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Abstract

:

In this review, recent advances in the methods of pre-treatment of plant material for the extraction of secondary metabolites with high biological activity are presented. The correct preparation of the material for extraction is as important as the selection of the extraction method. This step should prevent the degradation of bioactive compounds as well as the development of fungi and bacteria. Currently, the methods of preparation are expected to modify the particles of the plant material in such a way that will contribute to the release of bioactive compounds loosely bonded to cell wall polymers. This review presents a wide range of methods of preparing plant material, including drying, freeze-drying, convection drying, microwave vacuum drying, enzymatic processes, and fermentation. The influence of the particular methods on the structure of plant material particles, the level of preserved bioactive compounds, and the possibility of their release during the extraction were highlighted. The plant material pre-treatment techniques used were discussed with respect to the amount of compounds released during extraction as well their application in various industries interested in products with a high content of biologically active compounds, such as the pharmaceutical, cosmetics, and food industries.
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1. Introduction


The step of sample preparation for extraction and chromatographic analysis has attracted the attention of researchers, analysts, and companies producing analytical equipment for almost two decades. This interest shows the awareness of the importance and impact of this stage of the analytical procedure on the quality of the results obtained. Moreover, it results from the general tendency to use faster and more effective methods which are ideally more environmentally friendly [1].



Proper preparation of material for research and many branches of industry, such as pharmaceutical, cosmetics, and food, is fundamental in extracting and analyzing complex natural materials. Proper sample preparation can increase the extraction efficiency of biologically active compounds. These preparations include weighing, volume measurement, mixing, diluting, heating, cooling, fractionation, purification, and preservation. Weighing is the first stage responsible for the final result of the analysis. The basic task is to ensure the right number of samples are taken for analysis. The volume measurement is used for liquid and gaseous samples. Mixing is one of the steps in the initial sample preparation. It must ensure the homogeneity of the sample and is also used when diluting samples. The heating of the sample is necessary when dissolving or removing water from the material, and lowering the temperature is used for preserving the sample and, e.g., during freeze-drying. Sample purification and fractionation are based on sieving, filtration, sedimentation, centrifugation, foam flotation, membrane filtering, distillation, evaporation, and crystallization. The purification process is often connected with the extraction, i.e., the isolation of analytes from the sample. Therefore, we can also distinguish the technique of solvent extraction (e.g., liquid-liquid), solid-phase extraction, or preparative chromatography. Preservation is intended to protect the sample during processing against a change in analytes’ content as their loss during physical or chemical processing changes the nature of the matrix. All of these activities affect the final yield of extraction [2,3].



The distinguishing feature of plant material, apart from its variability and the characteristic structured cell architecture, is the abundance of compounds with different physicochemical properties which occur in a wide range of concentrations. Plant material is a very complex matrix composed of a wide variety of plant metabolites, substances with a wide range of polarity. These include waxes, terpenoids, lipids, phenolic compounds, low-polar alkaloids, polar glycosides, polar alkaloids, saccharides, peptides, and proteins. Bioactive compounds are primarily phenolic compounds (including flavonoids), saponins, cyclitols, etc. A good method of preparing a plant sample should be expected to, regardless of the location of a given compound in the matrix, its type, or the presence of other components (e.g., lipids), quickly and thoroughly isolate the volatile and non-volatile, the polar and non-polar compounds, and be sensitive and resistant, e.g., to high temperature. As a result of a well-chosen method of preliminary sample preparation, phytoactive ingredients become more available and, at the same time, easier to extract. Considering the area of use of raw or pre-processed plant material and the importance of the analysis being carried out, the lack of influence of the method used to change the qualitative and quantitative composition of the tested plant is a particularly desirable feature of the method of preparing a plant sample [3,4,5].



The preparation of a sample of plant material for analysis involves several important steps. The first step is pre-washing, drying or freeze-drying the plant material, and grinding for homogenization. The following steps are extraction and qualitative and quantitative determination [1,2,6].



When planning the pre-treatment processes of plant material, several aspects characteristic for a given type of raw material should be taken into account, which, depending on the needs, may be a disadvantage or advantage. In the course of raw material processing, its components usually undergo irreversible chemical changes such as oxidation, hydrolysis, or the condensation of components (observed, for example, in the case of polyphenols which can form strong and potentially irreversible adducts with the cell wall material). Because the plant cell wall is a highly complex matrix, proper preparation is crucial for obtaining a high isolation efficiency of biologically active compounds. Additionally, regardless of whether the raw material was initially pre-treated, its quality will be influenced by many other factors including the way the plant was grown, the place where it was grown, weather conditions, the method of drying the biomass, temperature, the final water content of the raw material, and its storage temperature. All of these factors will influence the final chemical composition of the biomass [7,8]. Importantly, the water content varies greatly. Factors that influence it are plant species, its development stage, and growing or storage conditions. The pre-treatment processes assist in the destruction of cell walls by enabling and/or facilitating the release of active ingredients. Depending on what biologically active compounds we want to release and what plant material we are dealing with, we can subject the material to the process of drying, freeze-drying, fermentation, or enzymatic hydrolysis. Preparation of a plant sample can be problematic when analytes are unstable compounds that can be lost or undergo chemical modification during preparation [1,2,9,10,11,12].



Bioactive substances isolated from plant material can have antioxidant, antimutagenic, anticancer, antiemetic, antifungal, antibacterial, and many other properties. They are used to treat and relieve symptoms of many diseases. They can be used in the food, cosmetic, pharmaceutical, and agricultural industries as well as many other sectors of the economy [1,10,11,12].



In this review, the pre-treatment techniques of plant material were described. However, method selection is very important for both analytical research at the laboratory level as well as for the industrial level where the main aim is to extract as much bioactive compounds as possible. We focused on conventional methods such as convection drying, microwave vacuum drying, and freeze-drying, as well as paying attention to the increasingly used modern methods: fermentation and enzymatic hydrolysis. We also presented the influence of the discussed sample preparation methods on the content of bioactive compounds in plant material. So far, the techniques mentioned that are currently used in the extraction industry are limited to drying or convection drying. Most of the presented works refer to a laboratory scale but their effectiveness should lead to the transfer of the presented ideas to an industrial scale.




2. Drying the Plant Material


Research on medicinal plants begins with pre-extraction, i.e., the initial preparation of the raw material, which is an important stage in processing plant materials. This stage should prepare samples in such a way as to limit the loss of the bioactive ingredients contained in the plants. Preliminary raw material preparation steps such as grinding and drying can also influence the phytochemical content of the final extracts. Many authors, especially those using plants used in ethnomedicine, prepare fresh tissue extracts. However, dried plants are used more often [13].



The drying process is primarily aimed at inhibiting metabolic processes which result in stopping changes in the plant’s chemical composition. This occurs by removing water from the plant material, which is necessary for plant enzymes to function properly. The lack of water and a high drying temperature contribute to the inhibition of enzymes that can break down the active ingredients. Proper drying also reduces the number of microorganisms in the final product. It significantly reduces the weight and volume of plant material, reducing the costs of packaging, transport, and storage of plant substances [14,15].



The drying of the plant material may take place under natural or artificial conditions. The former includes drying in the open air or semi-open rooms, where free air circulation is used, but there is no direct sunlight. Drying carried out in natural conditions is the oldest method of preserving raw material. Nowadays, this method is abandoned because the process is long and does not allow for the adjustment of drying parameters, which means that the quality of the obtained dried material is low. Drying in artificial conditions includes ventilated rooms with various heating methods, where we can set the temperature range and air pressure [15,16,17].



The method of drying the plant material largely depends on the active ingredients it contains. If the plant material is a source of flavonoid compounds, drying at high temperatures can be used (even up to 100 °C and 180 °C) [16,18]. Applying a high drying temperature commonly leads to the loss of volatile compound content. Additionally, high drying temperatures could promote the degradation of heat-labile compounds in the essential oil [17].



Drying is of great importance primarily in the food industry. The quality of the products guarantees that their features will remain unchanged over a long period of time with a high level of consumer acceptance. Effective and thorough drying methods are required to guarantee the high quality of the products obtained. Drying on a laboratory scale can be carried out in laboratory dryers, and on an industrial scale in a vacuum chamber, tunnel, spray drum, tower, and shaft dryers [14,17].



2.1. Convection Drying


The most common method for plant material preparation is convection drying. Convection drying is one in which a stream of drying agent (dry gas, most often air) flows around the plant material bringing heat and removing moisture (Figure 1). The drying process is a process of simultaneous heat and mass exchange as well as an ongoing phase transformation (conversion of water into steam). The process of drying a solid is non-stationary, i.e., both the temperature of the dried material and its water content change continuously during the process. In the process of convection drying, the phenomena of external heat and mass exchange occur between the surface of the material and the gaseous environment and the internal heat and mass exchange inside the solid [19]. The greatest advantage of this method is the possibility of obtaining a relatively cheap product but at a significantly reduced quality. Namely, during convection drying, several physical and physicochemical changes of the material occur. The most important parameter of convection drying is the temperature of the drying agent, which is usually air. With increasing air temperature, the drying rate increases [20,21].



Drying conditions and the plant species affect the content of bioactive substances. Both the temperature and the drying time are of great importance for bioactive compounds, which indicates that each description of the methodology should precisely define the conditions of the experiment. For example, the vitamin C content of dried stevia (Stevia rebaudiana) leaves decreased with increasing drying temperature, although it remained relatively high [18].



Akbudak et al. [22] assessed the effect of the drying method on the vitamin C content in parsley leaves. Taking into account convection drying, it was observed that the degree of vitamin reduction increased with the extension of the drying time, which ranged from 20 min to 116 min for temperatures from 125 °C to 50 °C. Guine et al. [23] conducted qualitative tests of pumpkin dried with the convection method using various temperatures from 30 °C to 70 °C. The authors compared the content of, among others, proteins, lipids, and sugars in fresh and dried pumpkins. It showed that the smallest changes in chemical composition took place when the lowest temperature (30 °C) was applied, but the results were not much worse when when using the highest temperature. The research confirmed that the factors influencing the quality of the dried material are the temperature and the drying time, which was 8 h for 30 °C and only 2 h for 70 °C [23]. In the case of examining the chemical properties of pears dried using the convection method, a significant effect of temperature and time on the content of vitamin C and phenolic compounds was demonstrated [24]. In addition, it was observed that the samples of stevia leaves obtained after 10 h of drying at 30 °C had the lowest total phenol content, while the samples obtained after 2 h of drying at 70 °C had a slightly higher content of these compounds. The antioxidant activity measured by the ORAC method (oxygen radical absorbance capacity) also showed the highest value at 40 °C, indicating favorable drying conditions [25]. After the drying process, a decrease in the content of phenolic compounds and antioxidants was also found in garlic and tomatoes [26].



Leng et al. [27] compared the total content of phenolic compounds and the antioxidant capacity of fresh tamarind (Tamarindus indica L.) leaves dried at 60 °C for 3 h or dried at 180 °C for 10 min. The total antioxidant capacity and total phenolic compound content in the extract were highest in the case of leaves dried at 180 °C. Similarly, when comparing the fresh and dried leaves of Moringa oleiefera, it was found that drying did not affect the total phenolic compound content but increased the concentration of flavonoids [28].



Air drying usually takes a long time—from several days to several months, depending on the type of plant parts being dried (e.g., leaves or seeds). Plant samples, usually leaves and stems, are left in a shaded, airy place at ambient temperature. During drying, plants can become contaminated and are exposed to unstable temperature conditions. Temperature-controlled oven drying can be useful in drying plants rich in essential oils. The highest content of essential oil in lemon verbena (Lippia citriodora) was obtained by drying in an oven at 30 °C [29]. However, it was shown that increasing the heating temperature in the oven from 30 °C to 50 °C lowered the content of essential oils in the leaves of Laurus nobilis L. and Artemisia annua [30,31].



The course of the convection drying process depends largely on the degree of fragmentation of the raw material which increases the speed and efficiency of extraction. However, in the descriptions of the methodology of extract preparation, the technical parameters of this stage are usually omitted. The degree of fragmentation of the material affects the extraction efficiency, i.e., the fineness and small particle size increase the surface contact between the samples and the extraction solvents. The powder step and sieving increase the homogeneity of the sample and the reproducibility of the extraction [32]. Gião et al. [32] showed that the total antioxidant content in aqueous extracts of medicinal plants depended on particle size and extraction time. The effect of the extraction time depended on the plant species, but approx. 5 min was sufficient to ensure an acceptable degree, and the smaller particle size increased the antioxidants contained in the extract. Therefore, the authors recommend the use of ground material with a particle diameter of 0.2 mm. Particle size is significant when enzyme-assisted extraction is used. Additionally, during the supercritical extraction of essential oils from parsley seeds, the particle size (293 to 495 nm) was one of the important parameters influencing the course of the process [33].



Convection drying is most often used on an industrial scale. The disadvantage of this method is combination of the long drying time and high temperature which can, in some cases, lead to the degradation of valuable nutrients and aromatics [34].




2.2. Freeze-Drying (Lyophilization)


Freeze-drying is another method of product drying where the main idea is to remove water from the frozen material using the ice sublimation process. This process is called lyophilization or molecular drying. The quality of the obtained dried material is much higher than in other drying methods. Generally, this process removes water from a material using sublimation, i.e., a solid-to-gas transition bypassing the liquid phase. It is carried out in negative temperature conditions and significantly reduced pressure (1–50 Pa). The first and crucial step in this process is freezing at a temperature of −40 °C to −50 °C and is relatively short-lived to prevent the formation of large ice crystals. The next step is the freeze-drying using a combination of vacuum and temperature. This procedure allows for the removal of up to 95% of the water and can take up to 2 days. In this process, moisture does not condense into a liquid but condenses in a volatile state. The last stage is re-drying, called desorption, which occurs at 40–50 °C. Its purpose is to eliminate the strongly bound (chemically) water that has not been frozen and remains in the dried material. As a result, only 1–2% of water remains in the freeze-dried material [35,36]. The stages of the freeze-drying process are shown schematically in Figure 2.



There are significant differences between freeze-drying and drying that make freeze-drying the better method of sample preparation. Standard drying methods may cause chemical or physical changes to the product due to high temperatures. In the case of delicate plant extracts, this can significantly affect the quality of the end product. The differences mentioned above include: the method of removing water, the amount of water removed (freeze-drying removes as much as 98% of the water from samples, while conventional drying removes 70–80%), the shelf life of the product obtained (freeze-drying of fruits and vegetables allows them to be stored for 20–30 years, while in the case of drying, their shelf life varies from 1 to 5 years), and the nutritional value (freeze-dried products have much more vitamins and nutritional value than those dried traditionally) [35,36,37].



Freeze-drying has many advantages, but there are also some disadvantages [38] (Figure 3).



The freeze-drying process is mainly used for delicate, temperature-sensitive plant materials on both a laboratory and industrial scale. The process of freeze-drying plant samples ensures high efficiency in removing water, while at the same time retaining bioactive ingredients, including antioxidant compounds. Due to its advantages, the freeze-drying process is also widely used for ensuring the durability and stability of biological materials. It protects against the multiplication of microorganisms as well as the decomposition of biological substances related to the action of microorganisms. It has found wide application in the pharmaceutical, biotechnology, and food industries [38,39].



The freeze-drying process is also used to prepare plant and food samples for the determination of biologically active compounds. It is used to stabilize, enrich, and/or extend the life of the plant material without destroying its chemical structure. In research by Elshaafi et al. [40], the content of TPC and TFC in Ficus carica increased in following conditions of plant material preparation: (i) drying the samples at 40 °C, (ii) at 60 °C, and (iii) then as a result of freeze-drying. The content of phenolic bioactive compounds in Asian pear powder [41] turned out to be lower for the freeze-dried samples than those subjected to hot air drying. On the other hand, the antioxidant activity of the bound phenolic compounds was higher in the samples after lyophilization than those subjected to conventional drying. In the research by Pérez-Gregorio et al. [42], an increase in the content of flavonoids and flavonols in the extracts from freeze-dried red onions was noted. In the research on the influence of drying and freeze-drying on the content of bioactive compounds in Romanian grape varieties, Oprica et al. [39] noticed that the content of flavonoids in the skin was the highest in fresh and then freeze-dried material. The lowest levels of these compounds were found in the oven-dried sample. Each freeze-dried pulp sample was characterized by a higher content of flavonoids than in the fresh sample. In the case of fresh seeds, a higher content of flavonoids was found compared to those subjected to freeze-drying. Sun et al. [43] found that the antioxidant capacity of different citrus species dried by freeze-drying was higher compared to those dried by hot air or sun drying. Other results are presented in an article by Papoutsis [44], who demonstrated that the samples dried by hot air or vacuum had a higher antioxidant capacity compared to those dried by freeze-drying. Only for neohesperidin (a flavanone glycoside) was a higher content achieved in lyophilized samples, as drying at higher temperatures caused its content to drop.



Scanning electron microscopy analysis of Lepidium sativum showed that the mass transfer is probably higher for dried material than for freeze-dried. The reason is due to the additional damaged structure of dried material which is related to its larger area. In freeze-dried material, most of the cells are not damaged hence the mass transfer, which is the rate-controlling step during extraction, is limited [5].



In the food and pharmaceutical industries, freeze-drying is used on a large scale as the final preparation and protection of the product. This process is applied for the preparation of coffee, tea, and crispy fruits and vegetables in the food industry. In the pharmaceutical industry, it is used for the preservation of microorganisms, enzymes, and pharmaceuticals. Therefore, it is technically possible to prepare a large amount of plant material by means of freeze-drying and then carry out the extraction process on an industrial scale.




2.3. Microwave-Vacuum Drying (VM)


Microwave-vacuum drying is a modern method that combines the advantages of microwave and vacuum drying [45]. This method can provide a product with excellent properties. This is related to two important issues presented in Figure 4. With appropriate selection and proper control of the microwave power and the pressure range, the microwave-vacuum method enables the rapid removal of water from plant material at a moderate sample temperature with limited contact with oxygen. Microwave drying involves the penetration of a very high-frequency electromagnetic field (300 MHz–30 GHz) into the interior of the dried material. The use of microwaves for drying provides energy throughout the entire volume of the sample which allows for a shorter drying time and thus obtains a high-quality product [46]. In addition, the use of a vacuum allows for an even greater reduction in drying time, limiting the contact of the raw material with air, and lowering the temperature of the material during drying [47].



During drying with the use of microwave heating, it is necessary to select the drying parameters properly. Inadequate process control may lead to a deterioration of the product quality. The use of a too high microwave power may lead to a rapid increase in temperature and, consequently, to the burning of the dried material. Appropriate shaping of the temperature distribution inside the dried material should significantly reduce or even eliminate local overheating of the material. To obtain a final product of the highest quality, it is necessary to optimize the drying process. Inadequate conduct of the process may lead to a deterioration of the quality of the final product. The optimal selection of process parameters will also affect the economic aspect of the entire process [48,49,50].



The basic parameter of VM drying is microwave power, which is often given as power per gram of fresh material (unit power). The level of the applied unit power depends on the type of plant raw material and in laboratory tests it is 0.8–3.0 W g−1 of sweet potatoes [51] or 8.0–11.2 W g−1 of mint [52]. The increase in microwave power leads to a reduction in drying time. Lowering the pressure in the drying chamber reduces the boiling point of water and increases the pressure gradient between the inside of the dried material and its surface [45,52,53]. Motavali et al. [54] determined the effect of power and pressure on the kinetics of cherry drying using the VM method. The tests used pressures ranging from 20 kPa to 80 kPa. As expected, the drying time was shortened with the increase in microwave power and the decrease in pressure.



Loss of vitamins is a disadvantageous phenomenon during drying. Water-soluble vitamins are susceptible to elevated temperatures, while fat-soluble vitamins are generally less degraded due to oxidation during drying. The consequence of removing water from the fruit is a reduction in the content of water-soluble vitamins, especially vitamin C and fat-soluble vitamins, which reduces the nutritional and sensory value of the fruit. Ascorbic acid is also a substrate of the browning reaction, which is particularly important when drying raw materials rich in this compound [55].



Microwaves, by heating the product in its entire volume, significantly reduce the drying time and therefore it is possible to reduce the loss of thermolabile vitamins. The content of vitamin C in dried apricots obtained using a microwave dryer was higher than in infrared dried apricots [56]. On the other hand, additional pressure reduction during microwave drying may reduce vitamin oxidation, which was observed in microwave-vacuum-dried carrot slices, characterized by a higher content of β-carotene and vitamin C [57].



The applied microwave power also differentiates the degree of vitamin degradation. Increasing the power allowed for the preservation of more ascorbic acid in spinach [58] and nettle [59]. As reported by Alibas et al. [59], at a microwave power in the range of 500–1000 W, the content of ascorbic acid in dried spinach decreased only by about 15%, and at the power of 90–350 W—by about a half, which resulted from the longer process time.



Wojdyło et al. [60] used the power of microwaves to dry strawberries and determined a few basic parameters in their research. The plant material was dried using microwaves using 240, 360, and 480 W powers. The samples vacuum-dried in the microwave with the 240 W power had a higher level of vitamin C, anthocyanins, phenolic compounds, and antioxidant activity compared to the two consecutive strength levels. These were high-quality products. Additionally, it showed that vacuum-microwave drying protects phenolic components and ascorbic acid-sensitive to temperature and oxygen.



Zielińska and Michalska [61] described the dependence between the content of polyphenols, anthocyanins, and antioxidant capacity and the microwave-assisted drying of blueberries. It turned out that TCP and antioxidant activity decreased after drying with microwave vacuum drying compared to hot air convective drying. The opposite is the case with anthocyanins. Their content in the extract is higher after vacuum microwave drying than with hot air. In other research [62], the total phenolic content, expressed in mg GAE/100 g of dry weight, was highest in rosemary leaves subjected to vacuum microwave drying using 360 W microwave power. The same conclusions can be drawn for the antioxidant activity.





3. Fermentation as Modern Sample Preparation Method


Fermentation is a biochemical reaction of the anaerobic decomposition of organic compounds with the participation of enzymes produced by microorganisms. It relies on transforming complex substrates into simple compounds by microorganisms such as bacteria, yeast, and fungi. As a result of this process, secondary plant metabolites are released. Fermentation gives the product a characteristically different taste, aroma, and texture. The nutritional value of such a product also changes. We can distinguish among mushroom, alkaline, and lactic acid fermentation. In industry, submerged or solid-state fermentation (SSF) processes are used [63,64].



The substrates used in SSF can be divided according to the composition, chemical nature, particle size, surface, mechanical properties, and water holding capacity. The aforementioned parameters influence the efficiency of the conducted process, and they can be used to optimize fermentation [64]. The scheme of SSF is presented in Figure 5.



Solid medium fermentation can be divided into several steps. An adequately prepared material (after grinding or fragmentation) is inoculated with microorganisms that will grow on the surface of the material. As a result of the action of the enzymes produced, the hydrolysis of polysaccharides and proteins takes place. This is followed by the biosynthesis of some bioactive compounds and the release of the associated analytes. The final step is the purification (e.g., precipitation, dialysis, column chromatography, and preparative TLC) and determination of the final product. The microorganisms used are fungi, yeasts, and bacteria such as Bacillus subtilis, Lactobacillus delbrueckii, or Saccharomyces cerevisiae. Process optimization is based on the appropriate selection of microorganisms, their substrate, solid-state properties, proper humidity, and temperature, as well as extraction and purification techniques. SSF can be used to produce enzymes (pectinases, cellulases, and amylases), biopolymers (exopolysaccharides, polyhydroxyalkanoates, and dextran), and biosurfactants. The innovative use of SSF is based on the use of fermentation as a method of sample preparation for the extraction or determination of bioactive compounds (Figure 6). The enzymes produced by the applied microorganisms affect the cellular structure of complex substrates and then release bioactive compounds associated with the solid matrix, thus increasing the efficiency of their extraction [64,65].



The second type of fermentation is submerged fermentation (SmF). In the submerged fermentation process, liquid substrates are used and microorganisms (as sources of enzymes) and other reactive compounds are immersed in the liquid. Microorganisms grow in the liquid medium and bioactive compounds produced intracellularly are secreted into the fermentation broth after a rupture step. Such fermentation can be carried out continuously or batch-fed. The key parameters in the fermentation process are temperature, pH, oxygen, and carbon dioxide levels. Submerged fermentation is mainly used for the extraction of secondary metabolites that must be used in liquid form. The submerged fermentation technology is characterized by a short time, easy process control, low cost, high efficiency, and simple product purification. Compared to SSF, submerged fermentation generates more wastewater, the concentration of the products is lower, and the properties of the product obtained are inferior [65,66]. The most important differences between the two fermentation methods are shown in Figure 7.



The purpose of fermentation is to partially hydrolyze the polymers of the cell walls, thus releasing the bioactive compounds bound in the cell walls. Before selecting the extraction technique, several key issues should be considered, such as the nature of the matrix, the type of the biomolecules of interest, the scaling of the process, the relationship between production costs, and the economic efficiency of the final product. Solid-state fermentation is a flexible new alternative to the traditional fermentation process (SmF). On the other hand, solid fermentation is constantly being improved due to the desire for greater automation and optimization of the process [65,66]. The development of fermentation techniques makes it possible to produce bioactive compounds at an industrial level (Table 1).



Ajila et al. [78] used solid-state fermentation as a sample preparation before extracting the polyphenolic compounds from apple pomace. For this purpose, crust fungi Phanerocheate chrysosporium was applied. The fermentation was carried out at a temperature of 37 °C for 14 days. Next, the bioactive compounds were extracted by ultrasonication and microwave-assisted extraction methods. The obtained results were compared with the content of phenolic compounds for non-fermented apple pomace. The results clearly showed that solid-state fermentation contributed to an increase in the content of polyphenols (4.6 to 16.12 mg GAE/g dry weight) as well as antioxidant activity (range from 12.24 to 23.42 µg TEAC/g dry weight). Aspergillus niger and Rhizopus oligosporus were used for solid-state fermentation of plum pomaces and brandy distillery wastes in research by Dulf et al. [84]. After liquid-liquid ultrasound-assisted extraction and determination using HPLC-DAD-MS, the amounts of the polyphenols and flavonoids were higher in the extracts after fermentation. Moreover, antioxidant activity was enhanced. Interestingly, fermentation also influenced the quantity and quality of the extracted fatty acids from the PUFA family. Similar results were obtained in research by the same author with white grape pomace [86]. The sample was treated with two fungi: Actinomucor elegans and Umbelopsis isabellina. After fermentation, lipids, and carotenoids were extracted using liquid-liquid techniques with the corresponding solvents. Determination was carried out by GC/MS or HPLC-DAD-MS. An increase in the content of phenolic compounds (antioxidant activity), lipids, and carotenoids were achieved. Similar conclusions regarding the content of polyphenols (shikimic acid, chlorogenic acid, vanillic acid, rutin, sinapic acid, and luteolin) and antioxidant activity were presented in studies by Xiao [68,74]. In the first case, a mung bean sample was fermented with Cordyceps militaris SN-18. In another article, soybeans were processed by solid-state fermentation with Rhizopus oligosporus. An important conclusion in both types of research is that fermentation also increases the protection of DNA against damage. In research by Bei et al. [69], oat flour was treated with the fungus Monascus anka. The results showed that the fermentation process changed the content of free and bound phenols compared to the non-fermented sample. The samples were extracted in three different ways depending on the type of phenolic fraction (free, conjugated, and bound). Generally, liquid-liquid extraction was used. HPLC with DAD was used to analyze phenolic fraction. Fermentation can also be an effective tool for the production of ellagic acid. It is the main compound found on the pomegranate husk after fermentation in the presence of Aspergillus niger. This approach was described by Sepúlveda [85]. The fungus Aspergillus niger was also used in research by Torres-León et al. [81] which showed that the fermentation of mango seeds with its participation improved nutraceutical properties and antioxidant activity. Rice fermentation assisted by Monascus purpureus in research by Pengnoi [70] confirmed an increase in monacolin K, citrinin, red pigments, and antioxidant properties. Additionally, it confirmed the strong correlation between the number of bioactive compounds and the variety of rice. A soybean by-product was treated with S. cerevisiae in research by Queiroz Santos [71] and a significant improvement in the physicochemical quality parameters was noted, as well as an increase in the content of total phenols, protein, and an improvement in antioxidant properties. The same conclusions were presented in the two articles by Sandhu et al. [67,77] where wheat and barley grains were fermented in the presence of the Aspergillus awamorinakazawa fungus strain.




4. The Concept of Enzymes and Enzymatic Extraction


Enzymes have been used for hundreds of years and their use today is almost limitless. The historical uses of enzymes in the production of beer, wine, cheese, and bread are elegant examples of the industrial exploitation of the power and selectivity of enzymes [87].



Enzymes are mostly macromolecular protein structures that accelerate chemical reactions by lowering their activation energy [88]. These biocatalysts bind to a wide range of molecules and arrange them in an optimal spatial configuration, allowing for effective breaking and forming of chemical bonds. The essence of catalytic proteins is to lower the activation energy and stabilize the transition states of reactions, which are the forms with the highest energy level [89].



Most of the enzymes known so far are proteins composed of chains from several dozen to several thousand amino acids [90,91]. These chains fold up to form a complex three-dimensional spatial structure. They can assume both secondary, tertiary, and quaternary structures [92]. There are places in the biocatalyst molecule where the binding of cofactors takes place—additional, non-protein components enabling the achievement of full catalytic activity. There are intracellular and extracellular enzymes which are catalysts of biological systems characterized by excellent properties due to their selectivity, specificity, and high activity. They make it possible to carry out even the most complex processes [93].



The most important influence on the catalytic properties of the enzyme is the spatial arrangement of amino acids that form the active center where the reaction takes place. High catalytic activity and specificity of enzymes and their regio- and chemoselectivity are also related to the shape and exposure of active centers of biocatalysts. These features make the biocatalyst capable of binding and reacting only with substrate molecules with a strictly defined arrangement of atoms and a defined chemical structure [94].



Enzymes are essential not only for the proper functioning of living organisms, but due to their unique properties and the ability to significantly increase the reaction rate, they have been used as effective catalysts in many technological processes [95].



Depending on the type of catalyzed reaction, enzymes are divided into six classes: oxidoreductases, transferases, hydrolases, lyases, isomerases, and ligases. Based on their specific catalytic properties, the enzyme can act on a specific substrate [94]. The division of enzymes into catalytic groups is presented in Table 2.



Plant cell walls are composed of about 90% polysaccharides and proteins constitute only 2–10% of the dry mass of the walls. Based on the existing models, it is suggested that the walls are a complex of interpenetrating networks connected by a multitude of covalent, hydrogen, and ionic bonds as well as hydrophobic interaction [102]. The main structural element is a cellulose-hemicellulose network, immersed in an amorphous matrix formed by a pectin network, enriched with proteins and phenolic compounds.



The synthesis and storage of plant bioactive substances are multi-stage processes—they take place both in the cytoplasm of plant cells and in the area of cell walls. Some bioactive compounds are bound in plant matrices by chemical bonds and are difficult to isolate through routine extraction using solvents. Bioactive compounds are localized intra- and extracellularly, some are bound by weak interactions, e.g., hydrophilic interactions or hydrogen bonds, with elements of cell walls, e.g., pectins, cellulose, and hemicellulose [103].



Enzymes are ideal catalysts to aid the extraction, modification, or synthesis of complex bioactive compounds of natural origin. Enzyme-assisted extraction relies on the inherent ability of enzymes to catalyze reactions of exceptional specificity and selectivity, as well as the ability to function under mild processing conditions. The method also offers the possibility of greener chemistry as pressure is increasing on the food industry and pharmaceutical companies to identify cleaner extraction routes for new compounds. Enzymes have the ability to degrade or destroy cell walls and cell membranes, thus enabling better release and more efficient extraction of bioactive substances (Figure 8) [95,100].



The mechanism that determines the efficiency of extraction is the mass transport of the extracted substance from the inside of the plant material and then from the contact surface of the phases to the solvent. The key role in the extraction process is played by the resistance to mass transfer related to the structure of the raw material and the specific location of the extracted compounds [104,105]. The efficiency of the process is influenced by various factors: the type and catalytic properties of the enzyme, the composition and concentration of the reaction mixture, the particle size of plant materials, and the hydrolysis time [106].



The enzymatic pre-treatment techniques depend primarily on the ability of enzymes to hydrolyze components of the cell wall like cellulose, pectins, and hemicellulose. Degradation of these polymers disrupts the structural complexity of the cell wall and improves the extraction efficiency due to better mass transfer, particle size reduction, increased contact surface and enhanced solvent distribution. Moreover, enzymatic hydrolysis of the plant material results in the reduction of solvent consumption and extraction time [107,108,109]. However, the major disadvantage of this method is the necessity to select the conditions of enzymatic reactions.



The effectiveness of enzymatic hydrolysis depends on the type of enzymes and the selection of optimal conditions like pH, temperature, or ionic strength. For example, pre-treatment with cellulase was very effective in the extraction of phenolic compounds from grape marc. Cellulase and beta-glucosidase, used separately, significantly increase the efficiency of the isolation of polyphenolics from guava leaves. Enzymes can have a synergistic effect; combined pectinase and cellulase activity were very effective in extracting grape juice with high content of polyphenolic compounds from fox vine (Vitis labrusca L.) [110,111,112].



The factors that influence the reaction rate are temperature, substrate and enzyme concentration, inhibitors, and pH. As the temperature rises, the activity of enzymes increases, to a certain point, after which it decreases [94]. As an example, to obtain an efficient enzymatic extraction for z-ligustilide from Angelica sinensis, factors influencing cellulase activity were investigated. It turned out that a pH below 5 and above 9 inhibited the enzymatic activity. The optimum pH was in the range of 7–8. The optimal temperature was 40 °C. The lower and higher temperatures were not appropriate for the enzyme activity [113]. Experiments with enzyme-assisted extraction are currently underway to determine the appropriate factors that will enable the isolation of the expected component (Figure 9).



An interesting example for the pre-treatment of plant material is the optimization of conditions of hydrolysis with the Box-Behnken design. In order to find the optimal conditions for hydrolysis, 27 experiments have been conducted with the use of four independent variables, i.e., pH, enzyme concentration, time, and temperature of the reaction. HPLC-MS/MS analysis showed that in the extracts obtained from the material previously subjected to enzymatic hydrolysis under optimal conditions, the total content of phenolic compounds obtained was about 2-fold higher compared to the control and 3.4-fold higher compared to the maceration extracts. It has also been shown that the initial treatment of plant material with an enzyme preparation commonly used in the agricultural industry significantly increased the efficiency of the extraction of bioactive substances. The use of enzyme-assisted supercritical fluid extraction in various industries to isolate bioactive compounds from plant material is economically effective and represents an advance in modern technological processes [12,114].




5. Conclusions


The pre-treatment of plant material is crucial for the extraction of bioactive compounds. On the laboratory scale, a wide range of methods and protocols are described in the literature. They involve drying, freeze-drying, convection drying, microwave vacuum drying, enzymatic processes, and fermentation. The selection of an extraction method should be based on the type of plant material and isolated compounds as well as prevent their degradation and the development of unfavorable microorganisms. Each selected method will affect the structure of plant material particles differently and subsequently alter the level of released bioactive compounds. However, an important challenge is the introduction of the described new, non-conventional methods of pre-treatment of plant material, such as freeze-drying, microwave vacuum drying, enzymatic processes, and fermentation, into the extraction processes on an industrial scale, which can significantly improve the efficiency of extraction of biologically active compounds. Therefore, further studies on the transfer of the mentioned methods into the industry, taking into account economical aspects, are still required.
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Figure 1. The steps of convection drying (m1—weight of the sample before drying; m2, m3—sample weight after successive drying;     Δ m   Δ t    —change in mass of the sample during drying). 
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Figure 2. Diagram of the freeze-drying process. 
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Figure 3. Advantages and disadvantages of the freeze-drying process. 
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Figure 4. Two important parameters in microwave-vacuum drying. 
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Figure 5. Schematic of an SSF process. 
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Figure 6. Reasons for using SSF as a method of sample preparation for extraction. 
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Figure 7. Differences between solid-state and submerged fermentation. 
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Figure 8. Plant cell wall degradation by enzyme. 
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Figure 9. The steps of the enzyme-assisted extraction process. 
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Table 1. The use of SSF in the production of bioactive compounds.
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Natural Product

	
Bioactive Compound

	
Microorganism Used for Fermentation

	
Content of Bioactive Compounds

in Fermented Samples

	
Reference






	
Barley grains

	
Polyphenols

Flavonoids

	
Aspergillus awamorinakazawa

	
3786 ± 24–4954 ± 21 μg GAE/g (TPC)

2141 ± 16–2389 ± 15 μg CE/g (TFC)

	
[67]




	
Mung Beans

	
Polyphenols

	
Cordyceps militaris SN-18

	
5679.52 ± 57.29 μg GAE/g DW

	
[68]




	
Oats

	
Polyphenols

	
Monascus anka

	
355.07 ± 27.40 mg/kg (rutin)

	
[69]




	
Purple Rice

	
Antioxidant red pigments

	
Monascus purpureus CMU002U

	
388.25 OD/g of DW

	
[70]




	
Soybean okara

	
Polyphenols

Isoflavones

	
Saccharomyces cerevisiae

	
116 mg GAE/10 g to 123 mg GAE/10 g

	
[71]




	
Polyphenols

	
Saccharomyces cerevisiae,

Hansenula sp

	
150 mg GA/100 g DW

	
[72]




	
Soybean

	
Vitamin K

	
Bacillus subtilis NCIM 2708

	
39.039 μg/g

	
[73]




	
Polyphenols

Isoflavones

	
Rhizopus oligosporus RT-3

	
3348.26 ± 39.44 to 7768.40 ± 171.27 mg

GAE/g DW

	
[74]




	
Tricholoma matsutake

	
1559.04 μg/g (isoflavones)

	
[75]




	
Wheat bran

	
Ferulic acid

	
Aspergillus niger

	
358.72 μg/g

	
[76]




	
Wheat grains

	
Polyphenols

Flavonoids

	
Aspergillus awamorinakazawa

	
977–3598 μg GAE/g (TPC)

83–359 μg CE/g (TFC)

	
[77]




	
Apple Pomace

	
Polyphenols

	
Phanerocheate chrysosporium

	
4.6 to 16.12 mg GAE/g DW

	
[78]




	
Fig by-products

	
Aspergillus niger HT4

	
10.84 ± 0.39 mg of GAE/g DW

	
[79]




	
Garden cress seeds

	
Trichoderma reesei

	
3600 mg GAE/100 g DW

	
[80]




	
Mexican mango seed

	
Aspergillus niger GH1

	
3288 mg GAE/100 g (polyphenols)

	
[81]




	
Pineapple and guava

fruit

	
Rhizopus oligosporus

	
from 14,691.5 ± 972.6 to 28,114.9 ± 1869.9 μg/g DW

	
[82]




	
Pineapple by-products

	
Kluyveromyces marxianus NRRL Y-

8281

	
120 mg GA/100 g DW

	
[83]




	
Plum pomace

	
Polyphenols

Flavonoids

	
Aspergillus niger

Rhizopus oligosporus

	
119.75 ± 3.90 mg/100 g DW (flavonols)

59.58 ± 2.05 mg/100 g DW (cinnamic acids)

	
[84]




	
Pomegranate husk

	
Polyphenols

	
Aspergillus niger

	
47 mg/g

	
[85]




	
White grape pomace

	
Carotenoids

γ-linolenic acid

	
Actinomucor elegans

Umbelopsis isabelline

	
113.94 ± 3.42 mg/kg DW (phenolic acid)

343.95 ± 6.88 mg/kg DW

(flavanols)

	
[86]
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Table 2. Division of enzymes into catalytic groups along with the function performed by each of them and selected examples of enzymes.
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	Group Number
	Group Name
	The Type

of Catalyzed Reaction
	Exemplary

Enzymes
	Reference





	I
	oxidoreductases
	Catalysis of oxidation and reduction reactions; transport of protons and electrons between reductant and oxidant molecules.
	● dehydrogenase
	[96]



	II
	transferases
	Transferring the selected functional group from the donor molecule to the acceptor molecule.
	● kinases
	[97]



	III
	hydrolases
	Catalysis of hydrolysis processes—the breakdown of chemical bonds with the participation of a water molecule.
	● lipases
	[98]



	IV
	lyases
	Cleavage of functional groups from the substrate molecule and breakdown of the chemical bond by means other than hydrolysis or oxidation.
	● aldolases
	[99]



	V
	isomerases
	Converting one isomeric form of a given compound to another.
	● cis-trans isomerases
	[100]



	VI
	ligases
	Generation of new compounds by creating a chemical bond between two independent molecules.
	● synthetases
	[101]
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