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tion methods.

An ideal extraction method should be swift, yield quantitative recovery without degradation, and the
extracts should be easily separated from the solvent. The development and application of alternative green
technology to replace conventional extraction methods with improved extraction efficiency and low en-
vironmental impact for the determination of natural bioactive compounds is therefore, highly important.
Supercritical fluid technology offers features that overcome many limitations of conventional extrac-

This review presents an analytical overview regarding the application of supercritical fluids in the

extraction of bioactive compounds and their operative extraction conditions, along with the investiga-
tion of further improvements on the extraction efficiency and the applied techniques for the structural
characterization and identification of such bioactive compounds.
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1. Introduction

The quest for bioactive compounds from natural sources has been
driven by scientific research of these targeted molecules against a vast
array of diseases besides their use in food science and technology.
The increasing evidence correlating diet and chronic illnesses, the lim-
itation imposed on the application of food additives produced from
synthetic chemicals as well as their banishment in some food prod-
ucts, made incorporation of natural food additives as one of the most
important trends in the food industry today [1-4]. Many com-
pounds extracted from natural sources have been shown to possess
several bioactive applications, such as antimicrobial, antibacterial, an-
tifungal, antiviral, anti-inflammatory, antitumor, anti-obesity,
anticholinesterase, phagocytotic, insecticide, and antioxidant functions.

* Corresponding author. Tel.: +351 918902338; Fax: +351 234 370 084.
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http://dx.doi.org/10.1016/j.trac.2015.11.013
0165-9936/© 2015 Elsevier B.V. All rights reserved.

One of the most studied bioactivities is the anti-proliferative ac-
tivity of polyphenols. Phenolic compounds extracted from Rosmarinus
officinalis is one case study that revealed antitumor activity, mainly
due to the presence of several phenolic compounds, such as rosmarinic
and carnosic acids, carnosol, rosmanol, epirosmanol and methyl
carnosate among others [5]. Pharmacological studies performed with
Codia verbenacea have revealed anti-inflammatory activity, and this
effect was credited to the presence of a-caryophyllene and trans-
caryophyllene [6]. Another example is the antiviral properties obtained
from thyme species (Thymus vulgaris, Thymus hyemalis and Thymus
zygis) that have been associated with a high percentage of thymol,
carvacrol and borneol present in the extracts [7]. Salvia officinalis
represents another case study that have shown anti-inflammatory
capabilities that were linked to camphor, borneol and 1,8-cineol [8].
Perillyl alcohol, a hydroxylated monocyclic monoterpene, found in
Prunus avium, has been shown to be effective against the formation
and progression of a variety of cancers [9]. Table 1 presents a com-
pilation of different chemical class structures of selected bioactive
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Table 1

Selected examples of bioactive structures of natural products extracted from several sources
Compound Organism Class/structural biogenic type Structure Reference
Carnosol Rosmarinus officinalis L. Phenolic diterpene [5]
a-caryophyllene Cordia verbenacea Sesquiterpene [6]
Carvacrol Thymus vulgaris, Thymus hyemalis and Thymus zygis Phenolic monoterpenoid [7]
Camphor Salvia officinalis Terpenoid [8]
Perillyl alcohol Prunus avium Monoterpene [9]

compounds extracted from different sources that embody distinct
bioactive applications.

The medicinal and pharmacological actions are often depen-
dent on the presence of bioactive compounds called secondary
metabolites [10-12]. Unlike the universal macromolecules of primary
metabolism (e.g. monosaccharaides, polysaccharides, amino acids,
proteins and lipids), which are commonly present in all organ-
isms, secondary metabolites have a far more limited distribution
in nature, are not necessarily produced under all conditions, and
can only be found in specific organisms or group of organisms. The
organism can produce these compounds either to protect itself
within its own living ecosystem or they can play a basic role on its
everyday existence while revealing bioactivity in unrelated biolog-
ical systems. Although these compounds may have some vital role
on the welfare of the producer, in the vast majority of cases their
benefit to the organism is not yet known [13-16].

Secondary metabolites with reported medicinal properties consist
of waxes, fatty acids, alkaloids, terpenoids, phenolics (simple phe-
nolics and flavonoids), glycosides and phytosterols [10,16].

In order to obtain compounds with bioactive interest, the ex-
traction and recovery of a solute from a solid matrix can be
accomplished by a three-stage process: (1) local desorption of the
solutes and their solubilization; (2) internal solute diffusion through
the solid phase until its surface; and (3) external solute diffusion
through the film. To achieve an efficient and adequate strategy of
extraction, careful control of analytical conditions and optimiza-
tion of each step is required, specifically, the sample collection should
be carefully controlled as it is often neglected when compared to
the handling of samples in the laboratory [17]. Moreover in ma-
trices such as plant materials the extraction rate may be limited by

either the solubilization or the diffusional step. Therefore, the op-
timization approach will strongly depend on the nature of the
studied matrix [4,17,18]. Additionally, and despite the long prac-
tice history of herbs and other natural medicine, the utilization of
a whole plant or any other crude preparation for experiments can
possess several drawbacks. A simple variation on the collected
biomass geographical area, harvest season, used/studied morpho-
logical part as well as climate and ecological system, can alter the
constitution of the extract and therefore its bioactive capabilities.
Furthermore, bioactivity changes or degradation due to inconsis-
tency in collection, storage, and preparation of the raw material can
also represent a weakness in the process of isolating biologically
active products [15].

Apart from the matrices nature, the quality of the extract depends
also on several other factors. The type, time and temperature of ex-
traction, as well as the solvent nature and the solvent-to-sample
ratio will affect the quantity and the composition of the extract. A
good solvent includes low toxicity, low boiling point, rapid mass
transfer of the solutes, conservative action and inability to cause
the extract to complex or dissociate. In order to choose a solvent
wisely, one must take into consideration the quantity of com-
pounds to be extracted, the rate of the extraction, the diversity of
extracted compounds, the ease of handling, the level of toxicity to
the bioassay process, and the its health hazardous potential [19].

Conventional extraction methods such as Soxhlet and macera-
tion using hazardous liquid solvents such as dichloromethane and
methanol are time consuming and usually require several hours or
even days to achieve a complete extraction [20]. Pedersen et al. [21]
investigated the Soxhlet extraction of acrylamide from potato chips
which took 7 days to achieve a constant concentration of the targeted
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compound. Conventional extractions also result in dilute extracts,
thus demanding concentration of the extracted solute in the liquid
solvent, and they may not result in quantitative recovery of the target
solutes. Moreover, an ideal extraction method should be swift, yield
quantitative recovery of target solute without degradation, and the
solvent should be easily separated from the solute. Therefore, the
development of alternative green analytical techniques has become
a hot research topic in order to replace conventional extraction
methods [3].

Green extraction has been focused mainly on the discovery and
design of new extraction processes with reduced energy require-
ments, resorting to non-hazardous alternative solvents and
renewable natural products while ensuring a safe and high quality
extracts [22]. Supercritical fluid extraction (SFE) provides attrac-
tive features overcoming many of the limitations of conventional
extractions [18,20]. Several reviews have been published on SFE fun-
damentals, experimental design and specific applications on food
processing, surface coating analysis, vegetable matrices, extrac-
tion of metals as complexes, functional ingredients from natural
sources, constituents of fish oil and decontamination of hazard-
ous substances [3,23-41]. Therefore, taking the present framework
into consideration there is still scope and interest in the publica-
tion of a review article covering the supercritical fluid extraction
of natural compounds from both terrestrial and marine origin
having several types of bioactivity, such as antioxidant, antitumor,
antibacterial, antiviral, antimicrobial, anti-inflammatory and anti-
cholinesterase. This work reviews, from an analytical standpoint in
the period from 2010 to 2015, the basic principles, advantages, and
technological advancements in the supercritical fluid extraction of
bioactive compounds from natural sources rather than a purely
process-related standpoint. Also, this review focuses specifically on
works where supercritical fluid extraction raises bioactive ex-
tracts or compounds that have been successfully chemical
characterized.

2. Supercritical fluid extraction (SFE) for the discovery of
bioactive compounds

SFE provides several operational advantages over conventional
extraction methods since it uses supercritical solvents, with differ-
ent physicochemical properties such as density, diffusivity, viscosity
and dielectric constant. Due to their low viscosity and relatively high
diffusivity, supercritical fluids have enhanced transport properties
than liquids, can diffuse easily through solid materials and can there-
fore give faster extraction rates. One of the main characteristics of
a supercritical fluid is the possibility of modifying the density of
the fluid by changing its pressure and/or temperature. Since density
is related to solubility, by altering the extraction pressure, the solvent
strength of the fluid can be modified. Other advantages, com-
pared to other extraction techniques, are the use of solvents generally
recognized as safe (GRAS), the higher efficiency of the extraction
process in terms of increasing yields and lower extraction times,
and the possibility of direct coupling with analytical chromato-
graphic techniques such as gas chromatography (GC) or supercritical
fluid chromatography (SFC) [26].

As listed in Table 2 there are several compounds that can be used
as supercritical fluids, though carbon dioxide is the most common-
ly used solvent for three major reasons: firstly, it is innocuous to
human health and to environment, respecting the sustainability cri-
teria that increasingly governs the suitability of chemical processes;
secondly, its moderate critical temperature (31.2°C) is a key issue
for the preservation of bioactive compounds in extracts; finally, the
extract is preserved from contact with air, where light reactions of
oxidation may occur [42].

Since carbon dioxide is a gas at room temperature, when the ex-
traction is completed and the system decompressed, the elimination

Table 2
Critical properties of some solvents used in SFE [26]

Solvent Critical Property
Temperature Pressure Density psce  Solubility Gskc
(°Q) (atm) (g/mL) (cal"2 cm3/2)
Carbon Dioxide 31.2 729 0.470 7.5
Ethane 324 48.2 0.200 5.8
Ethene 10.1 50.5 0.200 5.8
Methanol -34.4 79.9 0.272 8.9
Nitrous Oxide 36.7 71.7 0.460 7.2
n-Butene -139.9 36.0 0.221 5.2
n-Pentane -76.5 333 0.237 5.1
Sulfur hexafluoride 45.8 37.7 0.730 5.5
Water 1011 217.6 0.322 13.5

of CO, is achieved, yielding a solvent-free extract. On an industrial
scale, when carbon dioxide consumption is high, the operation can
be controlled to recycle it. However, because of its low polarity, CO,
is less effective in extracting more polar compounds from natural
matrices, and modifiers (also called cosolvents) are commonly used
in order to overcome this problem [27,43]. These are polar com-
pounds that, added in small amounts, can induce substantial changes
of the solvent properties of pure supercritical CO, [26,42].
Supercritical extraction basically occurs in two steps: the solubili-
zation of the chemical compounds present on the solid matrix and
its separation into the supercritical solvent. During the extraction,
the solvent flows through the packed bed, solubilizing the exist-
ing compounds present in the matrix. Afterwards the solvent exits
the extractor carrying the solubilized compounds, and by pres-
sure reduction and/or temperature increase, the extract becomes
solvent free.

According to Brunner [44] the solubilization process of a vegetal
matrix occurs in various stages. Firstly, the vegetal matrix absorbs
the supercritical solvent, swelling its cellular structure, mem-
branes and dilating the intercellular channels, leading to a drop in
the resistance to mass transfer; in the meantime, dissolution of the
extract occurs, and mass transfer takes place from the inner matrix
to its surface and the solubilized compounds reach the external
surface. These are then transported from the surface to the
supercritical solvent and finally removed from the solvent.

The optimization of SFE requires fundamental knowledge about
thermodynamic data (solubility and selectivity) along with kinetic
data (mass transfer coefficients). The kinetic representation of a SFE
is obtained from the extraction curve data, which is normally rep-
resented in a graph of accumulated extracted mass versus time of
extraction. The obtained curve depends on the process param-
eters and the phenomena that take place in the fixed bed reactor
during the extraction process.

The extraction curve trend can easily be affected by solvent flow
rate and bed particles size making it difficult to compare curves ob-
tained from different raw materials and different instrumental setups.
However, diverse information supplied by extraction curves, such
as the constant extraction rate duration, allows the comparison
between different experiments with the same substrate and equip-
ment [44].

The study of supercritical extraction curves and the knowledge
of the effects of the operational variables allow the establishment
of the extractor volume and solvent flow rate ( Qco,). According to
several researchers [45-48], the overall extraction curves (OEC), are
clearly divided into three periods (as shown in Fig. 1) controlled by
different mass transfer mechanisms:

1 Constant Extraction Rate (CER) period, where the external surface
of the particles is covered with solute (easily accessible solute)
and the convection is the dominant mechanism of mass transfer;
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Fig. 1. The three different extraction periods and its extraction curve.

2 Falling Extraction Rate (FER) period, where failures in the ex-
ternal surface oil layer appear and the diffusion mechanism starts,
operating combined with convection;

3 Low Extraction Rate (LER) or Diffusion-Controlled (DC) period,
where the external layer of oil practically disappeared and the
mass transfer occurs mainly by diffusion inside the solid particles

Porto et al. [49] in an attempt to evaluate the effect of temper-
ature under SFE (CO,) conditions such as 10 MPa and 15% water as
cosolvent obtained the overall extraction curves (phenols vs. time)
and observed that all curves exhibit the three periods (CER, FER and
DC). The authors verified that: (a) up to 120 min the extraction curves
start to diverge, (b) from 120 to 140 min a transition period where
both mass transfer and phase equilibrium control de extractions;
(c) up to 240 min a third smooth asymptotic period due to diffu-
sion phenomena where the slopes depend on particle size and
solvent flow rate. The phenols diffusion to the particle surface was
slow since it has been verified that 10% of the final extracted phenols
were deposited inside the grape marc particles. The phenols con-
centration decreased from 628.1 to 576.3 mg GAE/100 g DM with
the increase of temperature from 313.15 to 333.15 K, since an in-
crease in temperature reduce the density of the modified
supercritical CO; (scCO;) and its solvent power. The authors also es-
tablished the OEC at temperature of 313.15 K and pressure of 10
and 20 MPa in order to evaluate the effect of temperature and ob-
served that the extraction of phenols was higher at 10 MPa (403,5 mg
GAE/100 g DM) than at 20 MPa (272.4 mg GAE/100 g DM). These
results can be partially attributed to the low dispersion coefficient
of the modified scCO, which accounts for the axial and radial dif-
fusion mechanisms and to the high porosity of the extraction bed
thus reducing the contact between the solvent and the com-
pounds to be extracted causing a loss of process efficiency. From
these extraction curves the authors were able to choose the best
temperature and pressure operating conditions to extract grape marc
phenols.

Bioactive compounds which can also be referred as nutraceuticals,
due to their existence in the human diet and their biological ac-
tivity, are essential and non-essential compounds that are produced
in nature and can be shown to have a therapeutic and toxic activ-
ity on human and animal diseases [18,50]. These bioactive natural
products can be secondary metabolites produced by the organism
in order to protect itself from adverse environmental conditions,

or they can be compounds fundamental to its everyday existence
but with unforeseen activity in unrelated biological systems [15].
The astonishing versatility of supercritical fluid technology renders
it an excellent tool to obtain substances of therapeutic nature, al-
lowing the isolation and processing of drugs into new medicines
for specific drug delivery. Supercritical fluid extracts has also pro-
vided positive and promising results in applications in the food,
cosmetics and pharmaceutical industries with the production of
flavor enhancers, analgesics and anti-inflammatory drugs as well
as the search for treatments for drastic diseases such as stroke, cancer
and Alzheimer [18,39].

Table 3 shows a selection of different bioactive compounds ex-
tracted by SFE methodology from distinct sample sources where the
main bioactivities are antioxidant (41%), antitumor (18%) and an-
tibacterial activity (10%), followed by antiviral, antimicrobial, anti-
inflammatory and anticholinesterase (total of 5%).

Regarding the gathered information in Table 3, Benelli et al. [53]
obtained extracts composed mainly of L-limonene, palmitic acid,
oleic acid, n-butyl benzenesulfonamide and B-sitosterol (chemical
profile obtained by gas chromatography coupled to mass spectrom-
etry analysis (GC-MS)) that showed high potential as an inhibitor
of microorganism growth (Staphylococcus aureus and Escherichia coli)
especially at extraction conditions of 50°C and 200 bar. Jayashankar
et al. [73] applied the same extraction conditions for the extrac-
tion of Isorhamnetin (phytochemical analysis by reversed-phase
high-performance liquid chromatography with a UV detector
(RP-HPLC-UV)), which is a potential agent for the treatment of
endotoxemia. Bitencourt et al. [63] applied different SFE condi-
tions (50°C, 300 bar) with cosolvent (30% ethanol) in order to obtain
extracts with significant inhibition percentage against Herpes
Simplex Virus Type 1. The extracts obtained were chemically char-
acterized by GC-MS, which were mainly composed by fatty acids
(linoleic acid, palmitic acid and myristic acid) and phenolic com-
pounds (caffeic acid and malic acid). Serra et al. [9] used extraction
conditions of 50°C, 250 bar and 10% of ethanol (cosolvent) in order
to obtain extracts that exhibited antioxidant activity and revealed
human colon cancer cells growth inhibition. Upon chemical iden-
tification, perillyl alcohol was detected by thin layer chromatography
(TLC) and was pointed as one of the major responsible compound
for its anticancer properties. Identification and quantification of phe-
nolics such as anthocyanins was achieved by high performance liquid
chromatography with a diode-array detector (HPLC-DAD), whereas



Table 3
Selected examples of bioactive compounds extracted from several sources using supercritical fluid extraction
Sample Source SFE conditions Bioactivity Target/Main Compounds SFE results Ref.
Solvent Temp (°C) P (bar) Flow Rate Time (min)  Cosolvent
Bidens pilosa CO2 40 250 15 g/min 240 - Antitumor (MCF-7 breast Polyacetylenes Ntotal = 2.00% [51]
cancer cells)
Apium graveolens ~ CO; 40 100 0.30 kg/h - - Antimicrobial (S. aureus, L. sedanenolide, sedanolide, Ntotal = 2.74% [1]
monocytogenes and Listeria 3-n-butylphthalide
ivanovii strains)
Ceratonia siliqua CO; 40 220 0.29 kg/h 450 10% Antitumor (rat N1E-115 Cinnamic acid, chrysoeriol, Netotal = 0.33% [52]
(Ethanol/water neuroblastoma cells, human tricetin-3’,5’-dimethyl ether, AA =0.130 mmol TEAC/gdry mas
(8:2)) HelLa cervical cancer cell, naringenin and ferulic acid
MCF-7 breast cancer cells)
Citrus sinensis CO2 40 200 17 g/min 300 - Antimicrobial (Staphylococcus ~ Octane, 2,3,7-trimethyl, Neotal = 1.2% [53]
aureus) Decane and N-(2-Cyano-ethyl)-  MIC (S. aureus) =500 ug/mL
benzenesulfonamide
Lavandula viridis CO; 40 120 0.3 kg/h - - Antioxidant, Myrtenol, camphor, verbenone  Motal(1st separator) = 3.45% [54]
Anticholinesterase (AChE) Ttotal(2nd separator) = 9.27%
Mentha spicata CO2 60 200 15 g/min 60 3 Zethanol/Min Antioxidant Flavonoids (catechin, Ntotal = 60.57 mg/g [55]
epicatechin, rutin, myricetin,
luteolin, apigenin and
naringenin)
Vitis labrusca CO, 45 160 2 mL/min 30 6% ethanol Antioxidant Total Phenols, antioxidants and =~ Motal = 12.31% [56]
Total anthocyanins AA=1.628 mg/mL
TA=1.17 mg/mL
TPC =2.156 mgGAE/100 ml
Prunus avium COy 50 250 - 150 10% ethanol Antitumor (human colon Perillyl alcohol, sakuranetin Neotal(1st step) = 0.5% [9]
cancer cells, HT29), and sakuranin Ttotal(2nd step) = 1.5%
antioxidant TPC =2.5 mgGAE/g
AA =181.4 umol TEAC/gdry mass
Vaccinium CO> 40 655-621 125 g/min - 0-30% (ethanol) Bacterial aglutination (EXPEC ~ Proanthocyanidins - [57]
macrocarpon aglutination) and bacterial
Ait. invasion (EXPEC enterocyte
invasion inhibition)
Haematococcus CO; 65 435 166 mL/min 210 2.3 MLethanol/gsample  Antioxidant astaxanthin MNastaxanthin = 87.42% [58]
pluvialis
Nannochloropsis CO; 50 350 10 ml/min - 16.7% ethanol Phagocytotic activity Zeaxanthin, triglycerides, Ntotal = 15.50% [59]
oculata carotenoids [Triglycerides] = 239.7 mg/gextract
[Carotenoids] = 7.61 mg/gextract
Rubus sp. CO2 40-60 150-250 16.62 g/min 57 5-10% Antioxidant Anthocyanins Ntotal = 6.25-18.25% [60]
ethanol/water (cyanidin 3-O-glucoside, [Anthocyanins] = 2.20-17.54 mg/extract
cyanidin 3-O-rutinoside)
Piper CO> 40 250 3 mL/min 120 - Antibacterial (Mycobacterium  4-methoxy-3-[(E)-3-methyl- Ntotal = 2.88% [61]
diospyrifolium tuberculosis (H37Rv)) 1,3-butadien-1-yl]-5-(3-
methyl-2-buten-1-yl)-benzoic
acid
Bactris gasipaes CO2 40 300 3 L/min 91 - Antioxidant carotenoids Ntotal = 5% [62]
[carotenoids] = 2.01 mg/gextract
Melia azedarach L.  CO; 50 300 1.65 g/min 180 0.71 Zethanol/min Antiviral: HSV-1 (Herpes Fatty acids: linoleic acid, NskE = 8.2% [63]
Simplex Virus Type 1); BVDV  palmitic acid, myristic acid NskeE = 6.4%
(Bovine viral diarrhea virus) Phenolics: caffeic acid, malic
acid
grape marc CO; 40 80 4-6 kg/h 180 7.5-10% Antioxidant Proanthocyanidins, Total Ntotal =13.1-14.6% [64]
Ethanol/water phenolic content
(57% v/|v)
Hymenaea CO2 50 350 111E%kg/s  10sps+70pp 10% Antioxidant Polyphenol (procyanidins) Nrtotal = 24% [65]
courbaril L. Water

(continued on next page)
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Table 3 (continued)

Sample Source SFE conditions Bioactivity Target/Main Compounds SFE results Ref.
Solvent Temp (°C) P (bar) Flow Rate Time (min)  Cosolvent
Piper nigrum L. CO2 40 300 2 mL/min 30sp+40pp - Antioxidant B-caryophyllene, limonene, Nrotal = 2.05% [66]
sabinene , 3-carene, 3-pinene
and o-pinene.
Melia azedarach L. CO2 60 250 2 g/min 60sp+90pp - Insecticidal agent Triterpene (melianone) Nrotai=5.15% [67]
Vaccinium CO2 40 200 1.4E4kg/s - 10% Antioxidant Anthocyanins Nrotal = 2.7% [68]
myrtillus L. Water/ethanol
(1:1)
Eugenia uniflora CO2 35-55 81-261 2 g/min 360 - Antioxidant v-elemene and germacrone NTotai=0.16-0.48% [69]
L.
Phormidium CO2 50 500 2 L/min 90 - Antioxidant and anatoxin-a Total phenolics, Total Ntotal= 3.97% [70]
valderianum content reduction carotenoids, anatoxin-a
Rosemary CO2 40 150-300 60 g/min 60s1 +120s2  0-7% ethanol Antitumor (HT-29 human Carnosic acid, carnosol Notal (s1) = 1.61-2.73% [5]
adenocarcinoma) NTotal (s2) = 4.30-4.67%
Penaeus CO2 60 300 13.3 g/min 180 - Anti-obesity and Astaxanthin, oleic acid, [palmitic acid] = 18% [71]
brasiliensis hypolipidemic palmitic acid, stearic acid, [oleic acid] =21%
and Penaeus eicosapentaenoic acid (EPA) [EPA]=11.21%
paulensis and docosahexanoic acid [DHA] =7.95%
(DHA) from the ®-3 fatty
acids group
Ganoderma CO2 50 300 0.15 kg/h 210 - Antitumor on CaCo-2 triterpenoids and NTotai= 1.92% [72]
lucidum (human colon polysaccharides
adenocarcinoma cells),
anticholinesterase (AChE),
antioxidant
Thymus vulgaris, CO; 40 100 - 480 - Antiviral (HSV-1) (Herpes Thymol, carvacrol, borneol, [thymol, carvacrol, borneol]r, [7]
Thymus simplex virus type 1) camphor and 1,8-cineole 2ygis=79.77%
hyemalis [thymol, carvacrol, borneol]r.
and Thymus vulgaris=73.04%
zygis [thymol, carvacrol, borneol]r,
hyemalis:] 9.02%
Hippophae CO; 50 200 - - - Anti-inflammatory, Isorhamnetin - [73]
rhamnoides L. Endotoxemia inhibition
Cyperus CO2 40-60 130-250 3 ml/min 30sp+120pp - Antifungal (Cladosporium Terpenes (mustacone, Nrotai= 1.2-3.3% [74]
articulatus L. sphaerospermum ATCC o-ciperone, corimbolone and
var. 4464), Antibacterial cariofilene oxide)
articulatus (Staphylococcus aureus
ATCC 25923)
Pleurotus COz 48 210 20L/h 10sp+80pp 133 ml ethanol Antioxidant Ergothioneine, total phenolic [ergothioneine] = 1.35 mg/g [75]
ostreatus content TPC = 5.48 MgGAE/Zextrasct
Eupatorium CO2 30-80 150-250 2.0 cm3?/min 180 - Antibacterial (Staphylococcus ~ spathulenol, caryophyllene NTotal = 5.85% [76]
intermedium aureus and Listeria oxide, caryophyllene (E), TPC = 8.74 MgcAE/Zextrasct
monocytogenes), antioxidant germacrene D, AA =293.47 mg o-tocopherol/gextract
C3Hg 20-60 30-100 bicyclogermacrene, carotol NTotal = 9.34%
and phenolic content TPC = 10.03 Mgcak/Zextrasct
AA =268.33 mg o-tocopherol/Zextract
Salvia CO2 40 100s; 50 g/min 480 - Anti-inflammatory (THP-1 camphor, borneol [camphor, borneol [8]
officinalis 300s; atherosclerotic) and1,8-cineole and1,8-cineole]s1=62.4%
[camphor, borneol
and1,8-cineole]s;=48.1%
Cordia CO2 50 300 0.3 kg/h 270 - Antitumor (COX-2 and a-caryophyllene and Ntotal = 5.75% [6]
verbenacea MCF-7 cells) B-caryophyllene
Chlorella CO2 50 310 6 NL/min 20 50 ml Antitumor (human lung Total polyphenol and NTotal = 8.70 % [77]
vulgaris Ethanol:water cancer H1299, A549 and flavonoid content TPC = 13.40 mgcag/Lextrac

(1:1)

H1437)

TFC = 3.18 mgquercetin/Sextract

Abbreviations: TPC - Total phenolic content, TFC - Total flavonoid content, AA - Antioxidant activity, TA - Total anthocyanins, SFEE -Supercritical fluid extraction with ethanol as cosolvent, DP - Dynamic procedure, SP - Static
procedure, S1 - First extraction step/separator; S2 — Second extraction step/separator.
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sakuranin and sakuranetin compounds were identified by liquid
chromatography with a diode-array detector and tandem mass spec-
trometry (LC-DAD-MS/MS), which were indicated as the major
contributors of its antioxidant capacity.

2.1. Operative conditions

One of the most appreciated advantages of SFE is the low crit-
ical temperature of one of its most applied fluids, the CO,. A low
extraction temperature is of key importance for the preservation
of such bioactive compounds in the extracts. In order to achieve
higher global/specific yields or higher bioactivity capabilities
(e.g. antitumor, antimicrobial, antibacterial, antiviral and anti-
inflammatory), 43% of the work presented in Table 3 applies an
extraction temperature range of 40°C to 50°C, followed by 33% at
from 50°C to 60°C. Regarding the pressure trend applied in the works
presented it Table 3, 37% employed a pressure range of 200 bar to
300 bar followed by 28% from 300 bar to 400 bar.

While solute vapor pressure is only temperature-dependent, pres-
sure and temperature can be physically related in terms of density,
viscosity and diffusivity. When variations of temperature and/or pres-
sure are considered, these have major repercussions regarding fluid
hydrodynamics, solubility and mass transfer, thus defining in great
extent the performance of a SFE system. Moreover, when at con-
stant pressure and temperature suffers a variation, this action results
in contrary effects upon solubility, since SC-CO, density and solute
vapor pressure exhibit conflicting behaviors (when temperature in-
creases, density decreases and vapor pressure of solute increases).

Bimakr et al. [55] obtained bioactive flavonoid compounds from
spearmint (Mentha spicata L.) leaves by performing an experimen-
tal design study (complete randomized full factorial design) of the
effects of different temperatures (40, 50 and 60°C), pressures (100,
200 and 300 bar) and time (30, 60 and 90 min) in order to find the
optimal SFE conditions which were 60°C, 200 bar and 90 min. Ac-
cording to Bimakr et al. [55], the effect of a temperature increase
on solute solubility was considered as the main reason why the fla-
vonoid yield changed significantly over the temperature range of
40-60°C.

Regarding the pressure effect on the extraction, an increase of
pressure can result in an increase in fluid density altering solute sol-
ubility, which according to Gomes et al. [78] a higher recovery of
volatile fractions and a lower recovery of non-volatile fractions are
obtained at high pressures. Therefore, it is of interest to control the
composition of the extract using pressure. Bimakr et al. [55] in-
creased the flavonoid yield with increasing pressure to a certain value
(200 bar). However, over this pressure range, a decrease in flavo-
noid yield was observed and the volatility of the extracts could be
held accountable for such outcome.

Another example is the extraction of bioactive compounds with
antioxidant activity from peach palm pulp (Bactris gaspaes) per-
formed by Espinosa-Pardo et al. [58] who studied different extraction
condition, namely temperature (40, 50 and 60°C) and pressure (100,
200 and 300 bar). In this particular case, the optimal conditions for
the extraction of carotenoids were of 40°C and 300 bar. These dif-
ferences between optimal temperature and pressure conditions
strongly depend on the biomass origin, morphological part and con-
dition, as well as on the targeted compound to be extracted.

The proportion and the type of modifier are also of extreme im-
portance within the extraction itself. Both are key factors on the
solubility of the target compounds in the supercritical fluid extrac-
tion. In this review, 47% of the works presented in Table 3 use
modifiers in order to enhance the extraction of their targeted
bioactive compounds, being ethanol the most common applied mod-
ifier with a proportion that can vary from 5% to 30%. Roseiro [52]
discovered that the optimal SFE conditions in order to obtain the

highest phenolic concentration and antioxidant capacity from carob
kibbles (Ceratonia silique) with antiproliferative activity on rat N1E-
115 neuroblastoma cells, and on human HelLa cervical and MCF-7
breast cancer cell lines were 220 bar, 40°C with a 10% cosolvent
mixture composed by 80% ethanol and 20% water, revealing that
carob SFE extract possessed a great potential as a source of natural
antitumor compounds. The authors [52] also compared the effi-
ciency of SFE with ultrasound extraction and conventional extraction
and concluded that for the conventional and ultrasound extrac-
tions the more efficient extraction was obtained with 70% aqueous
acetone rather than with water, regardless the extraction methods
and conditions. The total phenolics content has been 14.7, 20.4 and
27.1 mg GAE/g dry mass while the antioxidant activity has been 0.027,
0.030 and 0.130 mmol TEAC/g dry mass, respectively for conven-
tional, ultrasound and SFE extractions. These results showed that
the higher antioxidant capacity (four times) has been obtained with
SFE. This can be explained by the different phenolic profiles of the
extracts obtained with each extraction technique.

Bhattacharya et al. [75] also demonstrated that pressure and the
amount of cosolvent were the most effective parameters on their
system response, and that the optimal conditions to obtain the
highest ergothioneine and polyphenols concentration from Pleurotus
ostreatus along with the highest antioxidant capacity were 210 bar,
48°C with an ethanol amount of 133 ml.

An alternative to CO, in supercritical extractions is the use of
propane. Although propane does not offer many of the qualities that
are commonly associated with CO,, this reasonably inexpensive
solvent can be a better choice for the extraction of oils and natural
products. Propane does not leave a toxic residue just as CO, but the
required extraction pressures are inferior to those applied with scCO,
[79].

Czaikoski et al. [76] performed SFE studies that involved CO, and
propane as a supercritical solvents on the extraction of bioactive
compounds from Eupatorium intermedium, and they observed that
when scCO, was applied, pressure had a positive effect on the ex-
traction yield while with propane, both pressure and temperature
had a positive effect on the final yield. Furthermore, antibacterial
tests indicated that different bacterial species exhibited different
levels of sensitivity towards the E. intermedium extract. Both of the
Gram-negative bacteria tested, Escherichia coli and Salmonella
typhimurium, were completely resistant to the extracts obtained using
scCO, and compressed propane. However, the Gram-positive bac-
teria evaluated, Staphylococcus aureus and Listeria monocytogenes,
were susceptible to the same extracts indicating their potential ap-
plication as natural preservatives against food-borne pathogens.

Porto et al. [49] compared water and ethanol as cosolvent in SFE
of proanthocyanidins from grap marc. Considering the polarity of
polyphenols, the addition of a modifier (cosolvent) was needed. The
authors compared several operative conditions such as solvent CO2,
water and ethanol 15% (w/w), pressure of 100 and 200 MPa, and
temperatures of 313.15, 323.15 and 333.15 K. The performance of
the methodology was verified by evaluation of phenolic yield,
proanthocyanidins content and antioxidant activity. Three meth-
odologies were tested SC-CO2 plus water, SC-CO2 plus ethanol, and
SC-CO2 plus water followed by SC-CO2 plus ethanol and the global
yields were 10.2,6.9 and 10.8 % (w/w), respectively. The extraction
yields obtained by SFE were lower than classical extraction with meth-
anol (15.6% (w/w)). The phenolic yields obtained were 63.4 g/kg,
38.8 g/kg and 68.0 g/kg of extract for SC-CO, + 15% W, of extract for
SC-CO, + 15% EtOH, and Sc-CO, + 15% W extraction, followed by SC-
CO; + 15% EtOH, respectively. This last procedure gave the highest
phenolicyield (68.0 g/kg of extract), phenol content (733.6 mg GAE/
100 g DM), proanthocyanidins concentration (572.8 mg catechin/
100 g DM) and antioxidant activity (2649.6 mg a-tocopherol/100 g
DM). Although the classical methanolic extraction gives highest phe-
nolic yield (180.3 g/kg of extract) and phenol content (2813.2 mg
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GAE/100 g DM) the same thus not applies to the antioxidant activ-
ity (677.9 mg a-tocopherol/100 g DM) that suggests that SFE allow
the extraction of different phenol fractions responsible for the high
antioxidant activity of the extracts.

In another study Porto et al. [64] verified the effect of solvent
(CO2) flow rate (4 and 6 kg/h CO,) on the extraction of total phenols
from grape marc and verified that the mass transfer increases with
the decrease in flow rate. This could be attributed to fact that the
contact time between the solvent and the compounds to be ex-
tracted increased with the lower flow rate, thus affecting positively
the extraction efficiency.

2.2. Technological advancements and extraction efficiency

Regarding the efficiency of extraction, biomass particle size, shape
and porosity has a direct relationship with the extraction itself, thus
becoming an important factor in the mass-transfer rate [40,80]. Al-
though the usage of small particles size promotes the increase of
surface area, leading to the increase of accessible solute, they can
lead to the obstruction of the extraction, rendering the use of dis-
persive agents useful in such cases. Therefore, particle size condition
is of great influence on the extraction yield [2,80]. The choice of
optimal extraction conditions also demands concrete and pristine
knowledge regarding the targeted biomass matrix, as well as the
solubility of the targeted compounds to be extracted by SFE tech-
nique regardless of their nature. In addition to particle size, shape,
and porosity of the matrix itself, there are other important factors
to consider; Genetics, biomass maturity, different morphological parts
of the biomass, morphological location of the solute in the matrix
and the impact of climate conditions and nutrients on the biomass
growth are all conditions that can have a profound impact on the
extraction yield and quality of the extract [40].

In order to improve extraction efficiency, several approaches have
been deemed useful to the SFE procedure itself. From the biomass
pretreatment, with enzymes, basic modifiers, ionic liquids, or even
with sudden supercritical CO, decompression, to the combination
of other technologies such as ultrasound and enzymes with SFE, there
are several approaches that can be performed in order to enhance
the extraction yield and the selectivity of the targeted bioactive com-
pounds themselves.

In recent years ionic liquids (ILs) have received much attention
as a result of their special and unique properties, which can be used
advantageously in green analytical chemistry as an alternative to
organic solvents in the separation and improvement of analysis of
added-value components extracted from biomass [81,82]. ILs which
are salts with low melting points, constituted by large and asym-
metric organic cations and organic or inorganic anions being liquid
at/or near room temperature, can have their polarities and affini-
ties tailored by a proper manipulation of the cation/anion design
and thus allowing a large spectrum of bioactive compound disso-
lution diversity [82-84]. These solvents have excellent properties
(negligible vapor pressure, thermal stability, tunable viscosity, mis-
cibility with water and organic solvents and favorable solvating
properties for a wide spectrum of polar and non-polar com-
pounds) and have been proposed as environmentally friendly
solvents for “green chemistry” due to their ability to substitutes tra-
ditional organic solvents. Nevertheless, this “green” label as raised
some controversy because of their incomplete physical, chemical
and toxicological data [2]. ILs in analytical chemistry are mainly
focused on their applicability as solvents for extraction in conven-
tional solid-liquid extraction, microwave-assisted extraction and
ultrasonic-assisted extraction [82].

Although the low volatility of ILs is one of the key aspects that
makes them green solvents, this advantage also represents a problem
for product separation and recovery. Several techniques for the re-
covery of volatile products from ILs can be accomplished by

distillation or evaporation, however, when faced with non-volatile
or thermo-sensitive products these methods cannot be consid-
ered. Hydrophobic ILs can be extracted with water to separate water-
soluble solutes, nonetheless, this method is not suited for hydrophilic
ILs and, although organic solvents could be applied in such cases,
this approach would compromise the goal for “green chemistry” and
lead to cross contamination between both phases. Bearing this in
mind, supercritical fluids emerges here, and once more, as an al-
ternative green method that can solve all of the abovementioned
predicaments while recovering various types of solutes [85].

Teixeira [86] shows that it is possible to achieve the dissolu-
tion and hydrolysis of wet algae by the use of ILs without acids, bases
or catalysts, as a cost and energy-efficient process in order to succeed
in the deconstruction of the algae cell walls in order to separate lipids.
Herrero et al. [87] states that ILs remove the cell wall and solubi-
lize all cell contents except for lipids, which are virtually immiscible,
and suggests that the extraction of the lipids could be accom-
plished by the use of scCO,. ILs can therefore be integrated in the
SFE, by being accurately designed to either assist the extraction itself
by improving the extraction selectivity and efficiency and there-
fore be used as a cosolvent, or be applied as a pretreatment agent
for the biomass. However, the combination of scCO, with ILs has
so far been limited to its application as a recovery agent of com-
pounds from ILs by using scCO; as a cosolvent or as an anti-
solvent in precipitations [88,89] thus further exploratory applications
of SFE with ILs such as their use as cosolvent or as a pretreatment
agent should be considered.

Regarding other technological improvements, the use of enzyme-
assisted extraction (EAE) combined with SFE has only been
marginally explored as a form of biomass pretreatment. It con-
sists on the use of enzymatic mixtures as a mean to promote cell
wall hydrolysis deconstruction leading to an increased accessibil-
ity of the supercritical solvent to the matrix solute, thus increasing
the extraction yield and selectivity [2,90].

In order to achieve higher yields and selectivity of alkaloids ex-
tracts, the use of polar modifiers becomes a requisite due to the
alkaloids medium to high polarity nature. Beside modifiers being
required in supercritical CO, extractions of such targeted com-
pounds, Rachmaniah et al. [91] increased its efficiency by the usage
of a basic modifier. Because alkaloids are mostly present in plant
biomass as salts and not as free bases, they used a biomass pre-
treatment with a basic solution in order to convert the protonated
salt to its non-protonated free bases, thus improving their CO; sol-
ubility and ultimately, their extraction yield [91].

The use of sudden supercritical CO, decompression as pro-
posed by Fu et al. [92] and also used by Cor et al. [72] before dynamic
extraction occurs, proved to be an essential step for the isolation
of biological active compounds. Bioactive compounds in fungus are
mainly located in the mycelium and fruiting body (spores). The
sudden decompression stimulates the rupture of cell walls, thus pro-
viding higher accessibility of the solvent to the solute, increasing
mass transfer rates that translate into higher yields and selectivity.

The application of high intensity ultrasound as a technological
improvement that can be combined with SFE, comprises the control
of frequency and power level which will lead to the formation and
control of cavitation bubbles and repeated cycles of expansion and
compression in the medium. Since bubble size is frequency depen-
dent, higher frequencies produce smaller and less energetic bubbles
which imply higher power level input in order to guarantee a
good homogeneity inside the extraction vessel. These ultrasound
cycles may lead to the rupture of cell walls of a biomass matrix sub-
strate, favoring the penetration of the solvent and mass transfer. Thus,
ultrasound has been used to provide higher yields and reduce ex-
traction times. However, when a fluid is bound to high pressures,
a natural limitation rises on the application of ultrasound due to
the acoustic intensity required to produce cavitation [60].
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Reategui et al. [60] used ultrasound in the extraction of anti-
oxidant compounds from blackberry bagasse with SFE and observed
an increase up to 30% in global yield when 200 W of ultrasound was
applied to the extraction conditions of 150bar, 40°C, while at con-
ditions of 200bar and 50°C the yield increment was only of 5%. These
differences in total yield gains at different operative extraction pres-
sures can be associated, as abovementioned with the existence of
a natural limitation to the ultrasound application when it is com-
bined with high fluid pressures. These results clearly showed that
coupling ultrasound with SFE will improve extraction yields, re-
ducing the required time and operational cost.

Sample collection procedures have also evolved. Traditionally,
extracts were obtained using collection vessels where the extracts
precipitate after CO, is depressurized and vented through an ex-
haustion pipe. This action can result in a loss of yield, mainly volatile
compounds that escape with the vented CO,. In light of such oc-
currences, new trapping solution have been suggested and
implemented. Furthermore, for the correct selection of the appro-
priate trapping methodology (e.g. solid trapping, liquid trapping or
their combination), it is crucial to take into account the analyte vol-
atility and polarity, the volatility of the extracting solvent, solvent
modifier, and solvent flow rate [2].

In order to further increase the process selectivity, fraction-
ation operations can be applied in the extraction and/or separation
steps with two or more modules respectively. This system can be
considered useful when there are numerous chemicals to be ex-
tracted separately from the same biomass matrix. There are two
different approaches to the fractionation operation, a single stage
where the separation step is performed on sequential separators
operating at different conditions, and a two-step procedure. In the
latter, the first extraction step occurs at low solvent density while
in the second step the extraction occurs in a solvent at higher density,
thus favoring the extraction of heavier compounds [40]. S. Santoyo
et al. [7] and E. Arranz et al. [8] resorted to the use of two different
extract fractionation in order to produce two extracts with differ-
ent compositions in each collection vessel. The use of two different
fractionation pressures allowed a gradual precipitation of the ex-
tracted compound based on their solubility in the solvent. The first
vessel which was bound to higher decompression values (10 MPa)
was enriched with higher weight precipitate, while the second vessel
was rich in lower molecular (essential oils) weight extracts. This is
particularly important since according to Koch et al. [93] antiviral
activity of several plant species have been related to their essen-
tial oils, thus, rendering the separation of rich antiviral extract, with
lower molecular weight, from other compounds of upmost
importance.

2.3. Design of experiments for optimization of SFE

The design of experiments (DOE) or experimental design ap-
proach can provide a systematic investigation route as well as
sequential steps for understanding linear and more complex types
of interaction. The main goal of experimental design on SFE is to
optimize the response variables of a certain sample by systematic
modification of the controlling variables (e.g. temperature, pres-
sure and time), while rejecting the inconsistency in the responses
due to uncontrolled noisy variables in the experiment. Moreover,
the selection of experimental design for SFE depends on the ex-
perimental focus, feasibility, time consumption, as well as many other
relevant factors. For instance, a two level factorial design can be se-
lected to screen the most significant factors, whereas to achieve
optimization of such significant factors, more complex designs like
Central Composite or Box-Behnken design is required. Therefore,
experimental designs can be categorized into two groups: screen-
ing and optimization design [24,94].

Although SFE can be influenced by a large number of factors, only
some have a dominant effect over the extraction. The search of these
main factors marks the screening process as the main objective for
the implementation of experimental design in SFE where two-
level full factorial, two-level fractional factorial and Plackett-
Burman design are often used for such purposes. Scapinello et al.
[67] applied a two variable and two level full factorial experimen-
tal design in order to screen the most significant effect between
temperature and pressure, and through the analysis of variance, de-
termined that only pressure had significant influence on the
extraction yield, and that extraction temperature and the cross effect
of temperature and pressure had no such influence.

Additionally, the optimization process of experimental design
which is used to discover the optimal conditions or settings for the
SFE, usually starts with a screening design to select the important
factors and evolves to an optimization design where Taguchi, central
composite and Box-Behnken are the most applied forms [24]. Bagheri
et al. [66] applied a central composite experimental design with re-
sponse surface methodology with three variables (temperature,
pressure and time) and two levels, performing a total of 20 extrac-
tion in order to optimize the antioxidant activity, where pressure
and extraction time were the most and the least significant studied
variables respectively. Redtegui et al. [60] on the other hand applied
a Box-Behnken experimental design with three variables (temper-
ature, pressure and ultrasound power) and three levels, performing
a total of 15 extractions in order to attain optimal global extrac-
tion yield, anthocyanins concentration, total phenolic content and
antioxidant activity.

Therefore, experimental design of SFE can prove to be a pow-
erful research tool as screening and optimization of bioactive
compounds is mandatory in order to achieve higher total/partial yield
or optimal values of antitumor, antimicrobial, antibacterial, anti-
viral and anti-inflammatory activity.

3. Structural characterization of bioactive compounds

The process of structural determination involves data collec-
tion from diverse and numerous sources, each contributing with a
partial view which will ultimately by integration provide unequiv-
ocal and rigorous information about the investigated chemical
structure. This chemical characterization can be accomplished by
several analytical technologies that do not require rigorous purifi-
cation. However, in some cases, collected data is insufficient and
does not allow an unequivocal confirmation of the compound struc-
ture, thus requiring a higher level of purification by techniques such
as recrystallization, sublimation or distillation in order to provide
rigorous structural determination [15].

The basis of the current modern structural analysis is a wide range
of spectroscopic instrumentation such as ultraviolet (UV)/visible (Vis)
and infrared (IR) absorption spectroscopies, nuclear magnetic res-
onance (NMR) spectroscopy, and mass spectrometry (MS). The
development and remarkable improvements in hyphenated ana-
lytical methods over the last two decades (e.g. GC-MS, HPLC-MS,
HPLC-NMR, HPLC-DAD-MS-NMR, ESI-MS, UPLC-QTOF-MS) have sig-
nificantly broadened their application in the analysis of natural
products, by increasing the speed and sensitivity of structure de-
terminations [15,95].

Whenever the spectroscopic analysis data of an unknown com-
pound is dubious, and the obtained compound or its derivatives is
crystalline, a single crystal X-ray diffraction should be performed.
The correct interpretation of such technique can provide valuable
information on the three dimensional shape of the molecule, bond
lengths and angles, and possible intra and intermolecular interac-
tions, including the relative, and in some cases, the absolute
stereochemistry. Nevertheless, it is important to realize that this is
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solid-state data and cannot give viable information about the com-
pound in solution where properties such as hydrogen bonding may
show significant effects. Since enantiomeric structures can have en-
tirely different biological properties it is highly important to
determine the absolute stereochemical nature of such structures [15].

Liau et al. [59] extracted lipids and carotenoids from microalgae
(Nannochloropsis oculata) and showed that continuous modifica-
tion of supercritical carbon dioxide with ethanol as cosolvent was
highly important in order to achieve high extraction efficiency of
such compounds. In this study SFE conditions of 350 bar, 323 K and
16.7 wt% of ethanol, presented a total yield value of 15.5%. There-
fore the use of ethanol as a solvent modifier presented higher
extraction selectivity of carotenoid compounds presenting a recov-
ery of 74.7% against 70.3% when compared with the ethanol soxhlet
extraction counterpart. In this work, the triglycerides quantifica-
tion was performed in a gas chromatography equipment with a flame
ionization detector (GC-FID), while the carotenoids quantification
was accomplished in a high-performance liquid chromatography
with a UV detector (HPLC-UV).

To achieve the separation and purification of the carotenoid Zea-
xanthin, two different approaches were explored, the fractionation
of carotenoids and the use of supercritical carbon dioxide as an anti-
solvent. The fractionation of carotenoids was achieved by a Soxhlet
extraction with dichloromethane followed by chromatography using
a silica gel column. Further purification (Zeaxanthin purity of 93.8%)
was performed by a gradient reverse-phase HPLC (RP-HPLC), fol-
lowed by analysis and quantification by HPLC-UV and 'H NMR
analysis.

With the anti-solvent supercritical carbon dioxide approach, Liau
et al. [59] injected a sample containing 40% Zeaxanthin into
supercritical CO, which resulted in a large decrease in solution
density, leading to a reduction in solubility of the solid and pre-
cipitation, thus further enhancing the Zeaxanthin purity from 40%
to 67.4%. Liau et al. [59] states that although purity value of 93.8%
Zeaxanthin was obtained by column chromatography, this process
is time and solvent consuming while the anti-solvent process can
generate purified solids containing 67.4% of Zeaxanthin within
minutes.

Regarding the bioactivity present in the extracts, SFE with ethanol
revealed lower phagocytotic activity when compared with extrac-
tion without cosolvent. However, ultrasonic water samples of the
SFE with cosolvent defatted the extracts and displayed the higher
phagocytotic activity recorded.

4. Conclusions and future trends

Supercritical fluid extraction technology can offer attractive fea-
tures for obtaining bioactive compounds and overcome many
limitations that exist in other extraction methodologies. Due to their
enhanced transport properties, SFE allows the control of fluid density
by changing its pressure and/or temperature thus providing faster
extraction rates. Carbon dioxide is the most used supercritical since
it is innocuous, preserves the extracts from atmospheric oxidation
and has a low critical temperature which is of key importance for
the preservation of bioactive compounds in the extracts.

The bioactivities from natural compounds obtained by SFE were
mainly antioxidant (41%), antitumor (18%) and antibacterial activ-
ity (10%), followed by antiviral, antimicrobial, anti-inflammatory and
anticholinesterase (in a total of 5%). In order to achieve a higher
global/specific yield or higher bioactivity capabilities, 43% of the work
applied an extraction temperature range of 40 to 50°C, followed by
33% at 50 to 60°C, while the pressure trend was 37% for a pressure
range of 200 to 300 bar followed by 28% at 300 to 400 bar. The pro-
portion and the type of modifier also have an important role on the
extraction, allowing the manipulation of the solubility of the target
compounds in the supercritical fluid extraction. Consequently, 47%

of the reviewed works applied modifiers in order to enhance the
extraction of their targeted bioactive compounds, where ethanol was
the modifier of choice with a proportion that could vary between
5% and 30%.

In order to further enhance the extraction yield and the selec-
tivity of the targeted bioactive compounds, several technological
advancements have been performed in combination with SFE meth-
odology. From biomass pretreatment with enzymes, which promote
cell wall hydrolysis, leading to higher extraction yields and selec-
tivity due to higher mass transfer rates promoted by the ease of
solvent penetration in the biomass matrix; the use of ionic liquids
which can be designed to achieve multiple purposes such as the
dissolution of cell walls and to attain better dissolution of the tar-
geted bioactive compounds, being the SFE applied for the removal
of these compounds from the ILs; the use of basic modifiers which
convert protonated salt to their non-protonated free bases and lead
to a higher CO, solubility thus increasing their solubility, which
translates in higher selectivity and yields; the use of the sudden
supercritical CO, decompression as a pretreatment operation which
promotes the rupture of the biomass cell walls contributing to better
solvent penetration which in consequence increase the ease of access
of the solute by the solvent providing higher selectivity and yields;
to the combination with other technologies such as ultrasound that
triggers the rupture of the biomass cell walls through the cavita-
tion effect leading to an increased solvent penetration thus favoring
higher extraction yields. Despite the vast number of SFE applica-
tions regarding the combination of different technologies in order
to achieve higher extraction efficiency there still is margin for further
improvements, and additional combinations with all the
abovementioned enhancements should be considered. According-
ly, it is expected that the integration of single and combined
technologies will lead to higher extraction yields and greater se-
lectivity of such bioactive compounds with significant interest to
the pharmaceutical industry.

Experimental design has been also a powerful aid for screen-
ing and optimization of variables affecting the extraction of bioactive
compounds, becoming mandatory in order to achieve higher total/
partial yield and optimal values of antitumor, antimicrobial,
antibacterial, antiviral and anti-inflammatory activities. Further-
more, SFE technique and its applied optimization methodologies are
highly interconnected with several advanced molecular structure
characterization techniques, becoming a valuable tool not only for
the characterization and quantification of the extracts (e.g. HPLC-
UV and GC-MS) but also for the purification process (RP-HPLC) of
some high interest compounds.

This critical review highlighted and discussed the advantages of
SFE as an alternative to conventional extraction techniques such as
Soxhlet extraction. SFE can therefore be regarded as a more sus-
tainable, cleaner and environmental friendly extraction process in
the research of bioactive compounds, while providing tools and tech-
nology output for future laboratorial and industrial development.
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