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Chinese herbal medicines (CHMs), with a wide range of bioactive components, are considered to be an important source for new drug discovery. However, the process to isolate and obtain those bioactive components to develop new drugs always consumes a large amount of organic solvents with high toxicity and non-biodegradability. Natural deep eutectic solvents (NADES), a new type of green and designable solvents composed of primary plant-based metabolites, have been used as eco-friendly substitutes for traditional organic solvents in various fields. Due to the advantages of easy preparation, low production cost, low toxicity, and eco-friendliness, NADES have been also applied as extraction solvents, media, and drug delivery agents in CHMs in recent years. Besides, the special properties of NADES have been contributed to elucidating the traditional processing (also named Paozhi in Chinese) theory of CHMs, especially processing with honey. In this paper, the development process, preparation, classification, and applications for NADES in CHMs have been reviewed. Prospects in the future applications and challenges have been discussed to better understand the possibilities of the new solvents in the drug development and other uses of CHMs.
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1 INTRODUCTION
Chinese herbal medicines (CHMs) have been used to prevent and treat diseases based on the theory of traditional Chinese medicine (TCM) since ancient times. They are mainly derived from different parts of medicinal plants, including roots, stems, leaves, fruits, etc. On the one hand, CHMs are an important source of various bioactive components (Rácz et al., 2012). Youyou Tu, a Chinese scientist who discovered artemisinin used to treat malaria, won the Nobel Prize in Physiology or Medicine in 2015. Her discovery was based on TCM knowledge and considered to be a breakthrough in 20th tropical medicine, saving millions of lives in South China, Southeast Asia, Africa, and South America. Therefore, she stated that the discovery of artemisinin against malaria, is a gift from TCM. On the other hand, to isolate and obtain those bioactive components, or to develop new drugs from CHMs, often consumes large amount of organic solvents, most of which are volatile, flammable, and corrosive. Some of them are even highly toxic, carcinogenic, and non-biodegradable, which would be harmful for both the environment and ecosystem (Bushnell et al., 2007).
In the 21st century, a new type of green solvents has been given increased attention. They are different from conventional organic solvents with toxicity, flammability, or pungent odor. Instead, they are composed of components from natural products, which are easy to access, low-cost, non-toxic, and eco-friendly with good biocompatibility and biodegradability. These green solvents were firstly named as “natural deep eutectic solvents (NADES)” in 2011 and considered to be new substitutes for traditional organic solvents and hazardous solvents (Choi et al., 2011). NADES are generated by mixing the hydrogen bond acceptor (HBA) and hydrogen bond donor (HBD) together in a certain proportion. Both HBA and HBD in the binary system of NADES originate from biosynthetically primordial metabolites, including sugars, amino acids, choline, and some organic acids (Liu et al., 2018). The melting point of the mixture is lower than those of the individual components, which is the most typical feature of NADES. Hydrogen bondings and van der walls interactions are the main driving forces of this phenomenon (Espino et al., 2016).
Although the research of NADES is comparatively in its infancy, they have gradually become more popular and been used in various fields, such as electrochemistry, nanotechnology, catalysis, and biomedical research (He et al., 2019). Since the properties of NADES depend largely on the components and could be adjustable, they have been recently applied to extract and isolate various natural bioactive compounds from CHMs, including phenols, flavonoids, terpenoids, and alkaloids (Duan et al., 2016; Zeng et al., 2018). Also, they have been used as adjuncts to improve the stability, oral bioavailability, and skin permeability of some CHMs, thereby enhancing the therapeutic effect of these drugs (Xuan et al., 2021). Interestingly, the properties of NADES have even provided evidences of molecular interactions for elucidating traditional Paozhi theory of processing CHMs with honey. To understand the current status and foresee new possibilities of combing the novel solvents and traditional medicines, this study provides an overview of applications for NADES in CHMs. We hope to provide a clue for developing and utilizing CHMs from a new direction, and developing new drugs from natural resources in a more efficient, eco-friendly, and sustainable way.
2 “GREEN” SOLVENTS AND DEVELOPMENT OF NADES
The idea of “green” solvents expresses the goal to minimize the environmental impact resulting from the use of solvents in chemical production (Capello et al., 2007). Ionic liquids (ILs), known as the initial green solvents, were reported by Walden in 1914 for the first time (Walden, 1914) (Figure 1). ILs are liquid molten salts at temperatures below 100°C or even at room temperature, which are formed from systems composed generally of organic cations and organic or inorganic anions. It is well known that ILs are non-flammable, non-volatile, and stable in air and water (Brennecke and Maginn, 2001). The preparation of ILs mainly consists of two steps: i) protonation of amines to cations, and ii) using Lewis acids to treat halide salts or by anion decomposition reactions. However, the byproducts and wastes generated from ILs make it less “green”. They often cause the persistent pollutants in the wastewater which are difficult to be removed because of the high stability of ILs in water. Meanwhile, some studies have shown that the compounds of imidazole structure as constituents of some ILs showed significant toxicity (Romero et al., 2008).
[image: Figure 1]FIGURE 1 | Timeline of reported developments and properties of ILs, DES, and NADES. DES, deep eutectic solvents; ILs, ironic liquids; NADES, natural deep eutectic solvents.
In order to overcome the drawbacks of ILs, deep eutectic solvents (DES) were introduced as the alternatives and were first proposed in 2003 (Abbott et al., 2003). DES are generally synthesized by gently heating the mixture while simply mixing the ingredients that can form clear and stable liquid solutions at room temperature, in a shorter amount of time (Florindo, et al., 2014). Carboxy, hydroxyl, and carbonyl are the most abundant functional groups of DES components. For example, choline chloride (ChCl), acetylcholine chloride, and various amino acids can be used as HBAs (Smith et al., 2014) and other compounds such as urea, lactic acid (LA), and citric acid (CA) (Abbott et al., 2004) are often used as the HBDs. Different from ILs that the ionic interactions are the main interaction forces, the components of DES interact with each other through the hydrogen bondings (Kelley et al., 2013). The reasons that ILs can be replaced by DES mainly include the easily available and cheap ingredients, and the easy and time-saving preparation process. However, subsequent studies have shown that the potential toxicity and cytotoxicity may be imparted by various DES. For instance, Hayyan et al. (2013) found that the cytotoxicity of some phosphonium-based DES was higher than their individual components and that their overall toxicity was varied depending on the structures of the latter. Therefore, the physicochemical properties, biological effects, and toxicological profiles of DES could be potentially adjusted by using different types of components (Juneidi et al., 2016).
In 2011, Choi et al. proposed the concept of NADES, which solely consist of natural components, i.e., primary metabolites (e.g., sugars, amino acids, organic acids, polyols, and tertiary amines) (Choi et al., 2011). The nuclear magnetic resonance metabolomics showed that in all organisms certain ingredients for NADES are present as major compounds, often keeping a constant molar ratio to some others. This brought the hypothesis that “Everywhere in living systems NADES occur and form a third liquid phase of intermediate polarity”. Apart from water and lipids, NADES aid certain cells in biosynthesis and storage of bioproducts, cryoprotection, and drought resistance (Choi et al., 2011). Compared to conventional organic solvents, NADES are considered as “green” solvents in terms of the biodegradability and sustainability, and the toxicity is generally lower than that of traditional DES (Fuad et al., 2021). Currently, NADES have been proposed as potential excipients in pharmaceutical preparations and drug delivery systems, particularly because of their solubilizing properties, varying viscosities, and built-in bioactivities (Grønlien et al., 2020).
3 PREPARATION OF NADES
NADES are prepared by mixing two or more common natural products in a specific molar ratio that form a liquid (Figure 2). In general, the components of NADES are commercially available. For components with higher melting points, a small amount of water is usually added into the NADES mixture by a certain molar ratio. Then the mixture is heated while stirred at a certain temperature until a clear and homogeneous liquid is obtained. In the last stage, the residual water can be removed through evaporation in vacuum or the combined use of other techniques such as freeze drying (Oomen et al., 2020).
[image: Figure 2]FIGURE 2 | Preparation of NADES with components with higher/lower melting points. HBA, hydrogen bond acceptor; HBD, hydrogen bond donor; NADES, natural deep eutectic solvents.
For NADES components with lower melting points, the water is not necessary and the NADES can be prepared by directly mixing and constantly stirring two or three components in certain molar ratios under proper temperatures (e.g. ChCl and LA at the molar ratio of 1:1 at 60°C). Sometimes the heating should be performed with magnetic agitation to obtain a homogeneous transparent liquid. After cooling the mixture to room temperature, the transparency and homogeneity of the mixture could indicate that the designed ratio is feasible. In addition, all NADES prepared need to be kept in a desiccator before use (Xie et al., 2019).
Due to the difference in the properties of various components to prepare NADES, the modification to the preparation process is usually inevitable. Parameters such as the heating time, heating temperature, heating stability, and water ratio should be adjusted according to different properties of the components.
4 CLASSIFICATION OF NADES
The hydrophilicity and hydrophobicity of NADES are essential indicators for evaluating their properties and applications. NADES without a clear prefix are identified as hydrophilic NADES (Figure 3) due to their prominent position in various studies and the richer source from the nature. For example, the primary metabolites of sugars [e.g., glucose (Glu), fructose (Fru), sucrose (Suc), and trehalose] in nature, amino acids [e.g., proline (Pro)], and organic acids [e.g., malic acid (MA) and CA], etc., are all candidates for the hydrophilic and designable eutectic compositions. The density of hydrophilic NADES is reported to be related to the molecular weight of HBAs and HBDs. The higher the molecular weight of the components is, the higher the density is (Fuad et al., 2021). For example, the hydrophilic NADES containing sugars and organic acids have relatively higher density, owing to their higher molecular weight. In comparison, the density of hydrophilic NADES containing alcohols is usually lower. Also, hydrophilic NADES often have higher viscosity. According to different types of HBDs, the viscosity of ChCl-based NADES and betaine (Bet)-based NADES was increased as follows: alcohols < organic acids and sugar. But NADES containing LA often have a relatively low viscosity (Freitas et al., 2022).
[image: Figure 3]FIGURE 3 | Common components of hydrophilic NADES. NADES, natural deep eutectic solvents.
In contrast, the studies on hydrophobic NADES (Figure 4) are much less than that on hydrophilic NADES. van Osch et al. (2019) proposed four criteria for judging and evaluating the hydrophobic NADES, including i) the viscosity less is than 100 mPa s; ii) the difference between the density of NADES and the density of water is more than 50 kg m−3; iii) when NADES are mixed with water, a low transfer rate of NADES to the water phase should be presented; and iv) there is little or no change in pH value. The substances commonly used in the synthesis of hydrophobic NADES involve menthol (Men), thymol, coumarin, camphor, etc. (Martins et al., 2018), which have lower solubility in the water phase. The hydrophilicity and hydrophobicity of NADES depend on the carbon chain length of HBA and HBD. The longer the carbon chain contained in the structure is, the stronger the most hydrophobic effect expresses (Florindo et al., 2019). For example, L-Men, belonging to hydrophobic natural component with long alkyl chains, was often used as HBA to synthesize hydrophobic NADES (Ribeiro et al., 2015). Some bioactive compounds in CHMs, e.g. carthamin and rutin, showed poor solubility in water (Dai et al., 2014; Zhao, et al., 2015). Therefore, the hydrophobic NADES were used as the medium for dissolving and extracting them.
[image: Figure 4]FIGURE 4 | Common components of hydrophobic NADES. NADES, natural deep eutectic solvents.
5 CURRENT APPLICATIONS FOR NADES IN CHMS
5.1 Extraction of active components in CHMs
Water, as the most widely used and easily accessed solvent in the extracting process of CHMs, is a good candidate to extract active components with strong polarity (Lu and Jiang, 2013). However, there are multiple bioactive components in CHMs with strong lipophilicity which exhibit very low solubility in water (Wang et al., 2018). Other traditional organic solvents such as methanol, ethanol, and ethyl acetate are also common solvents for extracting bioactive substances (Chemat et al., 2019). But many of them are volatile, flammable, explosive, and even toxic (Basant et al., 2016). In recent years, NADES have been designed to extract various bioactive compounds from CHMs due to their better biocompatibility, higher solubility, and subsequently higher extraction yields sometimes (Table 1). By investigating results in Table 1, we can find that the type of NADES components, molar ratio, water content, and several extraction conditions are major factors that would affect the extraction yield.
TABLE 1 | Extraction of active compounds from CHMs by NADES.
[image: Table 1]5.1.1 NADES components
According to Table 1, the ChCl-containing NADES were the most frequently-used solvents to extract bioactive compounds from CHMs, indicating that ChCl, especially as HBA, played an important role in this application. Additionally, more than half of the NADES were prepared with organic acids (e.g. MA, CA, and LA), which were more favorable for the extraction of alkaloids. The extraction yields using NADES with organic acids as HBDs were relatively higher than those containing sugars or alcohols (Li et al., 2020). Also, the organic acid-containing NADES exhibited an excellent extraction capacity when used to extract steroidal saponins (Yang et al., 2021) and phenolics (Dai et al., 2013), which are two representative components with various activities in CHMs. For extracting phenolic metabolites in the CHM of Carthamus tinctorius flower, Pro-MA and LA-Glu were found to be more efficient than 40% ethanol in the extraction process (Dai et al., 2014), which might be attributed to the formation of strong hydrogen bonds between molecules of NADES and phenolic compounds.
5.1.2 Molar ratio of NADES components
The physicochemical properties of NADES, e.g. viscosity, surface tension, and polarity, would change along with the variation in the molar ratios of NADES components, which often affect the extraction efficiency (Tian et al., 2008; Guo et al., 2019). In most cases in Table 1, NADES had the positive properties when the molar ratio of HBA and HBD was 1:1 or 1:2 when extracting bioactive components from CHMs. For example, ChCl-PG of 9 M ratios, i.e. 1:0.2,1:0.25, 1:0.33, 1:0.5, 1:1, 1:2, 1:3, 1:4, and 1:5 were prepared to extract ferulic acid from Ligusticum chuanxiong Hort. The results showed that ChCl-PG at the ratio of 1:2 had the highest extraction rate (Xie et al., 2019). The thermodynamic analysis showed that the hydrogen bond in NADES was the main force in the extraction process (Fan et al., 2020). And NADES with components at a certain ratio often came with a suitable viscosity, which thereby brought an increased number of hydrogen bonds and stronger force during the extraction. However, the optimized molar ratios for different NADES components were varied. Different ratios of the targeted NADES should be initially prepared to determine the optimal one.
5.1.3 Water content of NADES
Generally, NADES have higher viscosity than conventional solvents. And the water content of NADES is a key factor affecting the viscosity and the followed extraction yield (Craveiro et al., 2016; Wang et al., 2020b). NADES with higher viscosity would hinder the dissolution of bioactive components. In order to improve the extraction efficiency of NADES, a certain amount of water could be added to reduce the viscosity. For example, the extraction yield of phenolic compounds was increased along with the increased water content of Suc-ChCl from 10% to 25% (Dai et al., 2013). However, the water content of NADES and the extraction yield of target compounds were not in a linear relationship in most cases. The optimal extraction capacity of NADES could be only reached at a specific water content. Xie et al. investigated the extraction capacity of ChCl-PG (1:2) with a water content from 0% to 60%. The results showed that the extraction yield of ferulic acid was initially increased and then decreased, reaching a maximum extraction yield when the water content was 30% (Xie et al., 2019). The reason might be that the excessive water in NADES would increase the polarity of the solvent, whereas some compounds were difficult to be dissolved in solvents of high polarity (Wu et al., 2018). In addition, some research revealed that when the water content of NADES reached or exceeded 50%, it would negatively affect the stability of NADES. In such system, hydrogen bonds would be broken and the NADES components were completely dissociated and hydrated. Consequently, the physical and chemical properties of NADES would be altered. And the extraction yields of the target compounds were then decreased (Cui et al., 2018).
5.1.4 Extraction technique
UAE was the most used extraction technique to assist NADES in extracting bioactive components from plants. This might be due to its advantages of energy saving, high efficiency, safety, and environmental friendliness compared with other extraction methods (Cunha and Fernandes, 2018). According to results in Table 1, UAE was applied in more than 75% of the studies to extract components from CHMs with NADES. The higher extraction rate was considered to be related to the damaged structure of CHMs by the strong mechanical effect of ultrasound, making it more favorable for solubilizing large quantities of compounds into NADES (Li et al., 2020). Besides UAE, MAE was another commonly used extraction method, by which the microwaves with extremely high frequencies could penetrate the solvent and reach the cells inside the solid raw materials (Chan et al., 2016). The advantage of this method was that high levels of the target compounds could be obtained in a much shorter amount of time. The water in cells absorbed the energy from microwaves, which increased the temperature and pressure inside cells, resulting in cell disruption and dissolution of active components. However, MAE was frequently performed under higher temperature, which could affect the stability of active components (Zuo et al., 2021).
5.1.5 Extraction temperature
The extraction temperature often has a significant influence on the extraction yield of components from CHMs. Apart from adding a certain percentage of water, increasing the temperature was also a way to reduce the viscosity of NADES (Liu et al., 2018). Along with the increase of temperature, the energy of the molecules would be increased, which enabled them to dissolve and diffuse faster in the liquid media (Francisco et al., 2013). However, for the active molecules with poor thermal stability, they could be decomposed or even inactivated at higher temperatures. For example, the important peroxide group in the structure of artemisinin was decomposed under the influence of high temperature, which led to a lower extraction yield (Pan et al., 2021). Therefore, the determination of a suitable temperature is necessary in the extraction process.
5.1.6 Extraction time
In most cases, the yield of target compounds could be increased with a longer extraction time, and then maintained constant. For example, after the extraction time over 30 min, the extraction yield of artemisinin was hardly increased (Pan et al., 2021). The extraction yield of coumarin also reached the maximum at 30 min, and then was almost constant at 40 min and 50 min. This might be due to that the target bioactive components were completely extracted, or the compounds in the solvent were saturated. In some cases, there would be a declined phase, which mainly depended on the properties of the target bioactive components. When the extraction time or the exposure duration of active compounds to air was too long, they could be oxidized or decomposed, thereby resulting in a reduction of the extraction yield. The study from Xie et al. (2019) confirmed that a long extraction time was not suitable for the extraction of ferulic acid. Also, the energy consumption was another factor to consider to determine the extraction time. The extraction time in most of the studies summarized in Table 1 was less than 60 min.
5.1.7 Liquid-solid ratio
Studies have shown that a higher liquid-solid ratio could generally produce a positive effect on the extraction yield of compounds. With the increase of liquid-solid ratio, the solid matrix would have more contact with the solvent, which was beneficial for the dissolution of the target compounds. However, such positive effect could only be maintained at a certain range of the liquid-solid ratio. For example, the ratio of Bet-tartaric acid-water (1:1:1) to Coptis chinensis rhizome powder at 35 mL/g obtained the highest extraction yield of alkaloids. And then the adding of NADES failed to increase the extraction yield significantly (Li et al., 2020). Similar result could be found in another study, that the extraction yield of GA was increased with the increase of liquid-solid ratio from 10 to 30 mL/g. However, when the liquid-solid ratio reached 40 mL/g, the extraction yield was decreased, which might be due to a cavitation effect between the excessive solvent and the solid powder (Lanjekar and Rathod, 2021). Moreover, the higher ratio of solvent is not cost effective in the industrial scale.
5.2 Improving the bioavailability of CHMs
5.2.1 Improving the oral bioavailability of active components from CHMs
Oral administration is the most common way of administration of CHMs. However, some active components from CHMs with low bioavailability can be poorly absorbed by human body when taken orally. For example, paeoniflorin showed strong anti-depression activity. But its oral bioavailability was determined as 2.32% (Yu et al., 2019). According to the Biopharmaceutics Classification System II substances, the bioavailability may be enhanced by increasing the solubility and dissolution rate of the drug in the gastrointestinal fluids (Khadka et al., 2014). NADES are green solvents which have been applied in increasing the solubility and oral bioavailability of some components through the hydrogen-bond interaction with drugs.
Chen et al. (2017) evaluated the influence of ChCl-GL (1:2) on the pharmacokinetics of SAB, one of the active components from Salvia miltiorrhiza Bge. used to relieve the pain and calm the mind in TCM. They found that compared with water, ChCl-GL could promote the absorption of SAB, showing a higher peak concentration and shorter peak time than dissolving SAB in water. Another example is about berberine, a quaternary benzylisoquinoline alkaloid in many Chinese medicinal plants such as Berberis spp. and Coptis spp. Despite its demonstrated therapeutic efficacies in anti-inflammatory, anti-microbial, and cholesterol-lowering treatments, the orally administered berberine can be poorly absorbed and rapidly undergone extensive metabolism (Spinozzi et al., 2014). Sut et al. (2017) investigated the pharmacokinetic profiles of berberine solubilized in three considered NADES after orally administered to mice. The results revealed a 2–20 folds increase of berberine level in blood concentration when treating with NADES-berberine compared with the treatment of water-berberine. The similar trend was found in another pioneering work by Farggian et al. (Faggian et al., 2016), that the NADES of Pro-glutamic acid significantly enhanced the maximum concentration and the area under curve of rutin in Balb/c mice. It revealed an increase in the relative bioavailability of rutin in the NADES formulation of approximately 100% when compared with its behavior in the corresponding aqueous solution. Also, 25 different NADES were prepared for the extraction of PUE and its two natural derivatives from the dried root of Pueraria lobata (Willd.) Ohwi (Huang et al., 2021). According to the results, the optimized NADES increased the extraction yields of PUE and its derivatives by 2.2–3.4 folds compared with water. Furthermore, the relative oral bioavailability of PUE in NADES was 323%, which was even higher than the nanocrystal self-stabilized Pickering emulsion and self-microemulsifying drug-delivery systems of PUE (Qiao et al., 2018; Zhang et al., 2018).
5.2.2 Promoting the skin-permeation of CHMs
Among various administration routes of drugs, the transdermal drug delivery system (TDDS) is favored due to its advantages of improved bioavailability, more uniform plasma levels, reduced side effects and first-pass drug degradation effects because of the maintenance of plasma levels up to the end of the dosing interval compared with a decline in plasma levels by conventional oral dosage forms (Patel et al., 2012). It has been reported that NADES can significantly enhance the percutaneous absorption of small molecules as well as macromolecular drugs, such as proteins, small interfering RNAs, and polysaccharides in TDDS systems (Berton et al., 2017; Qu et al., 2019).
Inspired by these applications, Xiao et al. (2022) developed a novel hydrogel TDDS incorporating an amino acid-based NADES for the CHM product of “Sanwujiaowan”, which is original prepared as pills for oral administration to treat rheumatoid arthritis and rheumatoid myositis. Sanwujiaowan is composed of the extracts of five CHM ingredients, some of which contain components with certain degree of toxicity. By preparing the NADES-extract complex, it was found that there were excellent dissolution and skin permeability of the components in the extracts. Moreover, the consequent hydrogel with the NADES-extract complex exerted an enhanced therapeutic effect that significantly reduced the inflammatory response with systemic toxicity of the extracts. Wang et al. (2017) prepared a microemulsion based on the NADES of paeonol and Men, which are active components from the root bark of Paeonia suffruticosa Andr. and the herb of Mentha haplocalycis Briq, respectively. The results showed that the microemulsion-based gel formulations facilitated the drug permeation compared with the simple mixture gel of paeonol and Men without forming a NADES system.
5.3 Improving the stability of active components in CHMs
NADES could significantly enhance the stability of some bioactive components in CHMs, e.g. phenolic compounds (Dai et al., 2013), without weaking their activities. Carthamus tinctorius L. is a CHM widely used in the clinic to treat cardiovascular diseases, which owns efficacies of invigorating the circulation of blood, dissipating blood stasis, and relieving pains (Kim and Paik, 1997). Carthamin is one of the major active components in Carthamus tinctorius L, which has strong antioxidant activity (Jeliński et al., 2019). However, carthamin is unstable in aqueous solutions (Sut et al., 2017) and also sensitive to the change of temperature (Ji et al., 2016). It was found that the sugar-based NADES with lower water content could significantly improve the stability of carthamin under various conditions such as high temperature, light exposure, and long storage time, compared with other solvents of water and 40% ethanol (Dai et al., 2014). This increased stability was attributed to the high viscosity and low mobility of NADES. The free carthamin molecules were encapsulated tightly, thereby restricting the movement of the solute molecules and enhancing their stability, which was consistent with previous conclusion that NADES containing sugar generally possessed higher viscosity. Similarly, Wikene et al. (2015) investigated the effect of NADES on the stability of curcumin, an active component in the CHM of Curcuma longa L, which is sensitive to light and temperature under normal conditions. They synthesized several NADES and found that the hydrolytic stability of curcumin in NADES was comparable to or up to 2–10 times higher than in cyclodextrins and up to >1300 times higher than in the buffer solution at pH 8.
5.4 Elucidation of possible molecular bases for traditional processing theory of CHMs
Processing of CHMs, also named Paozhi, is a treatment to improve the medical applications of CHMs in TCM. Its functions include altering the flavor, moderating the medicinal properties, and eliminating the side effects or toxicities of the crude materials. The importance of processing materials has already been mentioned in the Huang Di Nei Jing (The Yellow Emperor’s Internal Classic, 475–221 B.C.) and Shen Nong Ben Cao Jing (Divine Husbandman’s Classic of the Materia Medica, c. 220 A.D.) (Chang et al., 2011). In the current TCM practice, all the materials are strictly required to be properly processed before using for therapeutic application. The techniques of Paozhi include cutting, crushing, steaming, calcining, stir-frying, with or without adjuvants (Dai et al., 2021). Honey is one of the most common adjuvants in the stir-frying of Paozhi, which could keep its liquidity even with a low water content and was hypothesized to be a sugar-based NADES. The stir-frying with honey often begins with the dilution of boiled water. Then the honey solution is added to the cleaned and cut plant materials, mixed thoroughly, kept for a while and then stir-fried with gentle heat until the materials get a specific color (Chinese Pharmacopoeia Committee, 2020). This process has the following effects according to TCM theory: 1) moistening lungs for relieving cough (e.g. Stemono Radix); 2) enhancing the tonifying effects on spleen and nourishing qi (e.g. Astragali Radix); 3) moderating the properties of raw materials (e.g. Ephedra Herba); and 4) correcting the flavor and eliminating the side effects of drugs (e.g. Aristolochia Fructus) (Jin, 1988).
To prove the hypothesis that honey behaves like a NADES in the process of Paozhi, Dai et al. (2021) processed Astragali Radix with or without honey in different ways. They found that the level of isoflavonoids and saponins were far more increased by honey and NADES treated samples than in the decoction of raw materials. It indicated that the artificial honey using a sugar-based NADES, had the same effect as real honey, which supported the hypothesis that honey, similar as NADES, could improve the solubility of medium polar plant secondary metabolites present in the plant materials. Consequently, the bioeffects of honey and NADES on estrogen receptor, androgen receptor, and antioxidant-related factors were significantly improved than those of the raw material decoction, which was consistent with the traditional function of honey in Paozhi. Based on a series of studies, it was suggested that the mechanisms of honey in the stir-frying process, behaving like NADES, might promote the conversion of aglucones to glucosides, inhibit the hydrolysis of the glucosides, inhibit acetylation of isoflavonoids and astragalosides, increase deacetylation of acetyl-containing isoflavonoids and astragalosides, inhibit the hydrolysis of the malonylated and/or acetylated glucosides, and improve the extraction of the isoflavonoids glucosides if compared to the aglycones (Ma et al., 2009; Zheng et al., 2014).
6 PROSPECTS OF FUTURE APPLICATIONS FOR NADES IN CHMS AND CHALLENGES
6.1 Prospects of future applications
6.1.1 Development of active pharmaceutical ingredient (API)-NADES formulations
CHMs are great source of multiple APIs which have potential to be developed as drugs. Unlike the previous reviewed applications (Figure 5) that NADES were mostly used as solvents for APIs in CHMs, it is promising that APIs from CHMs could be directly used as NADES phase-forming constituents by acting as HBDs and/or HBAs, to exhibit higher therapeutic effects or improved properties through their own eutectic systems, i.e. API-NADES. The formulation of API-NADES could usually improve the solubility and permeability of the APIs in comparison to their isolated solid forms, as the liquid state of the APIs confers them an enhanced bioavailability and thus, better efficacy (Roda et al., 2020). In the study from Wang et al. (2017), the permeation performance of paeonol was significantly increased in its eutectic mixture with methanol. The reasons might be that: i) the NADES mixture may cause the leaching of the lipids in the skin and thereby formation of pores, and/or ii) it may depress the melting point of drug to below skin temperature thereby increase the drug solubility (Park et al., 2012). Due to the property as a permeation enhancer, Men has been widely used in API-NADES formulations with chemical drugs such as ibuprofen and aspirin (Yong et al., 2003; Aroso et al., 2016), which increased folds of permeation capability of those drugs compared to the pure form of them.
[image: Figure 5]FIGURE 5 | Current and future applications for NADES in CHMs. CHMs, Chinese herbal medicines; NADES, natural deep eutectic solvents.
In some other cases, the formulation could also improve the stability of APIs and even promote a controlled release to achieve the therapeutic effect. In the work from Mano et al. (2017), the API-NADES composed by ChCl-mandelic acid (1:2) and encapsulated in gelatin showed a fast-dissolving release profile in phosphate buffered saline without cytotoxicity. The formulation also maintained the anti-bacterial effect of mandelic acid on both Gram-positive and negative bacteria. Inspired by these applications, it is rather promising to develop API-NADES formulations based on various components from CHMs to improve their targeted properties, such as solubility, bioavailability, stability, or fast drug delivery capacity to the target site.
6.1.2 Development of ready-to-use NADES extract of CHMs
NADES represent a new green strategy to overcome the toxicity and environmental disadvantages of conventional organic solvents, which have been demonstrated as efficient as conventional organic solvents for the extraction of multiple components from fruits, seeds, flowers, leaves, and other parts of plants (da Silva et al., 2021). In the meantime, the solvents in many of those NADES extracts did not need to be removed, and no toxicity was observed from the NADES per se. Thus, such NADES mixtures have the potential to be used as ready-to-use extracts for the development of functional foods, nutraceuticals, or cosmetic products.
In the study from Komaikul et al. (2021), they extracted stilbenoids from Morus alba callus by using a selected NADES of chloride-GL mixture. The NADES extract of Morus alba callus showed comparable anti-melanogenesis activity compared with methanol extract and no irritation effect on reconstructed human epidermis. After 6 months of storage, the stilbenoids in the NADES remained stable at the storage temperature of 4°C. It suggested NADES could be advantageous for the preparation of skin-lightening cosmetics without removing the solvent. Besides being an eco-friendly and non-irritable solvent for the extraction of active phytochemicals, some NADES showed potential to be used as a ready-to-use vehicle for increasing oral absorption of bioactive compounds. For example, da Silva et al. (2021) investigated if a ready-to-use extract obtained using a NADES affects the pharmacokinetic profile of blueberry phenolic compounds compared to organic solvent-extracted compounds. The non-compartmental pharmacokinetic analysis revealed that the NADES extract increased the bioavailability of anthocyanins by 140% compared to the organic solvent extract. And the stability of phenolic compounds in NADES was increased during in vitro digestion by delaying gastric chyme neutralization.
Those strategies could be referred for the development of products based on CHMs. For CHMs, a large number of them have been investigated for the development of cosmetic products with anti-oxidative, anti-wrinkle, skin lightening and other types of skin-care functions; or pharmaceuticals to treat or prevent various diseases. Therefore, the combination of CHMs or their components with NADES, especially the preparation of related ready-to-use extracts, could be a direction for the further development of products used in the cosmeceutical or pharmaceutical, or even nutraceutical industries.
6.1.3 Utilization of CHMs waste with NADES
Based on TCM theory, only certain parts of medicinal herbs are harvested and processed as CHMs in the clinic. For example, the main root of Panax ginseng Meyer is traditionally and widely accepted as the medicinal part of this CHM, whereas other parts, e.g. fibrous roots, leaves, flower buds, and fruits, were hardly used. However, according to the chemical analysis, the content of ginsenosides, the major active components of Panax ginseng Meyer, was higher in the leaf and fibrous roots (Shi et al., 2007). Similar results were found in Panax notoginseng (Burk.) F. H. Chen, the protopanaxadiol type saponins were rich in the leaves and flowers, whereas rare in the underground parts (Wan et al., 2006). Those findings suggested that the sustainable development and rational utilization of CHMs waste or non-medicinal parts would be necessary and might increase the economic value of related industries.
To recover active components from agro-industrial wastes or convert those wastes into a wide range of bio-based products based on the biorefinery concept, NADES have been employed in a number of studies and shown an advantageous potential to utilize the biowastes. In the study of Bertolo et al. (2021), NADES were used as alternative solvents to recover the phenolic compounds from the pomegranate peel waste. Under optimal extraction conditions, the phenolic recovery rate with ChCl and LA was increased by 54.6%, when compared with the non-optimized conditions, and by 84.2%, when compared with the ethanolic extraction. In another biorefinery research, Kumar et al. (2018) conducted a comprehensive evaluation of an integrated process for cellulosic ethanol production from a NADES based pretreated rice straw. They obtained the maximum ethanol yield with a theoretical conversion efficiency of 79.9%. These studies demonstrated the potential of NADES as an effective environmentally friendly alternative for obtaining valuable compounds from agro-industrial waste, and the applicability to be used in the economically viable integrated biorefinery process. Considering the commonality in the material base and processing method of many CHMs waste and agro-industrial one, those applications with NADES could be learned for the better utilization of CHMs waste in the future.
6.2 Challenges of applying NADES in CHMs
Even though NADES offer several benefits as compared with traditional solvents, e.g. lower toxicity, higher extractability of diverse compounds with varied polarity, and capacity to improve the bioactivity and stability, there are still challenges and limits when used in CHMs due to their inherent properties.
Due to the high viscosity and low vapor pressure of NADES, the recycling and reusing of NADES after the extraction process is the major challenge to develop a cost-effective extraction process, which might impede its application at industrial scale or in continuous-flow reactions. In most cases, the resins or molecular sieves were used to recover active components from the NADES extract, which also involved the use of large number of alternative solvents. When those alternative solvents were organic ones, this process seems to, eventually, counterbalance the benefits of using NADES. Sometimes the addition of antisolvents (ethanol or water) is probably the most valuable method since it does not require a specific equipment or additional investment and allows the processing in a sustainable way. After extracting the solutes by precipitation or by forming an ethanol- or water-insoluble layer, the initial NADES could be recovered by removing ethanol or water through evaporation. Yet, it cannot be used for ethanol- or water-soluble NADES. Therefore, further research in the final recycling or purification step should be a future focus to implement an efficient, eco-compatible, and sustainable extraction of APIs from CHMs with NADES as the solvents. Another possible solution could be the development of ready-to-use extracts as what has been proposed in Section 6.1.2, which does not need to remove the solvents.
Moreover, even though the components of NADES are generally considered to be safe and non-toxic, there is no comprehensive toxicity evaluation in vivo of different NADES yet. According to an acute toxicity assessment by using mice (Mbous et al., 2017), the investigated NADES exhibited a certain degree of hepatotoxic effect. This was attributed to the viscosity of these solvents, which might have failed to circulate properly in mice, and then blocked and halted blood flow. Another risk might be induced by the increased permeability of NADES. Based on the results from the same study above, the NADES treated cells had an increased porosity compared with the control cells without NADES treatment, suggesting an increased capacity of NADES to perforate cellular membranes. On the one hand, this property might increase the therapeutic effects of possible NADES-CHMs extracts as discussed before. On the other hand, it could be also possible to increase the toxicity of those formulations due to the increased permeability of NADES. Therefore, besides the accurate selection of HBA and HBD for optimizing the extraction of targeted APIs in a CHM, the toxicity evaluation of the NADES and the corresponding NADES-CHM extract should be also an integral part in further studies.
7 CONCLUSION
CHMs have been used to prevent and treat diseases for thousands of years, of which the medical claims are supported by clinical evidence of a long history. With the development of extraction and purification technology, more and more bioactive compounds have been identified and obtained from CHMs, making them an important resource for the discovery of APIs. In the meantime, CHMs have their own unique features. For example, they are administered under the guidance of TCM theory and often given in formulars. NADES, as novel green solvents, are mostly used to extract multiple phytochemicals and food components, showing advantages over the organic solvents, such as enhanced bioactivity of bioactive compounds and their higher stability in NADES under various storage conditions. Their special properties offer the possibility for the development of CHMs as well as related products, including extracting APIs in a more effective way, increasing the stability, bioavailability, and skin-permeability of components or extracts from CHMs, and even shedding light on the elucidation of traditional Paozhi theory. The applications of NADES in cosmeceutical, pharmaceutical, and nutraceutical areas also inspired those in CHMs, such as the preparation of API-NADES formulations, development of ready-to-use CHM-NADES extracts, and utilization of non-medicinal parts from CHM plants. Apart from that, the challenges coexist with the opportunities, which reminds us to pay more attention on research of recycling or recovering the solvents, and the necessary toxicity assessment in the future.
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