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Abstract Plants and algae are the main sources of natural

bioactive compounds used in the food and pharmaceutical

industries. It is very important to achieve an efficient and

safe technique to recover bioactive compounds while

maintaining their quality and properties. Subcritical water

extraction is the most promising engineering approach that

offers an environmentally friendly technique for extracting

various compounds from plants and algae. Application of

pressurized water and high temperature in subcritical phase

is able to modify the dielectric constant and polarity of the

solvent which then contributes to a better extraction pro-

cess. The technique improves the mass transfer rate and

preserves the biological potency of the extracts. This article

reviews current studies on the extraction of bioactive

compounds from various species of plants and algae using

the subcritical water technique and discusses its effects and

benefits for the food and pharmaceutical industries.

Keywords Plants � Algae � Subcritical water � Bioactive
compound

Introduction

Plants and algae provide an almost inexhaustible source of

natural bioactive compounds. The development and pro-

duction of natural products has become of great interest to

the food and pharmaceutical industries. Therefore,

recovering bioactive compounds from plants and algae has

also become a vital topic in many industries including re-

search laboratories.

Extraction technologies have been developed to separate

desirable compounds from plants and algae to obtain

highly purified products. Bioactive compounds can be

identified in algae and various parts of plants such as the

stem, flowers, fruits or leaves. Selecting an effective and

appropriate extraction method is very important for quan-

titative and qualitative studies of the compound extraction

process. There are many factors influencing the extraction

process involving a solid matrix and a solvent such as the

matrix properties of the plant components, solvent, tem-

perature, pressure, ratio of solvent to matrix, and time

applied [1].

Many extraction techniques have been used for the

discovery of various bioactive compounds such as Soxhlet

extraction, maceration, and hydro-distillation. However,

these techniques can be time consuming and costly, con-

sume large quantities of highly pure solvent, poor selec-

tivity, and have a risk of decomposition of thermolabile

compounds [2]. These difficulties have led to the devel-

opment of the subcritical water extraction (SWE) technique

which is also known as pressurized hot water extraction

(PHWE) and superheated water extraction (SHWE). SWE

is an environmentally friendly approach that uses water as

the solvent and high temperatures and pressures to achieve

the safe, rapid, and efficient extraction of the required

compounds from the plant and algae matrices.

This article reviews recent progress in the application of

SWE to various plants and algae species for use in the food

and pharmaceutical industries. The first section highlights

the properties of SWE, its mechanism, and its benefits. The

second section discusses how the subcritical water tech-

nique is applied to plant extraction, the species of plant
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used, and the compounds recovered. This is followed by an

overview of the SWE technique for recovering bioactive

compounds from algae species. The effects of the SWE

process on some biological activities of the extracted

compounds are also discussed. The review concludes by

examining the outlook for improving this particular tech-

nique in terms of its applications, products, and process

design.

Subcritical Water Extraction (SWE): Properties
and Benefits

Extraction processes for recovering bioactive compounds

have been developed to get highly purified products and

make them available for an extensive range of applications.

These technologies offer an innovative approach to in-

crease the production of these compounds [3]. Carefully

managing parameters such as pressure, time, and tem-

perature, together with selecting an appropriate solvent, are

both extremely important during the extraction process [4].

These parameters and the initial materials can affect the

composition and properties of the extracted compounds,

especially relevant for processes in the pharmaceutical and

food industries.

The SWE setup consists of a solvent reservoir with a

high-pressure pump for the input of the water into the

system, a cell or column within an oven where the ex-

traction occurs and a valve to maintain the pressure within

the system. The extraction column was heated in a gas

chromatograph oven, and a pump was used to pump the

water into the column. Pressurized sample column possibly

kept the water in liquid phase at the high extraction tem-

peratures. Static extraction occurs with the system’s valves

fully closed [2, 5, 6]. The basic diagram for a SWE process

used for plant and algae is presented in Fig. 1. The ex-

traction process involved three sequential steps that started

with diffusion of solutes from the transition components to

the surface. Then, the solutes compound will be transferred

into the solvent and followed by the elution of the solutes

compound out of the extraction column [7, 8].

The SWE process involves the application of water at

temperatures higher than its boiling point under high

pressure to maintain its liquid state. The temperature ap-

plied during extraction process has an important impact on

the extraction efficiency and selectivity. The temperature

above the normal boiling point of water was normally used

in SWE. As a result, physical advantages including high

diffusion, low viscosity, and low surface tension are

achieved with this elevated temperature condition. In ad-

dition, increases in vapor pressures and rapid thermal

desorption of target compounds from matrices could also

enhance the extraction efficiency. In this condition, the

physical and chemical properties of water as a solvent,

such as its dielectric constant and solubility parameter, will

change dramatically. At room temperature (25 �C), the

dielectric constant of water is around 80 and decreases to

about 33 at 200 �C. This value is similar to some organic

solvents such as ethanol or methanol [2, 3, 9]. Conse-

quently, this shows that SWE can be applied for extracting

nonpolar compounds and water can be used to replace

organic solvents. Nevertheless, the variation in dielectric

constant for each type of compounds must be considered.

The solubility parameter of water as a solvent can be

modified by manipulating the temperature. Increasing the

temperature favors the solubility of the compound and

modification on its selectivity [5]. Srinivas et al. [10] re-

ported on Hansen three-dimensional solubility parameter

concept to optimize the extraction of molecularly complex

solutes using subcritical fluid solvents. Hansen solubility

spheres have been used to characterize and quantify the so-

lute–subcritical water interactions as a function of tem-

perature. The use of group contribution methods in

collaboration with computerized algorithms to plot the

Hansen spheres provides a quantitative prediction tool for

optimizing the design of extraction conditions. They use

three examples on SWE process, which are betulin from

birch bark, niacin from spent brewer’s yeast, and flavonoids

from grape pomace to test the applicability of the predictive

method. From the result, it can be seen that themethod can be

used to estimate conditions for solute–solvent miscibility, an

optimum temperature range for conducting extractions un-

der pressurized conditions, and approximate extraction

conditions of solutes from natural matrices, which makes it

possible to design the extraction conditions required for

processing of natural products using SWE [10, 11]. In ad-

dition, by increasing the temperature, the viscosity and sur-

face tension of the water decrease, while the diffusivity

increases, allowing a deep penetration of the solvent into the

matrix, thus enhancing the efficiency and speed of the ex-

traction process [6]. This means that the mass transfer rate

from the solid phase to the subcritical water is improved.

On the other hand, elevated pressures were applied to

keep the water from boiling andmaintaining its liquid phase.

However, varying the pressure did not result in any changes

and often has little effect on the extraction efficiency of

SWE. The time for the extraction is depended on the tem-

perature and the nature of the matrix and target compounds.

For SWE, the extraction times were very short compared

with any other conventional extraction techniques. But, a

long heating time during the extraction may cause the

compound degradation. Therefore, optimization of time is

very important to construct the SWE process [6–8].

SWE offers a series of important advantages over other

techniques: the higher quality of the extracts, a faster

process, a reduction in the amount of solvents used, and its
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cost. Additionally, by using water instead of organic sol-

vents, SWE is a more environmentally friendly extraction

process for extracting functional food or pharmaceutical

ingredients that are beneficial to health [12]. Moreover, due

to some reports on interactions among the compounds

during SWE and the structure of newly formed an-

tioxidants, further research must be developed to investi-

gate individual roles of the compounds to the whole

antioxidant capacity or any other biological activities of the

extracts [3, 13].

Extraction of Bioactive Compounds from Plants

Plants contain many biocompounds with therapeutic po-

tential. These are the result of stresses, such as fluctuations

in light and temperature, or changing exposure to seawater

by the tide. As a consequence, they have adapted by de-

veloping many biochemicals that help them thrive [14, 15].

The biochemicals perform as a mechanical support as well

as immunological signals that can be harnessed for use in

the food and pharmaceutical fields. Biochemical processing

companies have identified the potential of biochemicals in

plants and have developed various extraction methods to

obtain these biochemicals for use in industry [16].

In the industrial synthesis of organic chemicals, plants

play an important role as the source of basic chemicals

which will then be used in various applications including

food, pharmaceuticals, and in research laboratories. Some

studies on extracting beneficial compounds from plants

using the SWE technique are summarized in Table 1.

Historically, essential oils from various plants have been

applied over a range of uses from food preservation [55] to

skin treatments and cancer remedies [56, 57]. Recently,

SWE has been used to extract essential oils from plants,

including fennel. Gamiz-Gracia and Luque de Castro [17]

compared the SWE method with both hydro-distillation

and dichloromethane extraction, and a better outcomes

have been acquired regarding to the speed, productivity,

purity, and feasibility of controlling the composition of the

extract. SWE was faster than the other conventional

methods, taking 50 min, while hydro-distillation and

manual dichloromethane extraction required 4 and 24 h,

respectively [17].

Essential oils from Thymbra spicata leaves were also

been extracted using subcritical water by Ozel et al. [18].

Due to their report, SWE presented the highest extraction

efficiency and minimum time by a complete extraction of

20 min [18]. Other results from investigations using SWE

for Shirazi thyme (Zataria multiflora Boiss.) and Coriander

(Coriandrum sativum) confirmed that SWE took less time

and provided a higher quality of extract compared with the

other techniques tested [19, 20].

SWE has also been used to obtain extracts with a high

phenolic content from plants. Phenolic compounds form a

major group of plant secondary metabolites and occur

widely with a diverse range of structures [58]. They can

occur as glycones or glycosides, as monomers or highly

polymerized structures, and as free or matrix-bound com-

pounds [58, 59]. Nevertheless, phenolic compounds are not

uniformly distributed in the plant matrix and vary consid-

erably in terms of their stability, which complicates the

Fig. 1 Basic diagram for the SWE process
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Table 1 Recent studies on various compounds extracted from plants using SWE

Compound Raw material Operating condition Possible use References

Essential oil Fennel (Foeniculum vulgare) 150 �C, 5 MPa Treatment of several

stomach affections and

obesity

Gámiz-Gracia and

Luque de Castro [17]

Wild thyme (Thymbra spicata) 100–175 �C, 2–9 MPa Taken especially to cure

various medical disorders

Ozel et al. [18]

Shirazi thyme (Zataria

multiflora Boiss.)

100–175 �C, 2 MPa Pharmaceutical and food

flavoring

Khajenoori et al. [19]

Coriander (Coriandrum

sativum L.)

100–175 �C, 2 MPa Food flavoring Eikani et al. [20]

Phenol Mango leaves (Mangifera

indica L.)

100 �C, 4 MPa Pharmaceutical and

nutraceutical industrial

compounds

Fernández-Ponce et al.

[21]

Pomegranate (Punica

granatum L.)

80–280 �C, 6 MPa Functional food,

nutraceuticals, and

antioxidant

He et al. [22]

Rice bran 200 �C Food additives Wataniyakul et al. [23]

Potato peel 100–240 �C, 6 MPa Pharmaceutical and biofuel

industries

Singh and Saldaña [24]

140–260 �C, 4–12 MPa Alvarez et al. [25]

Cinnamon bark (cinnamomum

zeylanicum)

150–200 �C, 6 MPa Flavoring ingredients,

antioxidative agent

Khuwijitjaru et al. [26]

Citrus pomaces 25–250 �C,
0.1–5.0 MPa

Antioxidative agent Kim et al. [27]

Golden oyster mushroom 50–300 �C,
0.002–5 MPa

Antihyperglycemic,

antihypertensive, and

antioxidative agent

Jo et al. [28]

Sea buckthorn (Hippophaë

rhamnoides L.)

80–180 �C, 6 MPa Nutraceuticals and food

materials

Gong et al. [29]

Oregano 25–200 �C, 10.3 MPa Antioxidative, antibacterial,

and antifungal agent

Rodrı́guez-Meizoso

et al. [30]

Marigold flower 80–260 �C, 0.5 MPa Antioxidative agent Xu et al. [31]

Flavonoids Black tea, celery, and ginseng

leaf

110–200 �C, 10 MPa Antioxidative agent Cheigh et al. [32]

Citrus unshiu peel 110–200 �C, 10.1 MPa Antioxidant, anticancer,

anti-inflammatory, and

cardiovascular protective

activities

Cheigh et al. [33]

Onion skins, Saururus

chinensis, seabuckthorn

leaves, parsley, carrots, and

lemons, orange, and

grapefruit peels

110–200 �C, 10 MPa Antioxidants and reduce

damage such as cancer

and cardiovascular

disease

Ko et al. [34]

Onion waste 40–120 �C, 5 MPa Antioxidative agent Turner et al. [35]

Onion skin 100–190 �C, 9–13 MPa Antioxidant and nutritional

supplement to

nutraceuticals

Ko et al. [36]

Polygonum hydropiper 100–250 �C, 12.1 MPa Medical uses Lekar et al. [37]

Monosaccharide Oil palm 170–200 �C,
3.4–5.5 MPa

Food additive Norsyabilah et al. [38]

Polysaccharide Lycium barbarum L. 110 �C, 5 MPa Antioxidative, antitumor,

and antiaging agent

Chao et al. [39]

Ganoderma lucidum 99.85–189.85 �C,
4 MPa

Chemical, food, and

pharmaceutical industries

Matsunaga et al. [40]

Citrus junos peels 160–320 �C, 20 MPa Dietary fiber Tanaka et al. [41]

Oil palm 170–200 �C,
3.4–5.5 MPa

Chemical, pharmaceutical,

and food industries

Hanim et al. [42]
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processes of their extraction and isolation. Therefore, these

procedures must be optimized, depending on the nature of

the sample chosen and the target analytes [60, 61].

There have been few studies on the extraction of phe-

nolic compounds from plants using SWE. These include

extraction from mango leaves [21], pomegranate [22], rice

bran [23], potato peel [24], cinnamon [26], citrus pomaces

[27], golden oyster mushroom [28], oregano [30], and

marigold flowers [31]. These studies have indicated that

SWE is a promising technique for the successful prepara-

tion and isolation of phenolic compounds from the matrices

of various plants.

Flavonoids are extensively distributed in plants and

possess many roles and functions. Variability, low toxicity,

and wide distribution of flavonoids compared with other

active compounds make the animals, as well as humans,

ingest significant amounts of it in their diet [62]. A study

on extracting flavonoids from various plants (onion skins,

Saururus chinensis, seabuckthorn leaves, parsley, carrots,

and lemon, orange, and grapefruit peels) determined the

optimum conditions of time and temperature for SWE and

their dependence on the chemical structure of the flavo-

noid. This showed that the extraction of a flavonoid was

greatly influenced by both the extraction conditions of the

subcritical water solvent and the structure of the flavonoid.

SWE at higher temperatures increased the thermal agitation

and hence decreased the strength of the hydrogen bonds,

which led to the more efficient extraction of nonpolar hy-

drophobic compounds compared with polar hydrophilic

compounds [34]. Quercetin is one of the flavonoids that

naturally occur in plants and commonly extracted using

ethanol or aqueous-based ethanol and methanol solutions.

However, subcritical water could be an excellent alterna-

tive medium for extracting quercetin due to its tem-

perature-dependent selectivity, environmental

acceptability, efficiency, and lower cost. Few studies have

been done on extracting this compound through SWE in-

cluding onion waste, Polygonum hydropiper and onion

Table 1 continued

Compound Raw material Operating condition Possible use References

Oligosaccharide Coconut 100–300 �C Food ingredient for

providing dietary fiber in

foods

Khuwijitjaru et al. [43]

Pectin Apple pomace, and citrus

peel

100–170 �C Antioxidative and

antitumor agent

Wang et al. [44]

Sugar beet pulp 110–130 �C, 8–12 MPa Stabilizing agent in the

food industry

Chen et al. [45]

Citrus junos peels 160–320 �C, 20 MPa Dietary fiber Tanaka et al. [41]

Oil Soybeans 66–234 �C,
0.03–3.86 MPa

Protein to feed livestock

and for vegetable oils to

supply food and fuel

sectors

Ndlela et al. [46]

Sunflower 60–160 �C, 3 MPa Antioxidative agent Ravber et al. [47]

Reducing sugars Coconut, grape seed, and

palm fiber

208–257 �C, 20 MPa Fermentable sugars Prado et al. [48]

Carya cathayensis Sarg.

peel

130–280 �C, 8 MPa Reducing sugar and

antioxidative agent

Shimanouchi et al. [49]

Resorcinol and

Chavibetol

Piper betle leaves 50–250 �C, 2 MPa Medicines, nutraceutical,

and industrial compounds

Musa et al. [50]

Mannitol Olive leaves 49.85–149.85 �C,
3–11 MPa

Antioxidative agent,

nonmetabolizable

sweetener, and diabetic

food products

Ghoreishi and Shahrestani

[51]

Asiatic acid Centella asiatica 100–250 �C, 10–40 MPa Antibacterial and fungicidal

agent against pathogens

and fungi

Kim et al. [52]

Mangiferin Mahkota Dewa (Phaleria

macrocarpa)

49.85–149.85 �C,
0.7–4 MPa

Antidiabetic, antiHIV,

anticancer, antioxidative

agent

Kim et al. [53]

Carotenoids Palm oil 149.85–359.85 �C,
15–25 MPa

Bioactives for food,

additives for the cosmetic

and pharmaceutical

industries

Cardenas-Toro et al. [54]
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skin [35–37]. Quercetin has many biological activities and

known to have had a powerful antioxidant activity both

in vitro and in vivo. Turner et al. [35] implemented SWE

with biocatalytic conversion to produce quercetin. The

conversion process by using Thermotoga neapolitana b-
glucosidase enzyme converted quercetin glycosides to ac-

tive quercetin in\10-min reaction. The study demonstrated

rapid method to determine the content of quercetin and

isorhamnetin in onion samples and is environmentally

sustainable as it only uses water as solvent and enzymes as

catalysts.

Polysaccharides are also a major constituent of plants.

Chao et al. [39] extracted valuable natural polysaccharides

from Lucium barbarum using SWE with the assistance of

ultrasonication as a pre-treatment. Their study showed that

the maximum recovery of polysaccharides was obtained at

an extraction temperature of 100 �C for 53 min. The pro-

cess was very efficient because of its easy pre-treatment

and the high yields of extracted polysaccharides [39].

Polysaccharides have also been recovered from Ganoder-

ma lucidum (Lingzhi mushroom) using SWE [40]. During

the extraction process, the thermal softening of Ganoderma

lucidum allowed the removal of the polysaccharides and

protected other components through hydrolysis. There have

also been studies on extracting cellulose and hemicellulose

using SWE from citrus junos peels and oil palm fronds [41,

42]. The highest cellulose content obtained from citrus

junos peel was up to 80 % using a 200 �C treatment tem-

perature, and from oil palm, a maximum hemicellulose

yield of 69.60 % at a temperature of 190 �C was obtained.

Both these studies indicate that SWE can be applied effi-

ciently and that its parameters manipulated to maximize

the yield of compounds.

Monosaccharides and oligosaccharides can also be ex-

tracted using the SWE technique from palm oil fronds [38]

and coconut plants [43]. Monosaccharide and oligosac-

charides are produced by the decomposition of carbohy-

drates and can be used as a biofuel, food additive, or

pharmaceutical products. The solubilized monosaccharide

can also be converted and produce other polymers [63]. For

palm oil, the highest monosaccharide content was suc-

cessfully extracted using SWE at a temperature of 190 �C
with a treatment time of 10 min, while for coconut, the

highest yield of mono- and oligosaccharides extracts was

obtained at a temperature of 250 �C for 10 min. The yield

and ratio of saccharide components can also be ma-

nipulated by varying the proportion of raw materials to

water used in the SWE process [43].

Apart from the examples above, SWE has also been used

to extract many other compounds from various plants sour-

ces such as pectin [44], oil [47], reducing sugars [48], re-

sorcinol and chavibetol [50], mannitol [51], asiatic acid [52],

mangiferin [53], and carotenoids [54]. All these compounds

have beneficial properties that can be applied in the food and

pharmaceutical industries. These studies also suggest the

SWE technique as the preferred approach for extracting

these compounds from the original plant matrices as it has

been shown that subcritical extraction with water enhanced

the efficiency of extracting the target compounds. Compared

with other organic solvents, using water is also cost-effec-

tive, environmentally friendly, and safe regarding its toxi-

city, flammability, and availability [51].

Extraction of Bioactive Compounds from Algae

Algae exist as a wide range of autotrophic organisms that

grow using photosynthesis in a process similar to land-

based plants. The unicellular structure of algae permits the

easy conversion of solar energy into chemical energy [2,

64, 65]. Algae also possess greater sustainable and com-

mercial advantages over other feed stocks. They are very

attractive as a natural source of bioactive compounds as

they have the potential to generate the compounds in cul-

tures which allow the production of complex molecular

structures [66–71].

The ability of algae to synthesize a variety of bioactive

chemicals is a result of their numerous physiological,

biochemical, and molecular strategies to cope with stress.

As photosynthetic organisms, algae contain chlorophyll

that can be applied in the food and cosmetic fields [72–74].

In the pharmaceutical industry, several types of algae have

been used to create bioactive compounds such as an-

tioxidants and antibiotics [75, 76]. Algae are consumed as

nutritional supplements by humans as they are high in

protein, vitamins, and polysaccharides [77, 78].

Compared with studies on plants, those on SWE of algae

have focused mostly on the biological activities of the

compounds extracted. Rodrı́guez-Meizoso et al. [5] have

described the antioxidant and antimicrobial activity of

compounds extracted from Haematococcus pluvialis mi-

croalgae using SWE. Their results showed that the ex-

traction temperature greatly influenced the extraction yield

and antioxidant activity. At 200 �C, the extraction yield

was more than 30 % (dry weight basis) and the extracts

exhibited the highest antioxidant activity. However, the

extraction temperature did not significantly affect the an-

timicrobial activity of the extracts. In addition, a major

issue for extraction from microalgae is breaking down the

protective barrier (cell wall) which slows down and inhibits

the extraction and bioavailability of bioactive compounds

[79]. In this case, the microalgae samples were freshly pre-

treated by freezing with liquid nitrogen and mashing them

in a ceramic mortar to improve the extraction yield [5].

In another study by Plaza et al. [13] using SWE, raising

the extraction temperature improved the antioxidant

28 Food Eng Rev (2016) 8:23–34
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capacity of natural extracts. They also verified the

neoformation of antioxidants during SWE from different

natural products, such as Chlorella vulgaris, C. abies-

marina, Porphyra spp., S. vulgare, S. muticum, U. pin-

natifida, and H. incurvus algae. The antioxidant capacity of

the extracts obtained at 200 �C was significantly higher

than those extracted at 100 �C. The increases in antioxidant
capacity were caused by the production of new compounds

derived from Maillard reactions and caramelization during

the SWE process [13].

Effects of SWE on In Vitro Biological Assessment
of Plants/Algae Extracts

Characterizing bioactive compounds extracted using SWE

has also been determined by assessing their in vitro bio-

logical activities including their antioxidant and antimi-

crobial activities. Table 2 summarizes the studies on the

biological activities of compounds extracted from plants or

algae using SWE.

The term antioxidant refers to any compound that hin-

ders the reaction of a substance with dioxygen or any

compounds that inhibit free radical reaction [87, 88]. Most

antioxidant compounds that exist naturally in plants have

been classified as free radical scavengers [89]. Because of

their positive effects, antioxidants have gained importance

as health promoters to ameliorate cardiovascular problems,

atherosclerosis, cancers, and the aging process [90].

Interest in identifying antioxidant compounds from

plants and algae which pharmacologically have only slight

or no side effects has increased worldwide, especially for

use in protective medicines and the food industry [91].

Incorporating antioxidant constituents into the normal daily

diet can support the human body in resisting some diseases

[92, 93]. The protective mechanisms of antioxidants can

inhibit the accumulation of reactive oxygen species and

free radicals and so counteract their cell-damaging ac-

tivities [94]. The antioxidant capacity of plants and algae

products is of growing interest (Table 2), especially in the

beverage market segment of functional foods and in

pharmaceutical applications for treating oxidation-associ-

ated diseases such as inflammation [95, 96].

The antioxidant capacity of rosemary plant extracts

obtained by the SWE technique has been evaluated and

measured using a free radical method or 2,2-diphenyl-1-

picrylhydrazyl (DPPH) assay. Ibanez et al. [80] showed

that the antioxidant capacity of rosemary extracts obtained

by SWE was very high and comparable to that using su-

percritical fluid extraction [80, 97]. In their study, the effect

of temperature on extraction efficiency was investigated

with values of antioxidant activity from SWE extracts at

around 11.3 lg/mL for all the temperatures tested [80].

The compounds contributing the highest antioxidant ac-

tivity in the extracts were carnosic acid, carnosol, ros-

manol, and other polar compounds. The inhibition of lipid

peroxidation by the compounds was effective for protect-

ing biological systems against oxidative stresses [98].

Table 2 Biological activities of compounds from plants/algae extracted using SWE

Biological activity Raw material References

Antioxidant capacity Rosemary plants Ibanez et al. [80]

Seabuckthorn leaves Kumar et al. [81]

Mangifera indica L. leaves Fernández-Ponce et al. [21]

Olive leaves Herrero et al. [9]

Onion peel Lee et al. [82]

Lee et al. [83]

Carya cathayensis Sarg. Shimanouchi et al. [49]

Green coffee beans Narita and Inouye [84]

Haematococcus pluvialis Rodrı́guez-Meizoso et al. [5]

Microalgae (C. vulgaris), macroalgae (C. abies-marina,

Porphyra spp., S. vulgare, S. muticum, U. pinnatifida,

and H. incurvus), and plants (rosemary, thyme, and verbena)

Plaza et al. [13]

Antimicrobial activity Haematococcus pluvialis Rodrı́guez-Meizoso et al. [5]

Onion peel Lee et al. [82]

Brassica juncea Lee et al. [85]

Ginseng Lee et al. [86]

Olive leaves Herrero et al. [9]

Food Eng Rev (2016) 8:23–34 29
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Seabuckthorn (Hippophae rhamnoides) leaves are also

an antioxidant agent that has been evaluated using both

DPPH and FRAP (ferric reducing ability of plasma) assays.

Compared with extracts obtained from other extraction

methods (Soxhlet and maceration extraction), SWE gave

higher antioxidant activity and illustrated its advantages for

obtaining formulations of high antioxidant compounds

[81].

The antioxidant capacities of extracts from Mangifera

indica leaves obtained from SWE compared with those

from supercritical fluid extraction were higher [21]. An-

tioxidant activity of extracts and standard compounds,

which are (?)-a-tocopherol, mangiferin, and quercetin, are

determined by DPPH assay. Using SWE, the antioxidant

capacity of the extracts were better than (?)-a-tocopherol
and similar to that of the standard compounds, mangiferin

(7.80 DPPH g/g dry extract) and quercetin (7.06 DPPH g/g

dry extract). They concluded that SWE was more efficient

for extracting phenolic compounds with potent antioxidant

activity than supercritical fluid (carbon dioxide) extraction.

Other studies have reported the antioxidant capacity of

extracts from various plants such as onion peel [82], Carya

cathayensis Sarg. (Chinese hickory) [49], green coffee

beans [84], and Haematococcus pluvialis algae [5]. They

have shown that the antioxidant activities of the com-

pounds extracted using SWE were always higher compared

with using other extraction methods. The studies also

proved that the antioxidant capacity was correlated with the

content of phenolic compounds present. It was also be

derivable to the synergistic effects of the various

polyphenols including flavonoids in the plant itself such as

onion peels [82]. However, further studies are required to

determine all the elements in extracts that contribute to the

antioxidant capacity. Finally, it also shows that plants

contain strong antioxidant activity and that SWE is an ef-

ficient method to extract the antioxidant components [84].

SWE of algae (C. vulgaris, C. abies-marina, Porphyra

spp., S. vulgare, S. muticum, U. pinnatifida, and H. in-

curvus) and plants (rosemary, thyme, and verbena) was

studied with the aim of determining whether antioxidants

occurred naturally in the raw samples or were formed

during extraction by the Maillard reaction and other che-

mical events [13]. The results showed that antioxidants

with various physicochemical properties could be formed

during the SWE extraction process. In addition, they also

studied the formation of neoantioxidants derived from

Maillard reaction in glycation model systems [99]. Other

reports have also suggested that antioxidants are formed

during Maillard reactions and caramelization [100, 101].

Some studies have assessed in vitro the antimicrobial

activities of compounds extracted by SWE, as well as an-

tibacterial, antiviral, and anticancer activities [102]. Lee

et al. [82] evaluated the antimicrobial effects of onion peel

extract prepared using SWE. The microorganisms used are

Staphylococcus aureus KCCM 40501, KCCM 32395, and

KCCM 11335. Staphylococcus aureus is a Gram-positive

bacterium and one of the pathogens that is most commonly

associated with food-borne illnesses [103]. Some strains

are resistant to some antibiotics used in hospitals and so are

referred to as ‘super-bacteria’ or ‘methicillin-resistant

Staphylococcus aureus (MRSA).’ The effect of SWE ex-

tract on various strains of Staphylococcus aureus has been

investigated using quercetin as a standard [104]. This

showed that the antimicrobial effect of the onion peel ex-

tract using SWE was greater than using quercetin at a

similar concentration because of the carbohydrates in the

extracts that can be used as nutrients for the growth of

Staphylococcus aureus strains [82].

Another report evaluated the antimicrobial activity of

Haematococcus pluvialis algae extracts against microor-

ganisms that importance in the food industry as they can

cause spoilage and some are pathogens, including Sta-

phylococcus aureus ATCC 25923, Escherichia coli ATCC

11775, Candida albicans ATCC 60193, and Aspergillus

niger ATCC 16404 [5]. The algae extracts exhibited good

antimicrobial activity against bacteria and yeast, at all the

temperatures tested during the study. Analyzing the effects

of extraction temperature on the antimicrobial activity of

the extracts from the algae showed that changing the

temperature produced no significant effects. However, for

bacteria, using lower temperatures (50 or 100 �C) could

enhance the extraction of compounds with antimicrobial

activity [5].

Using SWE on Brassica juncea (mustard greens) has

been studied to evaluate the antiviral effects of the extracts

against the influenza virus, A/H1N1, being applied as a

supplement in nonfat milk for use as an ‘antiviral food’

[85]. At the maximum nontoxic concentrations, the extracts

had a higher antiviral activity against the virus than

n-hexane, ethanol, or hot water (80 �C). Adding 0.5 mg/

mL of Brassica juncea extract to the culture medium led to

a cell viability (% antiviral activity) of 50.35 % for Madin-

Darby canine kidney cells infected with the A/H1N1 in-

fluenza virus. A nonfat milk, supplemented with 0.28 mg/

mL of Brassica juncea extract from SWE, showed 39.62 %

antiviral activity against the A/H1N1 influenza virus.

Therefore, the use of a Brassica juncea extract prepared by

SWE as a food supplement might help protect against in-

fluenza viral infection. The antiviral activity of Brassica

juncea extracts was maintained in nonfat milk, so it may be

used as a food supplement in dairy products to prevent

infection caused by the influenza virus.

Another study on the antibacterial activity of ginseng

extracts produced from its stems and leaves compared the

use of hot water and ethanol extraction with SWE [86]. All

the ginseng extracts hindered the growth of Bacillus
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cereus, Salmonella enteritidis, Escherichia coli, and Lis-

teria monocytogenes. They found that adding ginseng ex-

tracts prepared by SWE contributed to the disruption of the

bacterial cell membranes. Ginseng extracts with antibac-

terial activity have a huge potential to be used as a food

additive against food-borne pathogens, and SWE was very

suitable and efficient at discovering ginseng extracts that

inhibit bacterial growth [86].

The possible relevance of compounds extracted using

the SWE process for antiproliferative activity has also been

studied. Compounds derived from some reactions during

the SWE process for olive leaves, such as 5-hydrox-

ymethylfurfural (HMF), have been investigated by Herrero

et al. [9]. Various extraction temperatures were used to

evaluate the anticancer activity of the extracts to determine

to what extent the HMF generated during the SWE process

was responsible for the bioactivity of the extracts. In an-

other aspect of this study, two different human colon

adenocarcinoma cell culture models, HT-29 and SW-480

cells, were used to assess the anticancer activity of the

olive leaves extracts. Observation using the MTT (colori-

metric) assay showed that the proliferation of the two cell

lines was not affected, regardless of the concentration of

HMF in the range studied. This suggested that the presence

of this compound had no influence on the extract’s an-

tiproliferative activity against the colorectal adenocarci-

noma HT-29 and SW-480 cells and demonstrated the

safety of the SWE process [9].

Conclusion and Future Outlooks

In conclusion, natural bioactive compounds extracted from

plants and algae are the preferred alternatives for use in the

food and pharmaceutical industries. The extraction of the

compounds is being studied and developed extensively to

maintain their quality and properties while achieving an

efficient and safe extraction process.

The extraction of various compounds from plants and

algae using SWE provides a superior process, especially in

environmental terms. In addition, SWE offers improve-

ments in the mass transfer rate and enhances the perme-

ability of solvent into the cells giving the advantages of

higher extraction yields, shorter extraction times, and a

minimal or no effect on the activity and structure of the

bioactive compounds extracted.

Recently, food and pharmaceutical products obtained

from natural sources have become popular because of

changes in eating habits and concerns about health.

Therefore, research and development on extracting these

compounds, especially using SWE processes, must con-

tinue to make progress to improve the quality and prop-

erties of these bioactive compounds and to design safer and

more environmentally friendly processes. SWE technology

is developing toward scaled-up operation and design of

industrial-scale equipment to extract high volume of de-

sirable compounds from various natural sources, especially

for pharmaceutical and food applications. It was started by

laboratory and pilot-scale system development to optimize

the process key parameters such as temperature, pressure,

flow rate, or pH to achieve desirable extraction efficiency

or rate.
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