structure and skin formation [16]. Moreover, the
absence of polyunsaturated fatty acids enhances the product’s thermal stability [40].

Hydrocarbons, with total relative composition of 2.66–3.90%, were also identified.
Tetratriacontane and tetracosane were found with circa 1% of relative concentration, and
8-hexylpentadecane, heptadecane, and hexadecane at lower relative compositions. Hydro-
carbon compounds present radical scavenging activity, i.e., antioxidant activity [2], while
terpenes (phytol; <0.27%) and sterols (stigmasta-5,22-dien-3-β-ol, acetate and stigmast-5-
en-ol, oleate; <0.82%) play a role in cosmetic applications as antibacterial, antioxidant, and
anti-inflammatory active ingredients [17]. Studies have shown a contribution of phytos-
terols (sterols obtained from plants) regarding collagen synthesis. Collagen is a protein
essential for skin formation and protection against environmental stressors, functioning
as an anti-ageing response in topical application [16]. Other works have described the
presence of various sterol molecules (e.g., stigmasterol, campesterol, β-sitosterol, and
brassicasterol) in Mo seed extracts [15,26].

Finally, Table 3 shows that the chemical composition of seed SFE-CO2 extracts was
slightly influenced by the tested extraction conditions.

3.3.2. Leaf SFE-CO2 Extracts

Experiments E4, E5 (CP), and E7 were selected for the GC-MS analyses. In total,
26 compounds were identified in Mo leaf SFE-CO2 extracts (Table 4, Figure 2b). Leaf
extracts show the presence of similar chemical groups as seed extracts, but with significant
differences in the compounds detected and their relative composition. The fatty acids group,
with a total relative composition of 29.51–31.83%, include the linolenic (18.85–20.17%),
palmitic (4.50–5.28%), and linoleic acids (3.28–3.47%). The higher fatty acid content in Mo
leaf SFE-CO2 extracts obtained in this work compared to the other studies [25,36] may be a
consequence of extraction conditions, environmental effects, and agriculture practices. The
high unsaturated fatty acid content (linolenic and linoleic acids) makes the Mo leaf extracts
a potential alternative for skin hydration and a protective barrier against pollution effects,
mainly due to their antioxidant and antimicrobial activities [17].

Hydrocarbons are also present with a total relative composition of 34.46–36.73%, with
the most relevant compound being nonacosane (17.74–22.89%). Other recent works on Mo
SFE-CO2 extraction reported the presence of the nonacosane hydrocarbon varying from
19.10% [25] to 60.06% [36]. Nonacosane belongs to the waxy compound family located
on the leaves’ surface, and shows reduced mass transfer resistance to the supercritical
CO2 [36]. As a cosmetic ingredient, hydrocarbons have shown emollient activity and good
spreadability on the skin surface due to their high interfacial tension with water, comparable
to silicone derivatives [42]. In general, hydrocarbon-based products reduce the cosmetic
product oiliness and intensify the freshness sensation, being the waxy ingredients used
in lipstick, soft creams, and soaps [17,42]. Other hydrocarbons were also identified in Mo
leaf extracts: heptacosane (10.04–11.73%), 8-hexylpentadecane (3.55–3.75%), tetradecane
(1.31–1.46%), dodecane (0.93–1.26%), and squalane (0.37–0.52%).

Minor relative compositions were obtained for terpenoids (3.76–4.56%) and aldehydes
molecules (3.37–4.09%). The monoterpenes α-pinene, p-cymene and D-limonene could
be identified in the initial time analysis, followed by the diterpene cis-phytol and, finally,
the triterpene β-amyrone. Usually, terpenes are incorporated into cosmetic products as
essential oils to improve the odour and flavour characteristics [17]. As active ingredients,
terpene compounds show antimicrobial, anti-inflammatory, and antioxidant activities
regarding their nature and synergy with different molecules [25]. Their importance extends
to the synthesis of aldehydes. Aldehydes are formed by the oxidation of terpenes and
improve the antioxidant potential [17]. 2,4-Nonadienal, octanal, nonanal, cis, cis, cis-7, 10,
13-Hexadecatrienal, and pentadecanal were the aldehydes identified in Mo leaf extracts.

Finally, and very significantly, compounds on the tocopherols group are present in
the Mo leaf extracts, namely α-tocopherol (16.41–21.51%) and γ-tocopherol (0.27–0.36%).
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Previous works on SFE-CO2 extractions also confirm the predominance of α-tocopherol in
Mo leaf extracts [25,36], and this compound has been recognised for its benefits against skin
oxidative stress (e.g., photoaging) [15]. The improvement in the epidermis appearance can
be explained by the high antioxidant activity of the compound, higher than that observed
in tocopherol isomers such as γ-tocopherol [25]. The highest values of α-tocopherol were
found for experiments E5 and E7 (21.51% and 17.49%, respectively), both accomplished
at 55 ◦C, and correlated to the negative influence of the temperature in experiment E4
(16.41%), carried out at 65 ◦C. This result may reflect that the solubility of α-tocopherol
in CO2 decreases with increasing temperature below the crossover behaviour, usually
observed at p > 300 bar [43].

3.3.3. Root SFE-CO2 Extracts

For the root SFE-CO2 extracts, 21 compounds were identified, mostly in the fatty
acids (seven molecules, 25.70–36.11%) and sterols (nine molecules; 60.54–68.87%) (Table 5,
Figure 2c). Experiment E5 showed the highest selectivity regarding the main compounds:
γ-sitosterol (27.68%), campesterol (19.61%), and stigmasterol (14.08%). Previous works,
using different solvent extraction methods, reported a higher overall number of identified
compounds, but with lower selectivity for the main sterol compounds. Agboke and
Attama (2016) [44], using cold hexane as solvent, identified 45 molecules, among which
stigmasterol and campesterol reached 4.44% and 3.46%, respectively. The same behaviour
can be observed for petroleum ether and dichloromethane extracts, which resulted in
39 and 63 compounds, respectively [45], but with a lower relative concentration of sterols
such as campesterol (6.97%).

The highest relative concentration of fatty acids (36.11%) was obtained at the highest
pressure, mainly due to the contribution of oleic acid (12.30%) and ethyl palmitate (8.08%).
Although scarce, in previous works on Mo root phytochemicals, the presence of palmitic
and linoleic acids has also been reported [44].

3.4. Selection of the Most Promising Extracts for Further Studies

Mo seed, leaf, and root were subjected to SFE-CO2 extraction, with the application of a
DOE optimisation methodology (Table 1). Three experiments were selected from each plant
part using the extraction yield criteria. The extracts’ characterisation was accomplished
by GC-MS analysis (Tables 3–5), and more than six classes of molecules were identified. A
high relative concentration of oleic acid, α-tocopherol, and γ-sitosterol were identified for
seed, leaf, and root extracts, respectively. These compounds have been related to promising
bioactivities, being useful to improve fine chemistry formulations, such as cosmetics. In
addition, green solutions have been applied to extract natural ingredients from plants,
therefore increasing their market value. Literature findings highlight extracts obtained by
SFE-CO2 technology, mainly due to their highly appreciated characteristics for cosmetic
applications (e.g., safe and thermal stable extracts) [17].

The previous results and analyses in this work suggest a low affinity between su-
percritical CO2 and root phytochemicals, reflected in the low extraction yield. Therefore,
further mass quantification was limited to the Mo seed and leaf target main compounds,
i.e., oleic acid, linolenic acid, nonacosane, and α-tocopherol (Table 6). Both central points
did not present significant differences between them (data not shown), reflecting on the
reliability of the data.

At 195 bar and 55 ◦C (E5, CP1), Mo seed extract reached 4.77 mg·g−1 of oleic acid. The
experiment resulted in a significant difference (α = 0.05) compared to E3 and E7 (7.28 mg·g−1

and 8.04 mg·g−1, respectively). High pressures have indicated a higher solvation effect on
oleic acid extraction, relating to the solubility of oleic acid in CO2 [46]. Increases in oleic
acid solubility have been associated with higher CO2 densities. At the range of pressures
and temperatures tested in this study, oleic acid presented solubility values from 0.18 to
43 g·kg−1 of CO2 [46].
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Table 6. Mass composition of target compounds obtained by SFE-CO2 from Mo seed and leaf.

Plant Part Compound
Mass (mgcompound·gplant part

−1)

E3 E4 E5 (CP) E7

Seed Oleic acid 7.28 a - 4.77 b 8.04 a

Leaf

Linolenic acid

-

2.73 b 2.24 c 3.10 a

Nonacosane 0.45 a 0.33 b 0.46 a

α-tocopherol 0.17 b 0.20 ab 0.21 a

Calibration curves: oleic acid (y = 2.48 × 109x – 2.86 × 108; R2 = 0.9939; LOD = 7.16 × 10−2 g·L−1;
LOQ = 2.17 × 10−1 g·L−1), linolenic acid (y = 2.86 × 109x – 1.79 × 108; R2 = 0.9969; LOD = 2.78 × 10−2 g·L−1;
LOQ = 8.43 × 10−2 g·L−1), nonacosane (y = 5.95 × 109x – 1.54 × 107; R2 = 0.9966; LOD = 6.44 × 10−3 g·L−1;
LOQ = 1.95 × 10−2 g·L−1), α-tocopherol (y = 1.04 × 1010x – 7.87 × 106; R2 = 0.9996; LOD = 6.18 × 10−4 g·L−1;
LOQ = 1.87 × 10−3 g·L−1). Averages with different letters in the same column indicate significant differences
with α = 0.05. E3: 250 bar and 65 ◦C, E4: 250 bar and 45 ◦C, E5: CP: 195 bar and 55 ◦C, E7: 273 bar and 55 ◦C.

Linolenic acid (3.10 mg·g−1) and nonacosane (0.46 mg·g−1), identified in Mo leaf
extract, also presented the highest extraction yield at 273 bar, with significant differences
compared to E5. However, a distinct behaviour could be observed for the α-tocopherol
mass composition. A significantly lower amount was obtained at 250 bar and 65 ◦C
(E4) compared to the E5 and E7 experiments, both performed at 55 ◦C. The quantified
values confirm the negative effect of high temperatures, possible correlated to the thermal
degradation process and lower α-tocopherol solubility in CO2 [43]. No statistical differences
were noticed between the E5 (central point) and E7, although the highest α-tocopherol
mass composition (0.21 mg·g−1) obtained at a higher pressure condition. According to the
extraction conditions applied in this work, the solubility of α-tocopherol in supercritical
CO2 was between 0.13 µg·kg−1 and 1.83 µg·kg−1 of CO2 [43].

Therefore, the mass composition and statistical analyses of oleic acid and α-tocopherol
extracted by SFE-CO2 will be considered for further studies. The compounds have shown
the best statistical efficiency for E3 (250 bar, 45 ◦C) and E5 (195 bar, 55 ◦C), using Mo seed
and leaf samples, respectively.

The potential use of the two target compounds as cosmetic ingredients were also
investigated by correlating the compounds and bioactivities. The online Scopus database
was used to export the literature occurrences of the selected keywords: Mo, oleic acid, and α-
tocopherol (Figure 3a), as well as cosmetic, oleic acid, and α-tocopherol (Figure 3b). In both
cases, the analyses resulted in two different clusters, suggesting a higher correlation among
Mo, oleic acid, and α-tocopherol, although all connected to the antimicrobial, antioxidant,
and antineoplastic activities. Cosmetic keyword has also evidenced the antioxidant capacity
over the presence of the target compounds, increasing the prospect of using Mo extracts as
ingredients for topic applications.
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Figure 3. Correlation among the relevant compounds—oleic acid, α-tocopherol—to use as cosmetic
ingredients, identified in Mo seed and leaf SFE-CO2 extracts, and their bioactivities reported in scien-
tific works during 2000 to 2022 (obtained on free online Scopus database, October 2022). Keywords:
(a) Moringa oleifera, oleic acid, α-tocopherol, and (b) cosmetic, oleic acid, α-tocopherol. Clusters are
represented by different colours using selected keywords in, at least, five occurrences. Larger circles
represent higher keyword occurrences. Thicker lines represent higher correlation among keywords.
Figure created in VOSviewer (version 1.6.18, Leiden, The Netherlands).

4. Conclusions

In this work, extracts obtained from the leaves, seeds, and roots of Moringa oleifera
L. tree, using supercritical fluid extraction with CO2 as solvent, were studied as potential
cosmetic ingredients. The extraction resulted in yields between 0.12–3.38%, 0.22–1.83%, and
0.02–0.18%, respectively. Seed extracts showed the presence of oleic acid, while the leaves
presented a rich composition in linolenic acid, nonacosane, and α-tocopherol, and the roots
were found to be composed mainly of γ-sitosterol, campesterol, and stigmasterol. The
RSM optimisation revealed 250 bar at 45 ◦C and 195 bar at 55 ◦C as the optimal extraction
conditions to improve the richness of the target compounds in the respective extracts—oleic
acid in seeds and α-tocopherol in leaves—and the pressure significantly influenced the
results. Moreover, temperature increase reduced the solvation power of CO2 upon the total
extraction yield from seeds and the α-tocopherol content from the leaf extract. The results
also suggested a low solubility of the recovered compounds regarding the supercritical CO2,
mainly represented by sterol molecules. Therefore, the optimised Mo seed and leaf SFE-
CO2 extracts have been selected for further studies as ingredients for cosmetic purposes,
since they present a set of biocompounds useful to ensure photoprotective, moisturising,
and skin-lightening properties.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/separations10030210/s1, Figure S1: predicted and observed data fit
for SFE-CO2 extracts obtained from Mo (a) seed, (b) leaf, and (c) root samples.
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