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Abstract: The objective of this work was evaluation of the supercritical antisolvent extraction (SAE)
process to generate microparticles with antioxidant activity from Moringa leaves. A biodegradable
polymer was used as an inductor of particle precipitation. An ethanolic extract of 25 mg/mL was used
in the SAE process, during which the influences of pressure (100–200 bar), temperature (35–55 ◦C)
and extract–polymer ratio (0.11–0.33) on particle size and antioxidant activity were evaluated. An
extract flow rate of 3 mL/min, a supercritical CO2 (scCO2) flow rate of 30 g CO2/min and a nozzle
diameter of 100 µm were kept constant. The identification of several compounds of Moringa leaves,
namely, coumaric acid and quercetin 3D glucoside, were determined with ultra-performance liquid
chromatography coupled with mass spectrometry. The antioxidant activity of the extract and the pre-
cipitates was measured with 2,2-Diphenyl-1-picrylhydrazyl. Spherical microparticles with diameters
in the range of 2–5 µm were obtained, with moderate antioxidant activity.
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1. Introduction

Such is the interest in functional foods, the vegetarian and vegan diet, the increase in
intolerances and allergies and the rise of green cosmetic manufacturing that new insight
on the investigations of plants and natural products has had exponential growth in the
scientific community [1].

The “tree of life”, as Moringa oleifera is known, is the focus of such different strategic
sectors as food, nutraceutics and pharmaceutics due to its nutritional features and proper-
ties. Its composition satisfies the daily amounts recommended for many nutrients, and thus,
it is a great hope to eradicate malnutrition all over the world [2]. Moringa oleifera contains
carotenoids, tocopherol, flavonoids, phenolic acids and minerals. Its main compounds
are quercetin, vanillin, gallic acid, cumaric acid, ferulic acid, sinapic acid, kaempferol and
glucosinolates, among others [3–5]. This tree belongs to the Moringaceae family and has
been traditionally cultivated in tropical and subtropical areas all over the world. It is
fast-growing and drought-resistant and thus is an appropriate plant for cattle and even
fishes of arid areas [6]. In this sense, it is considered a superfood, with more than ninety
chemical nutrients. Its seeds have high content of protein and lipids as oleic, palmitic and
stearic acid. Thus, the oil of the seed is already used to generate biodiesel [2]. Moreover, the
plant has high content of carbohydrates and fiber. Because of this, it is already employed in
the poultry industry as a supplement to produce antioxidant-enriched meats. However, the
leaves have high content of potassium, calcium, retinoic and ascorbic acids, iron, protein
and polyphenols, and its flowers have also high content of tannins and polyphenols as
flavonoids [7,8] to be used in biomedical application.

With regard to applications in biomedicine, polyphenols present in Moringa oleifera
have achieved blocking of carcinogenic cells through DNA reparation mechanisms and
improving protective-enzyme production [9]. It has also been demonstrated that consump-
tion of Moringa leaves reduces hepatic illness produced by drugs, can serve as a substitute
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for antibiotics and can even serve as an antidepressant in ethanolic extract, making sure
its valorization to become a potential product [10]. Moringa leaves were chosen in this
study due to being a main source of such flavonoids as quercetin and kaempferol, whose
proportion is variable according to recollection time and culture area [11].

One of the few green processes to generate Moringa-leaf nanoparticles was carried
out by Virk et al. [12] using a process of two steps: dried Moringa-leaf powder was added
to methanol, and then this solution was sprayed at a rate of 0.2 mL/min with boiling
water under ultrasonic conditions for 5 min, then freeze-dried. However, conventional
methods of obtaining natural products from waste carry great associated consumption of
energy and solvents, which produces great environmental contamination, risks for health
and higher time and economic expenses. Moreover, part of the product could be lost
during the long evaporation steps. In this way, supercritical fluid technology removes
the main drawbacks of conventional methods, obtaining a better product, conserving
its properties and minimizing risks for environmental media. Use of supercritical CO2
methods produces high selectivity of natural products and complete separation of solvent
and matrix [13]. Particularly, the supercritical antisolvent extraction (SAE) process is a
fractioned precipitation based on polar compounds as polyphenols, which are related to
numerous biological properties.

Application of the SAE process to a natural liquid extract to obtain particles requires
two conditions: the liquid solvent has to be miscible or partially miscible in supercritical
CO2 (scCO2), and the compounds present in the plant material must not be soluble in
CO2. In this process, the liquid extract is pumped through a nozzle to a vessel that
is already filled with scCO2. Then, a rapid mass transfer of organic solvent between
the generated microdroplets and bulk CO2 is produced, leading to supersaturation of
the solution and powder precipitation through the antisolvent effect. Moreover, this
precipitated powder often has better properties of antioxidant activity than the original
extract. In this way, potent antioxidant microparticles from olive [14,15], eucalyptus leaf [16]
and grape residues [17] have been produced. Spherical nanoparticles were successfully
precipitated, composed of polyphenols with high antioxidant activity, from mango [18,19]
and orange leaves [20]. SAE has also been used to generate particles from such plants as
Achillea millefolium [21] and Curcuma longa [22].

Some authors have even encapsulated natural extracts with polymers, such as
Machado et al. [23], who generated submicron particle composites from grape residue
extract and polyvinylpyrrolidone (PVP). In this way, Guaman-Balcazar et al. also formed
an encapsulation of mango-leaf particles with PVP [24]. Visentin et al. achieved encapsula-
tion of rosemary antioxidants [25] and Santana and Meireles achieved coprecipitation of
turmeric extracts [26].

Microcapsules of flavonoids from Moringa were prepared with xylose-modified soy-
bean protein isolate and gelatin as wall materials but with a previous deep eutectic solvent
(choline chloride–urea) extraction from Moringa leaves [27]. Other authors have even
achieved encapsulation of Moringa leaf extract in biopolymers through ionic gelation.
This is why automatic solvent extraction using an 80% wt. ethanol solution was carried
out in order to extract active material from the plant in a previous step. Then, the active
material was covered in chitosan/alginate in the presence of calcium chloride via ionic
gelation [28]. However, the use of chloride compounds moved both of these processes
away from green-process methods.

Formation of particles depends mainly on the pressure and temperature inside the
vessel, the concentration of the extract and liquid/CO2 solution flow rate ratios, but
the success of the process depends enormously on the concentration of the extract. It
is necessary for the liquid extract to be concentrated enough to achieve power in the
collection vessel. In this sense, PVP has already been used as promotor to force supercritical
precipitation of the extract [29].

The aim of the study described here was to obtain natural microparticles with notable
antioxidant activity through the SAE process applied to Moringa-leaf extracts obtained
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through maceration. The identification and quantification of several compounds present in
Moringa-leaf precipitated particles were addressed. Moreover, the influences of the SAE
process’ main parameters on particle size and antioxidant activity were investigated.

2. Materials and Methods
2.1. Solvents

For this experiment, 2,2-Diphenyl-1-picrylhydrazyl (DPPH), gallic acid (≥99%),
mangiferin (≥98%), quercetin 3-β-D-glucoside (≥90%), epigallocatechin gallate (≥95%),
vitexin (≥95%), kaempferol (≥99%), kaempferol 3-glucoside (≥90%), cumaric acid (≥98%),
ferulic acid (≥99%), sinapic acid (≥99%) and polyvinylpyrrolidone (average mol.wt 40,000)
were purchased from Sigma-Aldrich (Steinheim, Germany). Ethanol, acetonitrile and
formic acid (HPLC grade) were supplied by Panreac (Barcelona, Spain). CO2 with a
maximum purity of 99.8% was obtained from Linde (Jerez de la Fra., Spain).

2.2. Plant Material

Moringa oleifera leaves were collected in February 2021 by Connatur in Conil de la Fra.
(Cádiz, Spain). Then, the leaves were dried until loss of weight became constant. The leaves
were crushed in an electric grinder until they became a powder with an average particle
diameter of 500–750 µm. Finally, the leaves were kept in a dry place, at room temperature
and without light to preserve their unaltered properties.

2.3. Preparation of Moringa-Leaf Extract

The extract preparation was carried out through maceration of leaves in ethanol with
magnetic stirring for 3 h at 40 ◦C. Then, the ethanolic solution was vacuum-filtered. The
final concentration was 26.7 mg/mL.

2.4. Design of Experiment

A design of experiment (DOE) was applied to clarify the influences of the pressure and
temperature inside the vessel and the polymer ratio on the particle size and antioxidant
activity of the particles obtained through the SAE process. The Statgraphics 19 Centurion
application (The Plains, VA, USA) was used to analyze the design. A mixture-level factorial
design (3 × 22) with 12 factor points and two central points was implemented at random.

Two levels of pressure (P) (100–200 bar) and temperature (T) (35–55 ◦C) inside the
vessel and two levels of extract–polymer ratio (r) (0.11–0.33) of liquid solution injected
into the vessel were the main parameters evaluated regarding the success of Moringa-leaf
precipitation and optimization of particle size distribution. The nozzle diameter (100 µm),
the CO2 flow rate (30 g/min), the liquid solution flow rate (3 mL/min) and the contact time
(60 min) were kept at constant values. The operating conditions used for the SAE process
are shown in Table 1.

2.5. Supercritical Antisolvent Extraction (SAE)

The SAE technique was used to precipitate particles from Moringa leaves. All of the
experiments were carried out in a pilot plant developed by Thar Technologies® (Pittsburgh,
PA, USA) (SAS200), the scheme of which is shown in Figure 1. The apparatus was equipped
with two high-pressure pumps: one for CO2 pumping and another one for pumping
extract into the vessel. An electric heater and a heater exchanger were used to manipulate
the CO2 temperature. The stainless-steel-made precipitator vessel (0.5 L) was provided
with a pressure gauge. The vessel consisted of a main body and a frit. The pressure
was controlled with an automated high-precision back-pressure regulator via software. A
separator (0.5 L) with a pressure gauge and a manual back-pressure regulator were located
at the end of the process to carry out separation of solvent and CO2 once pressure was
released. Moreover, two electrical heating jackets surrounded the precipitator vessel and
the separator, respectively, to control the temperature in the precipitation process and in
the solvent separation process.
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Table 1. Design of experiment.

Run P (bar) T (◦C) Moringa:PVP Ratio (wt:wt) MPS (µm) Extract Load (%) AAI

1 200 55 0.11 3.02 ± 1.78 9.38 0.12
2 150 35 0.33 Agglomerated
3 100 35 0.11 Agglomerated
4 100 55 0.33 2.91 ±2.67 11.50 0.25
5 200 35 0.33 2.76 ± 2.10 12.09 0.41
6 150 45 0.16 2.00 ± 1.25 12.38 0.34
7 100 55 0.11 ---
8 200 35 0.11 3.06 ± 2.16 10.24 0.22
9 150 35 0.11 Agglomerated

10 100 35 0.33 ---
11 150 45 0.16 Agglomerated
12 150 55 0.33 5.32 ± 2.25 12.97 0.29
13 150 55 0.11 2.77± 1.80 8.78 0.18
14 200 55 0.33 2.63 ± 1.56 9.16 0.17

Figure 1. Schematic diagram of SAS 200 pilot plant.

The process operated in a semicontinuous way, and all of the experiments were
carried out as follows: CO2 was pumped into the vessel and the electric heater was
switched on. Once the operating temperature and pressure were achieved in the vessel,
the extract solution with PVP was pumped into the vessel and sprayed through a nozzle
with a diameter orifice of 100 µm. Then, a rapid mass transfer happened between the
microdroplets of extract solution and the bulk CO2, causing supersaturation of the solution
and precipitation on the wall and frit of the vessel via the antisolvent effect. Then, fresh
CO2 continued flowing for a period of time, namely, washing time, to remove the solvent
from the CO2 and avoid redissolution of the precipitates in the depressurization step.

2.6. Particle Size Distribution

A Nova NanoSEMTM 450 scanning electron microscope (SEM) was used to determine
the sizes and morphologies of the Moringa-leaf precipitates. Prior to the analyses, the
particles were coated with a 20 nm film of gold using a sputter coater. Scion image
4.0-analysis software (Scion Corporation) was used to process the SEM images in order to
obtain the mean particle size diameters.
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2.7. Antioxidant Activity Assay with DPPH

Antioxidant activity was determined using the method described by Scherer and
Godoy [30]. In this method, the ability of Moringa leaves to scavenge DPPH free radicals
was evaluated. In total, 90 µL of six samples at different particle concentrations were mixed
with 3510 µL of 6 × 10–5 mol DPPH/L ethanol (mother solution of DPPH). These solutions
were mixed and allowed to react in the absence of light for 3 h. The final absorbance was
measured at 517 nm. Then, a standard curve for the DPPH was prepared at different
concentrations between 7 × 10–5 and 6 × 10–6 mol/L in order to quantify the antioxidant
capacity. All procedures were performed in triplicate.

Then, the remaining DPPH percentage was determined with Equation (1). In this
equation, CDPPHo is the initial DPPH concentration (before the reaction) and CDPPHt is the
final DPPH concentration (at the end of the 3 h reaction):

% DPPH remaining =
CDPPHt

CDPPHo
× 100 (1)

The sample concentrations were plotted against the % DPPH remaining, and the
IC50 value was calculated graphically using a polynomial fitting curve. Thus, antioxidant
activity was expressed as the antioxidant activity index (AAI) using Equation (2).

AAI =
CDPPHt

IC50
(2)

2.8. Extract Load

The composition of the particles precipitated was measured with UV-VIS spectropho-
tometry. Due to the extract being composed of a lot of compounds with different maximum
absorptions in the visible region, measurements were focused in the UV region, which
contains PVP’s maximum absorption (206 nm). A calibration curve for the PVP was carried
out in acidulated water (pH 1.2). Then, 15 mg of each sample was completely dissolved
over 2 h in 20 mL of acidulated water. The composition of each sample was calculated as an
extract percentage comparing the total amount of sample to the amount of obtained PVP.

2.9. Moringa-Leaf Particle Composition

The analysis of the chemical composition of the Moringa-leaf particles was carried
out with an Acquity™ ultra-performance liquid chromatography system (Waters, Milford,
MA, USA) coupled with Xevo™ G2 QTof MS quadrupole–time-of-flight mass spectrometry
(Waters, Milford, MA, USA). Analyses were processed with MassLynx version 4.1 software:
the Target Lynx version. For quantification of compounds, a reverse phase column (Acquity
UPLC BEH C18, 2.1 mm × 100 mm, 1.7 µm particle size) from Waters was used. The
temperature of the column was set at 45 ◦C. The injection volume was set as 2 µL, and
the solvent flow rate through the column was set at 0.4 mL/min. The phase gradient of
the binary system phases, based on solvent A (water + 0.1% formic acid) and solvent B
(methanol), was as follows: initial time, 95% A at 5 min, 30% A from 5 to 6 min, 5% A from
6 to 7 min and 95% A from 7 to 10 min. Electrospray was operated in negative ionization
mode with a mass range of 100–1200 Da, using 2.5 kV of capillary voltage, 40 V of cone
voltage and 120 ◦C as the source temperature. Before analysis, the samples were filtered
using a 0.2 µm nylon-made syringe filter. Sample injections were performed in duplicate.
In Table 2, the calibration curves for the different commercial standards and retention times,
which were used to detect and quantify different compounds, are shown.
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Table 2. The analytical characteristics for determination of Moringa-leaf compounds.

Compound Linear Equation R2

Gallic Acid y = 11.2933x − 11.8771 0.994
Epigallocatechin Gallate y = 19.5814x − 24.3043 0.990

Mangiferin y = 100.163x + 6.60468 0.999
Cumaric Acid y = 74.2688x + 214.558 0.988

Vitexin y = 97.5725x − 20.1444 0.999
Sinapic Acid y = 63.0448x + 87.5507 0.995

Quercetin 3-β-D-Glucoside y = 51.0679x − 522.173 0.996
Kaempferol y = 132.434x + 3461.71 0.934
Ferulic Acid y = 30.0034x + 117.217 0.983

Kaempferol 3-Glucoside y = 114.896x + 345.462 0.984

3. Results and Discussion

Ethanol was used instead of water or the other mixtures in previous extraction pro-
cesses due to the fact that the yield could be higher. This can be explained due to the
ethanol polarity index being lower than the water index, thus making it an effective solvent
to extract polyphenols and flavonoids [31]. Moringa-leaf extract was never precipitated
alone through the SAE process. Several experiments and conditions were tried, but liquid
and no powder were found in the vessel. In this case, PVP was utilized as an inductor of
SAE precipitation, and precipitated powder was achieved in most of the experiments, as
can be observed in Table 1. Runs 1, 4, 5, 6, 8, 12, 13 and 14 were precipitated as spherical
microparticles, as can be observed in Figure 2. The extract load of precipitates showed that
the particles were based mainly on PVP and the extracts were about 8–10 wt%.

Figure 2. Cont.
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Figure 2. SEM images of Moringa-leaf particles precipitated using the SAE process.

In this sense, the highest Moringa extract percentage had the lowest amount of polymer
in the initial solution. Due to several experiments failing, no model from the described
design could adjust the results. Several trends could be observed according to the size of
the precipitated particles, as can be observed in Table 1. The effect of the temperature inside
the vessel on particle size could be elucidated from observing runs 1 (3.02 ± 1.78 µm), and
8 (3.06 ± 2.16 µm) and runs 5 (2.76 ± 2.10 µm) and 14 (2.63 ± 1.56 µm). In both pairs of
experiments, it can be seen that there is no significant difference between the runs, and this
fact is independent of the polymer ratio.

With regard to pressure’s effect on particle size, it seems that at higher amounts of
polymer, as in runs 1 (3.02 ± 1.78 µm) and 13 (2.77 ± 1.80 µm), particle size of precipi-
tates increases as pressure increases. However, at lower amounts of polymer, as in runs
12 (5.32 ± 2.25 µm) and 14 (2.63 ± 1.56 µm), when pressure increases, particle size of pre-
cipitates decreases. This fact is corroborated if runs 4 (2.91 ± 2.67 µm) and 14 are compared.
The significant difference test showed that these pairs of runs were not significant at a
confidence level of 10%. In order to evaluate the polymer ratio, runs 1 (3.02 ± 1.78 µm) and
14 (2.63 ± 1.56 µm) can be compared, reflecting that no significant difference was found
here either.

On the other hand, the Moringa-leaf extract and most of the spherical precipitates
were analyzed for their radical scavenging activity with the DPPH assay, as summarized in
Table 1. The antioxidant activity index (AAI) of the extract (0.62) was considered moderated,
based on a study by Scherer and Godoy [30].

Zullaikah et al. [31] used subcritical extraction with ethanol and different water–
ethanol mixtures to extract compounds from Moringa leaves. In that case, the highest IC50
that was obtained was 87 µg/mL. This happened when 96% ethanol was used (the higher
the IC50, the lower the AAI, as can be observed in Equation (2)). In our case, the IC50 for
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the extract was 15.38 µg/mL; thus, our conventional extraction using ethanol had a higher
antioxidant capacity. The main explanation of this difference in antioxidant activity, even in
using the same solvent for extraction, is due to the temperature difference in the processes.
In our process, the extraction temperature was set to 40 ◦C, and Zullaikah et al. used
200 ◦C, which could have damaged polyphenols and flavonoids responsible for antioxidant
properties. Moreover, using these levels of temperature (five times higher) enormously
increases the costs of the extraction process.

For that reason, Ping et al. [27] used a deep eutectic solvent (choline chloride–urea)
to improve extraction of flavonoids from Moringa leaves efficiently. Nine flavonoids,
hyperoside, vitexin, quercetin, cynaroside, quercetin, 3-β-d glucoside, kaempferol, taxifolin,
luteolin and fisetin, were identified, achieving an IC50 of 64.1 µg/mL. This IC50 value
improved upon that from Zullaikah et al. (87 µg/mL) [27] but did not improve the IC50
of the present work (15.38 µg/mL). This process included the handicap of using chloride
solvent for the extraction.

On the other hand, the precipitates showed a low AAI, as can be observed in Table 1.
In previous work, precipitates from ethanolic extract leaves had higher AAIs than the
original extract due to selective precipitation and concentration in compounds in which
a higher AAI was produced. In this sense, very-strong-antioxidant mango-leaf nanopar-
ticles (AAI = 4.71) [13,19], very-strong-antioxidant eucalyptus-leaf submicron particles
(AAI = 2.40) [16] and strong-antioxidant olive-leaf microparticles (AAI = 1.56) were
achieved [14].

In this work, the opposite trend was observed, and the Moringa-leaf extract had
a higher AAI than its precipitates, which could have been due to the lower amount of
extract in the particles; thus, the amount of extract could have been underestimated in the
DPPH method. In general, the experiments with higher percentages of Moringa particles
had higher AAIs (runs 5, 12 and 14) than the rest. In Table 3, six compounds that were
present in the Moringa-leaf precipitates can be observed. It can also be observed that these
compounds were not quantified in the same precipitate but alternatively in the composites.
For instance, in run 5, which had a higher AAI, quercetin 3-β-D glucoside, epigallocatechin
gallate, gallic acid and vitexin were quantified. The mass spectra of the corresponding
chromatogram of this run are shown in Figure 3.

Table 3. Identified compounds in precipitates via UPLC-MS.

Sample
Mangiferin Quercetin 3-β-D

Glucoside Vitexin Epigallocatechin
Gallate Coumaric Acid Gallic Acid

µg/L

Run 1 0.2 --- 0.4 3.1 --- 17.5
Run 4 --- 1.6 0.3 2.5 --- 17.7
Run 5 --- 7.3 0.5 2.3 --- 16.7
Run 6 --- --- 0.4 2.6 3.9 15.9
Run 8 0.4 1.8 0.4 2.2 --- ---

Run 12 --- --- 0.7 --- --- 17.1
Run 13 --- --- 0.4 2.4 --- ---
Run 14 0.9 --- --- 2.2 --- 16.7

However, run 5 had a percentage of extract lower than that of run 12, but the AAI was
higher in the case of run 5 (0.41). For that reason, not only the amount of extract but also
the amount of compounds with antioxidant activity governs the antioxidant properties of
composites. Considering this, four compounds that could have been present in these leaves
were not precipitated in any case; sinapic acid [32], ferulic acid [33], kaempferol [34] and
kaempferol 3-glucoside [35] with notable antioxidant activity were not identified.
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This fact could be the reason why the antioxidant activity was not very high. Particu-
larly, ferulic acid, which is formed via partial etherification of caffeic acid, has a relative
higher solubility in scCO2 than do other hydroxycinnamic acids. This difference in solubil-
ity is due to removal of a hydroxyl group, and this compound was probably removed with
CO2 in the washing step [36]. In this way, kaempferol and its derivative could be extracted
through supercritical CO2 in this washing [37]. However, sinapic acid has low solubility
values in supercritical CO2 of the molar order of 10−8. Thus, it would be a candidate to be
precipitated in the SAE process. These phenolic compounds increase solubility in scCO2
for the presence of cosolvents [38] and could be dissolved together with ethanol in the
antisolvent process.

4. Conclusions

Spherical Moringa-leaf microparticles were precipitated from Moringa ethanolic ex-
tract with the aid of PVP as a precipitation inductor. The particles were precipitated in the
range of 2–5 µm. It seems that pressure, temperature and polymer ratio do not significantly
influence particle size at the assayed levels at a confidence level of 10%. Antioxidant
activity of particles seems to be related to the proportion of PVP in the final composite.
Thus, Moringa-leaf extract has higher antioxidant activity and the precipitates with higher
polymer content have lower activity. Six compounds were identified in Moringa-leaf
precipitates, and in general, the majority was gallic acid, followed by epigallocatechin
gallate. Coumaric acid and quercetin 3D glucoside were identified in higher proportions in
some precipitates.
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