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Procyanidins are an important group of bioactive molecules known for their benefits to human health. These

compounds are promising in the treatment of chronic metabolic diseases such as cancer, diabetes, and

cardiovascular disease, as they prevent cell damage related to oxidative stress.

Wastes  Extraction  Procyanidins  Ulltrasound  Microwave

1. Introduction

Extraction methods have been used to recover bioactive phytochemicals from natural sources, which are of

interest in human health. These methods were previously required to separate, purify and analyze bioactive

compounds of plants  and are referred to in the literature as conventional or traditional or classical methods,

among them being maceration (M), percolation (P) and successive solvent extraction (SSE). These methods have

been widely used in the extraction of procyanidins. Some authors report procyanidin extraction from different food

production chains, for example, raw cacao and blueberry . However, researchers have proposed alternative

methods that allow higher compound yields, process efficiency, and lower solvent use. Efficiency is an important

factor in choosing the extraction method, being related to the recovery of compounds and biological stability of

compounds, time, and energy-saving during the extraction process. Efficiency depends on the conditions of

extraction, which could affect the structure of compounds as location and distribution of hydroxyl groups, terminal

and extension units, interflavanic bonds, and interactions with other compounds .

2. Ulltrasound-Assisted Extraction

Ultrasound-assisted extraction (UAE) is a simple method with short duration and has little effect on the

environment. It is considered an emerging technology and better than classical methods due to rapid mass

production . This type of extraction has several applications in various industries (agro-industrial wastes) to

obtain polyphenols such as procyanidins . For the extraction of procyanidins from by-products of wine

processing, UAE has been used to study its effect on the compounds’ structure and biological activity.

Extraction obtaining bioactive compounds by the ultrasound method from agro-industrial residues has been widely

reported . However, few reports of procyanidin extraction have been reported in the last five years, and most

studies have focused on the evaluation of different extraction conditions on the yields of bioactive compounds 

. The mechanism of extraction occurs by mechanical vibration through waves that penetrate a

liquid system and form gas bubbles . These bubbles are affected by the acoustic cavitation phenomenon, which
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leads to their collapse. Thus, there is an increase in pressure and temperature in the medium that creates an

ultrasound micro-jet in the solution .

Grape seeds are rich sources of oligomeric procyanidins, rather than polymeric procyanidins, which represents an

advantage for different industries. The ultrasound technique was used to study the depolymerization of

procyanidins, finding considerable increases in the content of polymeric procyanidins, oligomeric and catechin

monomers, corresponding to 41%, 35% and 49%, respectively .

Researchers also used this technique by varying the frequency of the test (45 and 20 kHz), obtaining higher

polymeric procyanidin concentrations at 20 kHz. The breakdown of procyanidins was expected in tests with the

frequency change. However, at 45 kHz the concentration of procyanidins decreased, due to obstructions in the

mass transfer that occurred during the bubble formation. The improved antioxidant activity in treatments with

ultrasound was associated with the hydroxyl groups, which were identified by Fourier transform infrared

spectroscopy (FTIR) analysis, and could be generated by the rupture of links between procyanidins with

polysaccharides or proteins .

A modification to the UAE is called the high-intensity ultrasound (HIUS) technique that is characterized by working

at high intensity and low-frequency conditions. HIUS is attractive because of production costs, simplicity, reduced

extraction times and small environment effect. Applying ultrasound of high intensity on Araticum peel extracts

increased antioxidant activity of procyanidins A and B. These the results were achieved with short extraction times

(0.5–5.0 min) .

Recently, combination with cavitation methods using negative pressure has been proposed to increase the yields

of procyanidins, by increasing ultrasonic power between 0.2–0.35 W/cm . A combination of nitrogen pressure on

cavitation, collision of bubbles, cell disruption, and transfer of compounds in the extracting medium during

extraction improved the yields of compounds, . Other process conditions could affect the biological activity of

procyanidins, such as vegetal material concentration, type of solvent, temperature, stirring speed, and time stirring

. Improvement of the bioavailability of procyanidins for pharmaceutical purposes has led to the development

of methods for controlling the particle size of the compounds. To this goal, ultrasonic methods have been combined

with the precipitation of antisolvents, with successful results under the optimal parameters of power, stirring speed,

stirring of 620 W, 760 r/min, 14 min and 0.3 mg/mL, respectively, which allowed increase antioxidant activity. This

may be due to the phenomenon of collision of particles by cavitation and a decrease in the agglomeration of

crystals .

Recent advances in UAE have been explored using a macroporous resin to improve the purification and recovery

of bioactive compounds, including procyanidins. The combination of these methods helps to increase extraction

yield and reduce process times. The main factors that influence the quantification of the extraction process are the

structure, polarity, and size of a bioactive molecule, type of resin, solution concentration, interaction resin-molecule,

and ultrasound power . A previous study confirmed that the employed resins (HPD-500) in ultrasonic treatments,

when applied at 270–540 W for 15 and 5 min, respectively, increased adsorption capacity and mass transfer of
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procyanidins from baobab fruit pulp, as compared to treatments without use of ultrasound. In this study,

procyanidins B2 and C1 were identified and quantified in samples treated at high power sonication (540 W) and

short exposure time (5 min), with concentrations corresponding to 751.34 ± 32.76 mg/100 g dry matter (DM) and

566.38 ± 10.78 mg/100 g DM, respectively . Limwachiranon et al.  reported procyanidin concentrations of 20

mg in lotus seed extracts using mixed solvents (acetic acid, acetone, and water).

Another type of combination with the ultrasound technique is the use of enzymes. Research has been carried out

to obtain more available bioactive compounds using enzymes in ultrasound extractions using methanol as a

solvent. Martins et al.  studied the biotransformation of condensed tannins through the enzymatic hydrolysis of

tannase alone, pectinase plus cellulase, or a mixture, in white, red and mixed of grape pomaces, which were

obtained from Brazilian wine production. The content of condensed tannins decreased in the enzymatic treatments

with respect to the control treatment (without enzymes) and had variations in the different grape pomaces. The

best results were obtained in red grape pomace in a treatment with pectinase-cellulase (21.5 mg catechin

equivalents (CE)/g DM). The main polyphenolic compounds found were catechin and procyanidin B2, catechin

standing outfor all treatments, with range of values for catechin and procyanidin being from 575–2009 and 166–

1071 mg CE/g DM, respectively. The highest values of these compounds were observed in the grape pomace

network, although they were not affected by enzymatic treatments.

In another study, isolation of procyanidins from lychee pericarp by ultra-high-pressure (UHP) extraction was

compared to UAE and extraction with ethanol (ECE), to evaluate the polyphenolic profile and antioxidant activity of

samples dried in an oven at 80 °C for 36 h. Polyphenolic compounds such as procyanidins A2, procyanidin B2,

epicatechin, isoquercitrin and quercetin-3-rutinoside-7-rhamnoside were identified. The B2 procyanidins content

was 1.13, 1.21 and 1.29 mg/g in ECE, UAE, UHP, respectively. However, the content of the A2 procyanidin was

higher, with values of 4.46, 4.68, 4.97 mg/g in the same extraction treatments. These results were correlated with

antioxidant activity tests, where the content of total polyphenols and antioxidant activity increased when UHP was

used. Although studies have confirmed the presence of lychee procyanidins, few studies have focuses on the

extraction of these compounds. The authors state that the yields of polyphenols could be improved with the

adjustment of temperature and pressure in the extraction processes, since compounds such as anthocyanins are

sensitive to heat, and in the case of procyanidins they can be polymerized at high temperature and pressure .

On the other hand, procyanidin oligomers have been extracted and purified mainly from by-products of the wine

industry such as grape seeds. Due to their availability and cost, the extracts have been marketed in the food

industry, especially the dietetic and supplementary market. Procyanidin polymers are macromolecules generated in

these purification processes, for which extraction methods have been developed that allow their depolymerization

and reduction in molecular size as catechins or oligomers. Structural characteristics and antioxidant activity of

procyanidins and their derivatives in methodologies with an ultrasound bath and by a probe were evaluated. The

conditions of both extraction methods were varied; the first with continuous and degas mode, and the second with

30% and 70% of amplitude in pulsed mode. The analyzes show the presence of 85% of polymeric procyanidins

and 2.5% of monomeric and oligomeric flavan-3-ols. Increases in the molecular masses of these compounds were

also observed when using an ultrasonic bath in continuous mode. In the MALDI-TOF analyses, type B procyanidins
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were observed, and the best results of antioxidant activity were obtained in the probe assays at an amplitude of

70% and a procyanidin concentration of 0.01%, while for the assays carried out in the ultrasonic bath antioxidant

activity was better at higher concentration of procyanidins. The data obtained on antioxidant activity were positively

affected compared to controls. The authors suggest that the ultrasound method may constitute an effective strategy

to modify the structure of polyphenolic compounds in grape seeds, allowing the formation of procyanidin oligomers

and polymers with antioxidant activity, that apparently could happen by the breaking of linkages with proteins

and/or polysaccharides .

Tannin contents were reported by Kim et al.  in grape skin and seed ultrasound-assisted extractions using

methanol, ethanol and acetone at different concentrations (10, 70 and 70%, the latter with HCl addition). The

highest content of these compounds was observed in seeds extracted with 70% acetone (acidified) at 14.72 mg/g.

The identified compounds were monomers and dimers of tannins such as catechin, epicatechin, epigallocatechin,

procyanidin B1 and B2, procyanidin B1 being the main compound extracted for all trials. The highest content was

found in skin (1076 mg/kg) and seed (1741 mg/kg) using extractions by acetone and methanol at 70%,

respectively. The authors indicate that the content of the type of tannin (monomer or dimer) extracted depends on

the type of solvent used. In this study, methanol was more efficient for the extraction of condensed tannins as

procyanidins (dimers), while molecules of lower molecular weight, such as catechins (monomers), were extracted

mainly with acetone and methanol, both at 70%.

There is extensive information on the extraction of polyphenolic compounds from winemaking pomace and marc.

However, few works have focused on the use of other sources such as seedless table grape residues for the

optimization of extraction parameters such contact time and solid-to-solvent ratio in UAE and MAE using mixtures

of water and acidified ethanol. Crupi et al.  used water/ethanol/phosphoric acid (70:30:1) as solvents in UAE and

MAE to recover phenolic compounds of seedless table grape residues. The main polyphenolic compounds found

were procyanidin B1, procyanidin B2, (+)-catechin, peonidin-3-O-glucoside, quercetin-3-O-rutinoside, quercetin-3-

O-glucoside, among others.

In processing of cranberry juice (Vaccinium macrocarpon), three by-products are obtained skin, seed and flesh,

which are called “cranberry pomace”. The use of wastes for procyanidin extraction is an alternative to reduce the

costs of blueberry juice production. Researchers have evaluated the adsorption and desorption capacity of

procyanidins by using different amberlite resins (XAD-7HP, XAD-761, XAD-16N, XAD-1180, FPX-66) coupled to

UAE, to study if this new method is suitable for the separation and concentration of these compounds. The results

showed that the adsorption and desorption capacity of procyanidins on the resin were higher with the resin XAD-

7HP. The adsorption of procyanidins on the resin was most marked between the times 600 and 800, with a

maximum adsorption value of 52.2 mg/g resin. XAD-7HP resin was also used to evaluate the desorption capacity

of procyanidins using different solvents (30%, 50%, 70%, 95% ethanol and 70% acetone), where the highest

procyanidin desorption value was found with 95% ethanol (>250 mg/g resin), the lowest desorption capacity was

found with 30% ethanol and 70% acetone .
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Procyanidins have also been extracted from cranberry leaves by negative pressure cavitation (NPCE) and its

combination with UAE. This technique was called U-NPCE by the authors. The effects of ethanol concentration,

ultrasonic power, temperature, extraction time, negative pressure and solid/liquid ratio were evaluated. The authors

reveal that there are still no reports indicating a solvent capable of simultaneously extracting all phenolic

compounds; however, methanol followed by ethanol is more efficient for this purpose . In this study, ethanol was

chosen because it is food grade and was evaluated at concentrations between 40 and 90%, and for ultrasonic

power and negative pressure it was evaluated at 0.3–0.4 W/cm  and −0.06 to −0.08 Pa, respectively. Extraction

yields of procyanidins, flavonoids and the total content of polyphenols were influenced by ethanol concentration. At

40% and 70% of solvent, the total content of polyphenols and procyanidins had higher values of 300 mg gallic acid

equivalents (GAE)/g DM and 200 mg CE/g DM, respectively, which were obtained at a 70% concentration, while for

concentrations between 80 and 90%, extraction yields were decreased. For the ultrasonic power parameter, an

increase in extraction yields between 0.2 and 0.35 W was observed, and at the latter value the maximum yield of

total polyphenols, procyanidins and flavonoids, was obtained. The temperature and extraction time positively

affected the yields of the compounds studied in a range of values from 5 to 15 min, and from 30 to 50 °C. At these

ranges, a gradual decrease was observed for the extraction time, while the temperature remained stable. Negative

pressure significantly increased the yield of total polyphenols and procyanidins between −0.04 and −0.07 Pa. The

same behavior was observed for a solid/liquid ratio between 1:10 and 1:30 g/mL. The variables ethanol

concentration, ultrasonic power, and negative pressure were optimized by response surface methodology and

evaluation of the bioactivity of the substances evaluated. From these results it was determined that the U-NPCE

method was the most suitable for extraction of phenolic compounds such as procyanidins and flavonoids,

especially those sensitive to heat, due to its high yield, bioactivity and shorter treatment time .

3. Microwave-Assisted Extraction

Microwave extraction (MAE) is a technique used for extraction of polyphenols such as condensed tannins and

flavonoids. However, studies of procyanidins, catechins, and their structural differences still need to be updated 

. MAE use solvents with a high dissipation factor (tan δ) or high polarity, such as methanol or

water . The mechanism consists of the transfer of heat to solvent by frequencies in the range of 300 MHz to 300

GHz, facilitating the disruption of cell wall and cellular structures. The interaction between solvent molecules and

compounds released increases by the formation of pores that allow rapid mass transfer resulting in an efficient

extraction process . The results depend on factors such as concentration, volume, and chemical characteristics

of the solvent and the cell wall . The advantages of this technique are high-quality substance recovery, low use

solvent, fewer plant materials, moderate time-extraction and paid energy transfer . There are reports of

other factors, such as extraction temperature, pressure, pH, solvent concentration and particle size, which

influence choice of extraction method and solvent. However, the target compounds determine this selection, since

the extraction process is specific for each plant material . The variability of the food matrix and the process

variables promote the selection of optimal conditions . Various factors influence on the yield of the substances

using this technique include temperature, time, type of solvent, ratio (solvent/solid) and power. Authors suggest

response surface methodology (RSM) could reduce experiment size .
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To increase extraction yields, process conditions could be modified. An example is the technique of microwave

superheated water extraction (MWE) . Previous findings revealed interactions between nonextractable

procyanidin (native and oxidized) and polysaccharides in apple pomace using acetone (60%) and water as

solvents with extraction temperatures above 100 °C for 2 and 5 min in each treatment . Previous work was

reported in extractions of microwave-assisted seed grape proanthocyanidin yield with recovery rates of 30.7 mg

g  and 99.3%, respectively, compared with traditional extractions. This technique was carried out in two aqueous

phases: acetone and ammonium citrate . Proanthocyanidins extraction from apple pulp by MAE was evaluated

and could improve yield and reduce extraction times.

The surface response methodology obtains the best extraction yields with the least use of solvent, energy, and

time . Authors have determined the optimal conditions in extraction processes from residues (bark) of the tree

species from Acacia mollissima, where condensed tannin concentrations correspondimg to 74 mg cyanidin/g bark

were achieved using 20% of methanol in water, 182 W and 3.66 min of time exposure .

4. Supercritical Fluid Extraction

The method of supercritical fluid extraction (SFE), is called supercritical CO  extraction (SC-CO ) when CO  is

used as a unique solvent . It has potential food applications, roles in pharmaceuticals manufacturing and

polymers, and is a potential tool in separation and purification of chemical compounds and natural substances with

antioxidant potential . Some studies have reported results about flavonoids , but few are specific

for procyanidins from agro-industrial and agroforestry residues . This technique cannot be used with a

solvent such as n-hexane, chloroform, and dichloromethane. Carbon dioxide can be used with compounds which

are easily degradable by temperature, since their critical points of temperature (31 °C), and pressure (74 bar) is

low; besides it is inexpensive, possess low viscosity, polarity, and reactivity, is nontoxic, nonexplosive and safe for

use in food . CO  is useful in nonpolar and slightly polar substance extraction and, in the case of polyphenols

other alternatives have been proposed to improve solvation properties and yields, such as CO  in mixtures with

ethanol (EtOH) and water . The process should be designed to take into account that water in supercritical

conditions is dangerous .

Temperatures and pressure monitoring makes the extraction process highly selective, and adjusting these

variables obtains bioactive compounds without thermal degradation. Other solvent properties, such as volatility and

surface tension are key to produce specificity for each process . Some variables should be taken into account to

control processes, including solvent flow rate, temperature, pressure, time, and the features of material .

Another important factor is equipment cost, which affects manufacturing cost. It is crucial to evaluate cost-benefits

and extraction yields for future applications .

Authors have suggested that SFE is better than traditional methods in compound extractions with biological activity

from wastes . In addition, high recovery of compounds from mixtures with solvent extract can involve improved

solid/liquid contact through of swelling of the solid sample or semi-solid (matrix), and can involve a low proportion

of solvent . Other researchers have found that proanthocyanidins were obtained of 139.7, 123.8, 309.3 mg
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catechin/100 g dried matter for monomeric, oligomeric and polymeric fractions, respectively, with mixtures of pure

carbon dioxide, carbon dioxide-water (15%), and water-ethanol (15%) using grape marc at high concentrations,

The authors attributed this to antioxidant activity obtained for this treatment (2649.6 mg α-tocopherol/100 g dried

matter), which were greater compared to methanol extraction . In a similar study, apple peel was extracted at 50

°C and 25 MPa with a mixture of CO -EtOH (25%). This was correlated strongly with antioxidant activity in the

presence of catechin, epicatechin, and procyanidin B . Methanol (40%) was used for the modified SFE process.

Three steps for the recovery procyanidin monomers were proposed, consisting of a cycle with pure CO , followed

by a cycle with methanol (40%)-CO  and finally with pure methanol. The best recovery rates of catechin (77%) and

epicatechin (79%) were achieved in the second step with 60 min of exposure . Other forms of grape pomace

extraction, including the coupling of ultrasound techniques with supercritical fluids, has been proposed. The

maximum concentrations proanthocyanidins were achieved by SFE, which correspondedto 282.8, 167.4, and

360.3 (mg catechin/100 g dried matter) for monomeric, oligomeric, and polymeric fractions, respectively. Regarding

monomeric fractions, the extraction by ultrasound was 10-fold lower than by SFE .

5. Pressurized Liquid Extraction

Pressurized liquid extraction (PLE), also called as accelerated solvent extraction (ASE), is considered a clean and

green technology that generates by-products with added value from different natural sources .

However, few studies have been found concerning procyanidin extraction , though some works report total

flavonoid content . PLE has advantages over conventional extraction, such as the use of short exposure time

and low solvent consumption. A range of pressure is employed (4 to 20 MPa) to keep solvent in a liquid state at

high temperature when operating conditions are above boiling .

This process takes place in a closed and inert system at high temperatures, allowing rapid mass transfer and

increasing dissolution of the plant material in the solvent . The molecular interactions into the sample matrix are

affected by high temperatures, surface tension and viscosity of the solvent. Polar substances and thermally

sensitive subtannces have been extracted successfully with water and ethanol. The most common solvent used in

PLE is water, being non-toxic, non-inflammable, and having a low cost . According to operating conditions, the

procyanidin content may vary. Studies have reported interactions between temperature, pressure, and/or time

extraction. Okiyama et al.  performed extraction kinetics with cocoa bean shell at 60, 75 and 90 °C for 50 min

and using 10.35 MPa. The highest yields of procyanidin were obtained at 90 °C, but this content decreased after

30 min. Researchers deduced possible changes in the matrix-solute. Mustafa and Turner  and Wijngaard et al.

 indicated that the use of PLE did not increase the extraction of bioactive compounds with respect to solid-liquid

extraction.

The use of PLE for bioactive substances extraction from Blackberry residues was evaluated using acidified water

at 100 °C, which affected negatively the anthocyanin content but promoted the increase of activity antioxidant and

total phenolics yield. Authors attributed these results to the possible presence of procyanidins and other

compounds; however, the latter compounds were not measured. High temperatures allow the breakdown of

interactions (hydrogen bonds, Van der Waals and others), which occur between the solvent and the plant material
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. This activity also may be a consequence of the generation of Maillard reaction products that could affect

procyanidins content. Others changes in nutritional and physicochemical characteristics have been observed .

An interesting option is the use of enzymes with PLE to investigate compounds from crude Guarana seeds; a plant

with health benefits. This work was achieved to improve concentrations of catechin (50.59 g/100 g extract) and

epicatechin (31.32 g/100 g extract) pressurizing the system at 10 MPa. The results were best with treatments using

water-ethanol (50% w/w) , and 20 times higher than a study carried out with SFE using the same plant source

, possibly due to low affinity of CO  by polar molecules such as catechins . Understanding of phenomena

occurring in PLE has been mathematically modeled to optimize the process, determine interactions between

variables, and allow scale-up .

Subcritical Water Extraction

A modification of PLE using only water in extraction system has been reported in the literature. Different names

could be found, for example, subcritical water extraction (SWE), superheated water extraction, pressurized low

polarity water extraction and pressurized hot water extraction , but the mechanism is the same.

This method represents an alternative use of organic solvents and could reduce negative effects to the

environment and risks for human health. The use of new solvents is necessary to overcome these limitations .

Moreover, unlike traditional methods, it does not require removal proceedings after the process, and manipulation

is automated, allowing savings of time and money. It also has good selectivity with rapid extraction. Reports have

shown that treatments with SWE have a manufacturing cost higher than assays with supercritical fluids (carbon

dioxide) and may be better for total flavonoid content than traditional methods, and nontraditional methods such as

UAE and MAE . SWE is used in different fields to extract bioactive compounds of different polarities,

obtained using water as the solvent at high temperatures and pressures .

The main property of subcritical water is its dielectric constant (ε), which depends on the extraction temperature. By

controlling this variable, water polarity can be changed, and thus its solvation capacity. The characteristics of water

according to its dielectric constant, facilitates obtaining a wide variety of byproducts.

Other variables such as exposition-time during treatment and chemical composition of plant material represent key

points in obtaining target compounds with specific characteristics. The adjustment of temperature and pressure

between 100 and 374.1 °C and 1 and 221 bar, can achieve changes in viscosity, surface tension, polarity and

diffusivity of water, besides improving sample solubility and mass transfer . In high-temperature extractions of

flavonoids, it was reported that the viscosity, density and surface tension of water can influence the structural

characteristics of these compounds. Ko et al.  revealed the efficiency of the SWE method in extractions with

residues of onion skins and sea-buckthorn leaves for nonpolar flavonoids, where temperature determined the

presence of hydrogen bonding in the molecule. In this study flavonoid extractions with hydroxyl groups at low

temperatures were achieved.
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In previous work with winemaking residues, proanthocyanidins were extracted from grape seeds at different

temperatures and cycle extractions using subcritical water. Each treatment resulted in changes in structure,

linkages of catechin, and antioxidant activity of the compound. The authors indicated that this strategy allowed

selectivity of processes; the type of procyanidin, number of catechin units, and ubication galloylated moieties are

influenced by extraction temperature and this variable can be applied individually or sequentially. High

temperatures favor polymerization of procyanidins, increased procyanidin trimers and tetramers content occurring

at 150 °C, whereas subsequent treatments at 100–150 °C favored procyanidins with galloylated moieties .
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