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Abstract

:

Throughout numerous research works on biomacromolecules, several breakthrough innovations have occurred in the field of biomacromolecule processing. Remarkable improvements have been made so far to address the problems associated with biomacromolecule processing technologies in terms of enhancing the efficiency of the processes. Green technology broadly focuses on the search for new techno-economic systems to replace the conventional systems which exhibit pernicious consequences for the environment and the health of organisms. The strategy practiced popularly is the use of alternate solvent systems, replacing the conventional toxic, volatile, and harsh organic solvents to prevent denaturation, biotransformation, enzyme activity loss, and degradation of biomacromolecules. Ionic liquids (ILs) and deep eutectic solvents (DESs) are emerging as greener alternatives over the past two decades and there has been an exponential increase in reports in the literature. The utility of neoteric solvents in biomacromolecule treatment may be envisaged for industrial processes in the near future. The current state of the art regarding the recent developments made over the past few years using neoteric solvents has been reviewed in this article. The recent scientific developments regarding the use of these neoteric solvents, especially ILs and DESs, for processes such as solubilization, extraction, and functionalization of biomacromolecules, especially proteins and DNA, have been addressed in this article. This review may be beneficial for designing novel and selective methodologies for the processing of biomacromolecules, opening doors for better material research in areas such as biotechnology and biological sciences.
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1. Introduction


Throughout the history of the earth, the natural selection process has led to the development of extraordinarily functional assemblies of biomolecules such as proteins, carbohydrates, lipids, nucleic acids, and other macromolecules that execute complex tasks which are very challenging for us to understand and imitate. Biomolecular engineering deals with the discovery and development of new high-value biomolecules to improve the quality of medical and agricultural advancements [1]. Nature consists of a wide spectrum of bioresources that are composed primarily of biomolecules. The major challenges faced while processing biomolecules is their poor dissolution in conventional solvents, careful solvent use, high-temperature requirement, high inflammability, and volatility of solvents that leads to the production of large amounts of volatile organic compounds (VOCs), resulting in to poor solvent recovery and limiting their use for green processes [2]. Aqueous systems are usually used for biomolecule dissolution and further processed in the presence of chemicals; they are very sensitive and tend to degrade or denature in extreme conditions like the use of harsh solvents, demonstrating a need for mild, non-toxic, and green solvents for their processing. Researchers are inclined toward the judicial use of solvents and developing green technologies for biomolecule processing that would match the techno-economic demands. Many industrial processes today make excessive use of organic, hazardous, volatile, and flammable solvents, questioning their economic and environmental favorability. Their use poses a threat to human health as well as the environment. Hence, both researchers and industrialists today are concerned about the development of sustainable solvents that can tackle problems such as pollution, consumption of energy, and atmospheric deterioration [3]. The center of attention is on the solvent’s environmental suitability and its composition in order to be aware of and thus understand its properties. Consequently, solvents, based on their environmental, safety, and health characteristics (ESH), have been ranked by firms like GSK, Pfizer, Sanofi, AstraZeneca, and the ACS Green Chemistry Institute Pharmaceutical Roundtable (GCI-PR) in order to assist researchers in making a judicial choice of solvent with low ESH [4].



The selection is guided on the basis of the green chemistry metrics [4] as well as the ranking of solvents, which is a significant approach that is being practiced nowadays in regard to develop new sustainable reaction techniques. Figure 1 shows the green metrics based on green chemistry. Hence, green and environmentally friendly solvents will be upcoming solvents for the processing industries. In this direction, green as well as sustainable processing media like Ionic liquids (ILs), Deep Eutectic Solvents (DESs), supercritical CO2, and solvents that are procured from nature are finding recognition as “future solvents” [5]. In 1996, K. Seddon addressed them as new solvent systems and, since then, they have gained recognition as “neoteric solvents” [6]. The different types of neoteric solvents are shown in Figure 2A. These solvents, due to their unique and interesting properties such as low vapor pressure, thermal stability, recyclability, low toxicity, etc. (Figure 2B), have gained the attention of researchers for the purposes of biomacromolecule processing and preparing functional materials therefrom [7,8].



These properties that are inherited by these neoteric solvents are due to the combinations of individual constituents from which they are prepared. By studying these properties, the solvent behavior at its molecular level can be understood, which can be useful to solve questions regarding classical challenges [9,10,11,12,13]. The significant impact of these neoteric solvents, especially ILs and DESs, in material science can be understood by the publication of an increasing number of research articles in this field recently. They have excelled as better media for processing biomolecules such as polysaccharides, nucleic acids, proteins, etc., without altering their native structures [14,15,16,17]. Recently, researchers have shown interest in using these neoteric solvents as a partitioning medium and for the isolation of biomolecules from aqueous media. Efficient separation techniques with increased purity and cost-effectiveness are extremely necessary for industrial purposes as 30–50% of the total production cost is related to these processes. The present analytical techniques have limitations in detecting trace quantities of bioactive compounds, hydrophilic compounds present in biological systems or solutions; furthermore, these neoteric solvents are providing a platform for dealing with such challenges [18]. There is growing interest in utilizing these new types of solvents in analytical chemistry and they have been exploited as solvents for extraction, modification of sorbents, and as additives for mobile phases [19,20,21]. With the development of such techniques, increased interest has developed regarding their use in the extraction of natural bioactive compounds with therapeutic and pharmaceutical applications [22,23]. These solvents are emerging as promising media for exploiting biomolecules and further increasing their performance potential in various applications.



This review article discusses the bioprocessing of biomacromolecules using neoteric solvents such as ILs and DESs (Figure 3). It is divided into two main parts that cover the brief development of bioprocessing of biomacromolecules, especially proteins and DNA, in two important types of neoteric solvents, namely ILs and DESs. It also covers the different techniques utilized for determining the structural and chemical stability of the biomolecules while processing them in these new types of solvent systems. This may be useful in the further exploitation of biomacromolecules in the presence of neoteric solvents.




2. Ionic Liquids for Biomacromolecules


ILs have been potentially attractive to researchers as “green” and “designer” solvents in recent years. The physical attributes can be adjusted by merely selecting distinct combinations of anions or cations; hence, they are recognized as “task-specific” ILs [24]. Biotechnological applications of biomolecules can be dramatically improved by using ILs as processing media. ILs have been used as solvents, co-solvents, co-surfactants, adjuvants, and reagents for biocatalysis, biotransformation, protein as well as DNA solubilization, preservation, and stabilization [25,26,27,28]. Mostly, biomolecules show increased stability, lifetime, and solubility, without self-aggregation in ILs. The recovery of treated biomolecules can be easily achieved by simple processes such as anti-solvent precipitation, centrifugation, and filtration. The recovery rate of a substrate, product, and ILs used for biocatalysis as well as biotransformation is high. ILs are promising solvents for the refolding of proteins and their crystallization [28]. Certain processes require biomolecule immobilization and this can be easily achieved in the presence of highly viscous ILs. The major advantage of using ILs is the scope of designing biomolecule processes based on the physicochemical properties of ILs. The excellent properties of ILs make them ideal separation efficient solvents for biomolecules such as alkaloids, carbohydrates, proteins, antibiotics, and amino acids from various media [29,30]. Even though ILs are considered relevant solvents for biomolecules nowadays, their biocompatibility is a question of concern for their biotechnological use and so non-toxic ILs are preferred. Due to their distinguished properties such as low vapor pressure and very low volatility, ILs are believed to be green and non-toxic, making them potential substitutes for conventional VOCs. It is unfortunate that all ILs are usually mentioned as non-toxic due to this green image, but it must be taken into account that the non-toxicity of ILs cannot be generalized. Many ILs are composed of cations containing imidazolium, quinolinium, pyrrolidinium, and pyridinium head groups and these are usually toxic, while the morpholinium group in combination with anions or short polar side-chains lead to the formation of safer ILs with the lowest toxicity [31]. In addition to this, most ILs are also composed of anions such as chloride, nitrate, bromide, hexaflourophosphate (PF6−), bis (trifluoromethylsulfonyl) imide (TF2−), dicyanamide (N(CN)2−), tetrafluoroborate (BF4−), etc. It must be considered that the precursors (e.g., 1-methylimidazole, sodium dicyanamide, Li [Tf2N], etc.) used for manufacturing such compounds are marked hazardous, harmful, toxic, as well as corrosive. It cannot be simply assumed that with the formation of the ILs, the hazardous risk of these precursors will fade away [32]. The hydrophobicity of the side-chain can be reduced by decreasing long alkyl chains (C < 4), thereby lessening the toxicity. Furthermore, it can also be decreased by the introduction of polar functional groups such as hydroxyl and nitrile in the cation [33]. Along with the side-chains, the head group of the cation also plays an important role in terms of toxicity [34,35]. The anions evaluated for the tested ILs were found to be non-toxic; however, fluorinated and hydrophobic species were not recommended for non-toxic IL syntheses [33]. ILs composed of anions such as hexanoate, geranate, and oleate were found to be efficient in transdermal delivery without skin irritation [36]. Over the years, the cytotoxicity and microbial and environmental toxicity of several ILs have been studied and, by selecting combinations of biocompatible organic cations with inorganic anions, non-toxic ILs can be synthesized [34,37,38]. Figure 4 shows some common cations as well as anions used for the synthesis of ILs used in biomolecule processing. The biocompatibility as well as non-toxicity of ILs are important aspects for various biotechnological applications where the prevention of biomolecules in their original state is vital and so these aspects must be regarded with concern and discussed within an environmental context.



2.1. Processing of Proteins in ILs


Generally, proteins are processed in aqueous media and hence their solubility and stability are studied in the same. Stability of proteins is very important, as a slight change in their environment causes denaturation as well as activity loss of protein. Their applications in aqueous media are limited due to their low thermal stability under storage conditions, limited temperature range, low pH range, volatility, or certain reaction conditions. Enhanced solubility of proteins is vital for most of the bio-based reactions as low solubility limits their applications [39]. In order to tackle these problems, chemical modification, immobilization, as well as the use of stabilizing agents are proposed. In spite of several approaches, the prevention of irreversible denaturation of protein in aqueous media is difficult. ILs, due to their distinguished characteristics, as described earlier, are potential replacements for the aqueous media. Phillips et al. reported for the first time that ILs can be utilized for dissolution as well as regeneration of silk protein, keeping the native structure intact [40]. This gained much attention in the field and, subsequently, several proteins were studied in the presence of ILs [41,42,43,44,45]. Studies revealed that the solubility of the proteins depends on the individual constituents of the cations and the anions. The major role played here was by the amount of H-bonding between the anions and cations, which was directly proportional to the protein solubility [42,45,46]. Several literature reports also showed the Hofmeister series effect on the solubility of proteins. The anion plays an important role in increasing protein solubility, which leads to “salting out” of strong kosmotropic anions like phosphates and sulfates [47,48,49]. However, there are also reports which suggest that the Hofmeister series alone cannot be considered for protein stabilization and other factors may also contribute [50,51]. Many factors such as hydrogen bond capacity, polarity, and hydrophobicity of the ILs affect the stability and activity of the proteins [29]. The enhanced stabilization of proteins in ILs was also attributed to the fact that ILs had high viscosities which restricted the migration of proteins from active to inactive conformation [52]. Some of the research also suggests the role of cationic alkyl chain length, i.e., with the increase in the chain length, corresponding surfactant effect increases, which further enhances the stability as well as activity of the proteins [53,54].



ILs have been used in “neat” as well as in biphasic systems in order to maintain protein stability [44]. To understand the functionality of proteins in ILs, structural and functional information of the biomolecules in these solvents is required in order to determine their metabolic role. Their environment must not alter during the extraction and purification process or else there will be changes in its native state [28]. The separation and isolation of the targeted protein from its complex real systems are very complicated and account for 60–80% of the total cost of production. Purification of proteins is generally achieved by liquid–liquid extraction, ionic precipitation, chromatography, and electrophoresis, but they have limitations such as high costs, laborious, harsh processing conditions, loss of biological activity, lengthy time duration, etc. [43]. Aqueous two-phase systems (ATPSs) have replaced the conventional methods for their biocompatibility, robustness, easy scale-up, rapid processing, and minimal energy consumption. ATPSs consist of biphasic systems of aqueous rich polymer/polymer, salt/salt, polymer/salt, or polymer/polymer phases. ATPSs selectively partition the targeted biomolecule depending on its affinity with one of the two phases, namely pH, temperature, and system composition [42]. The introduction of ILs in ATPSs was first introduced by Rogers et al. [55], who replaced the polymer-based ATPSs with high viscosities, which led to difficult phase separation. IL-based ATPSs have attracted the interest of researchers for protein separation because of their negligible viscosity, speedy phase separation, mild nature, biocompatibility, and high extraction efficiency [30,42,43]. With the advent of ILs in the ATPSs, the limited spectrum of distinctness in polarity present in the co-existing phases of earlier systems can be extended remarkably [56]. Evaluating the above details, ATPSs composed of ILs are regarded as a new type of liquid partitioning system [57]. IL/inorganic salt systems have higher concentrations of ions, so the extracted biomolecules may not be compatible with the high ionic strength [58]. In IL-based ATPSs, the polymer is usually replaced by the IL in polymer/salt two-phase systems; imidazolium and phosphonium-based ILs are used in several studies [42,59]. The side-chain length of the IL determines the performance of the IL-ATPSs; with the change in the side-chain carbon atoms (C > 6), there will be a change in the ability for the generation of the aqueous two-phase system as it stops following the hydrophobicity of the IL and forms micelles in aqueous solutions. This phenomenon is more common in anions than cations [60,61]. Hydrophobic, electrostatic interactions and salting-out effects were considered the driving forces for the efficient partitioning of proteins between two phases in ATPS systems. This depends on the type of protein under study and the components of which the ATPS system is composed. Therefore, studies must be continued for different types of ILs to compose various combinations of ATPSs with different components. These will replace the conventional organic solvents for protein extraction and will lead to a key development in the field of protein isolation.



Chemical modifications or functionalization of proteins are also carried out in the presence of ILs as they prevent protein aggregation and provide increased solubility, activity, and stability. The hydroxyl group containing ILs with DC 18C6 (crown ether) is reported to be capable of quantitative extraction of heme protein Cyt-c, adding new functionality to the electron transfer protein such as peroxidase activity. This shows the extraction potential of ILs as well as their capability as reaction media for biocatalysis [62,63]. The variation in alkyl chains of imidazolium-based ILs reported remarkable structural transitions, exhibiting a change in the size, surface charge, folding, refolding, and variation in the shape of self-assembled structures of Bovine Serum Albumin (BSA) [64]. This shows that protein molecules can be modified or functionalized in the presence of ILs. A number of ILs have been studied so far for several proteins and have shown effectiveness in maintaining and increasing protein solubility as well as stability (Table 1).



IgY antibody was purified and extracted from hen’s egg yolk using ATPS formed in the presence of ILs with [Ch] cation and goods buffer anions such as [MES], [HEPES], [Tricine], [TES], and [CHES]. These ILs, when formed with buffer anions, tend to exhibit self-buffering characteristics, thereby providing stable media for protein [30]. Biswas et al. solubilized starch and zein proteins from maize at 80 °C in 1-butyl 3-methyl imidazolium chloride (BMIMCl) and 1-butyl 3-methyl imidazolium dicyanamide (BMIMdca) up to 10% (w/w). Furthermore, their functionalization was promoted in the presence of anhydrides as well as pyridine to form acetyl starch and benzoyl zein [45]. Fujita et al. studied the dissolution of several metalloproteins such as cytochrome c, peroxidase, ascorbate oxidase, azurin, psuedoazurin, and fructose dehydrogenase in a hydrated IL. It showed that these proteins retained their active sites and did not undergo modification [65]. They also studied the solubility and stability of cytochrome c from horse heart and reported that the heme protein was stable for up to 18 months in hydrated IL [66]. The activity and stability of pancreatic enzyme α-chymotrypsin was evaluated in five different biocompatible ILs and it was shown that the enzyme retained its tertiary structure. The preferential interactions between the enzyme and the ILs were studied. The enzyme showed refolding in triethyl ammonium acetate [67]. Biocompatible ATPS systems were formed using choline-based ILs with polypropylene glycol and the extraction efficiency of these systems was evaluated for the extraction of BSA. Around 92–100% extraction efficiency was obtained, with retention of activity and stability of the protein. The α-helical structure of BSA was retained during the extraction of the same using ATPS [30,68]. Bharmoria et al. exploited biamphiphilic ILs to study the folding alterations caused by the ILs in the structure of BSA protein [69]. The native and the near-native structure of green fluorescent protein (GFP) from jelly fish was examined in the presence of IL. This study showed the unfolding of the protein and a decrease in the thermal stability due to IL [70]. The same proteins were also studied by Wolski et al. in IL aqueous mixtures and they reported retention of cellulase activity and considered the ILs under study as potential candidates for in-situ enzymatic hydrolysis of biomass [41]. Ɛ-polylysine, a homo polypeptide from streptomyces albulus, was studied for its stability and activity in biocompatible ILs by Sequeira et al. The polypeptide was found to be stable in ILs and it also formed a thixotropic and thermoreversible gel, enhancing its functionality. Furthermore, the same ILs were exploited to form ATPS in presence of polypropylene glycol for the efficient extraction of the polypeptide [15,16].



The chemical and structural stability of the proteins after their processing in ILs are confirmed by various techniques, as shown in Table 2. Techniques such as UV–vis, near-UV CD, far-UV CD, NMR, FT-IR, Raman spectroscopy, Dynamic Light Scattering (DLS), microcalorimetry, Small-Angle Neutron Scattering (SANS), Trp fluorescence, CHNS, SDS PAGE, and TGA are usually employed to characterize and evaluate the protein structures, as described in Table 2. Proteins are highly sensitive in nature; a slight change in the surrounding environment may cause variation in their native structures. Several spectroscopic techniques with high sensitivity have been used to study any alterations in the protein structure. These techniques help in understanding the behavior of protein in the IL environment and also studying their stability and activity after they undergo IL treatment. Furthermore, such information is valuable for understanding the role of ILs in protein processing and contributes significantly to this research area. The solubility, extraction extent, and stability of proteins in different ILs depend on various aspects like the type of protein, the processing conditions (i.e., temperature, pH, or time duration), the properties and the nature of ILs, storage conditions, etc. With the information gained so far in this field, considering the different complex interactions between the ILs and proteins, a mechanism model can be established to guide the selection of suitable ILs for the processing of proteins.




2.2. Ionic Liquids: From Solubility to Amplification of DNA


Generally, nucleic acids are extracted from biological complex systems employing the use of phenol and chloroform. This method is widely practiced due to the fact that proteins tend to solubilize in the mixture of chloroform and phenol. Furthermore, DNA tends to remain in the aqueous solution [91]. Although it is a renowned protocol, its time-consuming steps and use of organic volatile solvents have resulted in designing new environmentally friendly protocols. The search for a medium in which DNA is soluble as well as stable is a challenge for DNA technology. There are many reports about the utility of ILs in the partitioning and isolation of nucleic acids [92,93,94,95]. The major challenge associated with DNA is its long-term storage in ambient conditions. The DNA stability in several ILs composed of choline was investigated by Vijayraghavan et al. in 2010 and found to be structurally and chemically stable for up to one year [94]. The molecular mechanisms due to the interactions between IL and DNA were studied by Chandran et al. in 2012. In order to determine the factors affecting DNA stabilization, UV-visible spectroscopy, CD spectroscopy, and fluorescent dye displacement assays were performed [96]. The binding characteristics and extraction efficiency of the DNA can be increased by adjusting the ILs’ properties. The alkyl chain length of IL was investigated by Li et al. in 2013 to examine the DNA extraction efficiency of [C16POHIM-Br] and [(C10)2NMDG-Br] [92]. Ionic strength, temperature, solvent strength, and pH tend to affect the helicity of DNA. Jumbri et al. in 2014 proposed that DNA loses its original structure and shows instability in the presence of formamide, dimethyl sulfoxide, or methanol [93]. ILs such as [Ch] [DHP] were found to be stabilizing the formation of DNA triplex when compared with a buffer of pH 7, as was reported by Tateishi-Karimata et al. in 2014 [97]. Clark et al. in 2015 reported hydrophobic magnetic ILs for DNA extraction with 57% recovery. They also proposed the same ILs as PCR compatible solvents for DNA extraction from biological samples [98,99]. DNA extraction with ILs have led to the preparation of new bio-ILs for DNA dissolution as well as functionalization and to study IL–DNA interactions. M. Sharma et al. in 2015 solubilized DNA in ILs, namely choline pyruvate and choline glycolate, up to 2 wt% and 8 wt%, respectively. The solubilized DNA was stable for up to 12 months at 25 °C. The integrity of the DNA was examined by UV–visible spectroscopy, CD spectroscopy, and isothermal titration calorimetry and it was concluded that the excessive H-bonding of choline glycolate with DNA was responsible for its high concentration dissolution as well as stability [100]. Xuan et al. in 2016 successfully carried out electron transport in DNA using IL. DNA with electron conductivity has future prospects in the fabrication of biosensors and electronic devices for biomimicking solar cells. IL may serve as a nonaqueous medium for the redox reactions occurring in biomolecules [101]. Singh et al. in 2017 developed ILs as a sustainable medium for the DNA’s extended stability, packaging, and preservation at ambient conditions. In addition, 2-hydroxyethyl ammonium formate (2-HEAF) solubilized 25 w/w% of DNA at 25 °C within 12 h and the dissolved DNA was stable for up to 1 year, making the IL a suitable medium for nucleic acid preservation. Following the existing findings, there is scope for the development of new IL-based extractant systems and ILs may be proven to be better preservation media for DNA. Minor groove binding over major groove binding was observed in DNA in the presence of IL and the medium promoted hydrogen bonding with the nucleic acid [102]. Pandey et al. in 2018 reported gelation of DNA in an imidazolium-based IL (1-octyl 3-methyl imidazolium chloride [C8mim] [Cl]) at a very low concentration of DNA [103]. Miranda et al. in 2018 investigated four hydrophobic magnetic ILs for the extraction of DNA from plasma matrix; furthermore, they were also found to be compatible for PCR amplification of DNA [104]. Ding et al. in 2019 reported isothermal DNA amplification and rapid visual DNA analysis using magnetic ILs [105]. Bowers et al. also reported the use of magnetic ILs for the in situ dispersive microextraction of DNA [106]. Thus, ILs are finding importance in solubility, packaging, stability, gelation, as well as in amplification of DNA and are foreseen as suitable media for DNA processing in biotechnological applications.





3. Deep Eutectic Solvents as Emerging Media for Green Technology


Deep eutectic solvents (DESs) are mixtures of hydrogen bond acceptors (HBAs) and hydrogen bond donors (HBDs). HBDs are usually amines, sugars, carboxylic acids, amino acids, and alcohols, while hydrogen bond acceptors are some quaternary salts.



Abbot et al. in 2003 first prepared DES by interacting choline chloride (m.p. 302 °C) and urea (m.p. 133 °C). A eutectic mixture was produced by combining these two materials, which behaved like a liquid at ambient temperature, and it had a very low melting point (12 °C) as compared to its constituent starting materials. The crystallization of the initial components for the formation of DES was attributed to hydrogen bonds or even Van der Waals forces [107]. HBAs, when in the vicinity of certain HBDs, can shield the charge and a DES will then be obtained (Figure 5). The properties (non-flammability, non-toxicity, non-volatility, high viscosity) of DESs are similar to those of ILs and hence are termed as IL analogs or fourth-generation ILs. They are cheaper compared to ILs due to the low cost of starting components and ease of preparation. Besides this, they also have low or very negligible toxicity and are sustainable from an environmental and economic benefit point of view [108,109,110,111]. DESs are gaining attention as they are the class of solvents that is considered for human edibility (e.g., choline and sugars), opening numerous opportunities for biomedical applications. DESs are characterized to have a large depression in freezing points. Majority of the reported DESs have m.p. points less than 150 °C; however, DESs with m.p. below 50 °C are considered more attractive as their processing conditions are cheap and safe in various applications. Those DESs with m.p. higher than 50 °C tend to be solid at room temperature and require higher processing temperatures, hampering their applications as green solvents [109,111]. However, it is to be noted that the physical state of DESs as well as ILs depends on the components from which they are prepared. With the change in the components of the solvents, their physical properties including melting point change [111,112]. Instead of using synthetic compounds for the preparation of DESs nowadays, natural compounds such as amino acids, sugars, choline, and urea are used and these kinds of DESs are named natural deep eutectic solvents (NaDESs). This concept was first introduced by Choi et al. in 2011 [113]. These new types of DESs are gaining the attention of researchers due to their eco-friendly nature, biodegradability, acceptable pharmaceutical non-toxicity, biocompatibility, etc. They exhibit a wide range of polarity, negligible vapor pressure, a very low melting point (<−20 °C), and high dissolution power for a variety of biomolecules such as DNA, amino acids, cellulose, and proteins [114]. The toxicity as well as cytotoxicity of phosphonium-based DESs were studied by Hayyan et al. using two bacteria strains and brine shrimp. They concluded that toxicity was affected by the concentration of DES and composition viscosity and also indicated that the toxicity effect of the resulting DES was greater compared to its individual components. Hence, DESs could be used as antibacterial agents [115]. Anaerobic biodegradation of DESs was studied by Hou et al., in which the ability of various microorganisms towards the degradation of DES was evaluated. It was observed that DESs comprised of choline moiety were degraded by up to 80% at the end of 21 days [116]. Due to the low toxicity of NADESs, they have been utilized in studying cellular metabolism and physiology [95]. Radosevic et al. reported the effective extraction of grape phenolics from grape skin using NADESs and considered them better extractants compared to methanol. The phenolics extracted by this method showed enhanced bioactivity [117]. NADESs have also found their importance in food waste valorization, and microwave extraction of main phenolic compounds from olive oil processing wastes has shown their potential for sustainable processes [118]. They have also found applications in the preparation of films and membranes using biomolecules [119]. Due to their environmentally friendly properties, they have been studied extensively from the solubilization, preservation, packaging, and stability of biomolecules to the formation of DES-based ATPSs as well as including molecular imprinting technology for the partitioning of biomolecules [71,120]. Figure 6 shows some common HBDs such as urea, thiourea, guanidine, ethylene glycol, and glycerol with HBAs such as choline chloride, choline bromide, ethyl ammonium chloride, and trimethyl ammonium acetate for the formation of DESs used in biomolecule processing [27,120,121,122,123,124,125].



3.1. Deep Eutectic Solvents in Protein Processing


Proteins are finding their utility in various biotechnological studies and hence their purification, separation, as well as isolation have gained increased interest. The structure maintenance of proteins after their isolation and purification processes is a matter of concern. Hence, a better and sustainable DES-based partitioning and purification technique has been introduced that does not denature the protein as in the case of organic solvents. Xu et al. and Wang et al. developed a DES-based ATPS for the extraction of protein from neat as well as real samples using choline chloride–glycerol and betaine–urea as the extractants. The conformation of protein after the extraction was confirmed to be stable by various techniques such as CD spectroscopy, UV–vis, FTIR, DLS, and TEM. DES–protein aggregates played a major role in the separation procedure in both cases [71,119]. Liu et al. in 2016 combined choline chloride-based green DES and molecular imprinting technology for the effective separation and recognition of selective protein from protein mixture as well as real samples. The protein studied here was bovine hemoglobin and the DES adopted acted as a functional monomer [126]. DESs have been developed as preservation media for proteins and hence conformation of lysozyme and bovine serum albumin have been studied by Fernandez et al. in choline chloride-based neat and hydrated DESs. Similar protein folding was observed in DESs when compared with buffer. Hydrated DESs showed minimal variations compared to neat DESs, where perturbation of tertiary structure was observed [73]. Khodaverdian et al. in 2018 evaluated the activity, stability, and structure of laccase in choline and betaine-based natural DESs [89]. Lee et al. reported natural DES choline chloride–fructose as a sustainable storage medium for therapeutic protein human interferon α2 at 37 °C for 90 days (long-term storage) and at 70 °C for 2 h (short-term storage), which might facilitate biologics at room temperature [127]. Natural silk fibers were exfoliated by Tan et al. in the presence of protein denaturant DES urea/guanidine hydrochloride to nanofibrils that were used in the preparation of membrane, showing adsorption performance and size selectivity for dyes, proteins, and ions when employed as filtration membranes that are composed of proteins. These have optimistic utility in energy storage devices as well as environmental engineering [119]. Silva et al. utilized DESs as fibrillation agents for proteins and examined the hydrogen bonding capacity of choline-based DESs on the lysozyme nanofibers’ length and width, resulting in highly transparent and mechanically efficient films [128]. Grudniewska et al. in 2018 extracted proteins using glycerol–choline chloride (glyceine) DES from oilseed cakes. This biorefinery approach is promising for the extraction of vegetable protein and recycling of by-products in the vegetable oil industry [78]. Guajardo recently studied the stability of Candida Antarctica lipase B in hydrated choline chloride–glycerol DES and it was found that its cross-linked aggregates were stable for 14 days, without losing its enzymatic activity. It exhibited immobilization and lowered viscosity in the presence of hydrated DES. Hence, this approach may be exploited for synthetic procedures [129]. Tan et al. recently exploited NADESs for extraction of silk protein nanofibers from natural silk which were further used as dispersants for carbon nanotubes that can be employed in wearable sensing [119]. Hence, DESs have been considered as a suitable solvent for the treatment of several proteins from their selective isolation to their utility as protein packaging without altering their native structure.




3.2. Deep Eutectic Solvents in DNA Processing


DESs form hydrogen bonds by their capability of exchanges of electrons and protons, hence facilitating the dissolution of biomolecules. Several studies of DNA require an anhydrous medium and so Hud et al. in 2010 first reported DES as this medium and also confirmed the stability of all the secondary structures like a duplex, triplex, and G-quadruplex of DNA in neat DES [124]. DNA nanotechnology has found its advancements due to the studies of DNA folding and DNA origami; G-quadruplex structures of DNA are common in nucleic acids rich in guanine. Certain chemical reactions of G-quadruplex require anhydrous medium and hence DESs have found their recognition as water-free media for the G-quadruplex structures of DNA [130]. Mondal et al. in 2013 reported that the two DESs, namely choline chloride–ethylene glycol (1:2) and choline chloride–glycerol (1:2), were found to solubilize up to 5.5 wt% and 25 wt% DNA. The B-form helix of DNA was maintained in DES and high pH and thermal stability were observed in regenerated DNA. They proposed a dissolution mechanism showing the association of DNA phosphate groups with choline cations [131]. After studying the compatibility of DESs with DNA, Mondal et al. in 2014 explored the potential of DESs as a draw agent for the enrichment of low abundant DNA and proteins using forward osmosis (FO). Due to the outstanding colligative properties of DESs, such as high osmotic pressure (π > 300 atm) and low water activity (aw < 0.1), they proved to be ideal draw solutions in the FO system [107]. The folding and imaging of DNA were studied in the presence of hydrated as well as neat DESs by Issac et al. in 2015. A DES composed of a 4:1 mixture of glycerol and choline chloride (glycholine) was used to study the assembly of DNA in DES and was found to allow folding in a two-dimensional DNA structure in 6 days at 20 °C, while the same was observed in hydrated glycholine within 3 h. Under isothermal conditions, three-dimensional DNA origami and DNA tail showed a folded structure. Glycholine reduced the kinetic traps confronted by aqueous solvents during the folding phenomenon. Hence, it was proposed that folded structures can be transferred between glycholine and the aqueous solvent. Similar solvents like glycholine can be exploited for the preparation of functional DNA, having tunable properties that can find utility in a wide range of applications [132]. Na Li et al. in 2016 reported efficient and rapid extraction of salmon testes DNA using DES-based aqueous biphasic systems. A DES composed of tetrabutylammonium bromide and ethylene glycol along with sodium sulfate salt was used for the preparation of aqueous biphasic system. In total, 99.98% of DNA was found to be partitioned in the DES-rich phase, which proved that selective extraction of DNA from complex systems is possible [133]. Recently, Panli Xu et al. have developed DES-based ATPSs for DNA partitioning, using polypropylene glycol 400 as the polymer. The size of side-chains, density, hydrophilicity, and viscosity of DES in addition to the ionic radius and the ionic valence of inorganic salts determine the phase forming ability of ATPSs. The system is proposed to be promising for the selective separation of nucleic acid and protein mixtures in a single step, which is expected to be widely used in the future for separation methods [134].



Several techniques have been established to examine the native structure of DNA during and after its processing. Techniques such as CD spectroscopy, UV–vis spectroscopy, ITC, PCR amplification, and agarose gel electrophoresis are usually employed to study the helical structure of DNA, complexation and binding parameters of its minor and major grooves with ligands, the order of DNase sequences, and visualization of intact bands of DNA. All this information adds up to establish whether DNA remains stable under and after processing conditions. These techniques have been summarized in Table 3. It is very much essential to study the stability and the retention of activity of DNA when employed in the presence of ILs as they are very sensitive and may tend to lose their activity with a change in the surrounding environment.





4. Conclusions and Future Prospects


Neoteric solvents like ILs and DESs were found to be sustainable for processing biomolecules such as proteins and DNA, maintaining their structural stability. However, there are several setbacks, such as their high cost as well as the fact that they are not yet employed for large scale handling, limiting their use in industrial processing. Recyclability and purity of these solvents after the biomolecule treatment is also a matter of concern regarding their efficiency. Research must be more focused on the biodegradability and biocompatibility of the components used for the preparation of ILs and DESs so that there is an ease in the discard of the waste materials after the biomolecule processing, increasing their feasibility for an industrial approach. Thus far, very few biomolecules have been explored in the presence of neoteric solvents and it is expected that more and more biomolecules as targeted and sustainable technologies may be developed for their processing in the future.
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Abbreviations




	[(C10)2NMDG-Br]
	N,N-didecyl-N-methyl-d-glucaminium bromide



	[2HEAA]
	2-hydroxyethyl ammonium acetate



	[2-HEAF]
	2-Hydroxyethyl ammonium formate



	[Ac]
	acetate



	[But]
	butyl



	[C16POHIM-Br]
	1-(1,2-dihydroxypropyl)-3-hexadecylimidazolium bromide



	[C8mim] [C12OSO3]
	1-octyl-3-methyl imidazolium dodecyl sulfate



	[C8mim] [Cl]
	1-octyl 3-methyl imidazolium chloride



	[Ch] [A]
	cholinium acetate



	[Ch] [F]
	cholinium formate



	[Ch]
	choline



	[Ch] [DHP]
	cholinium dihydrogen phosphate



	[CHES]
	2-(cyclohexylamino)ethanesulfonate



	[Cl]
	chloride



	[bmim]
	1-butyl 3-methyl imidazolium



	[DEAA]
	diethylammonium acetate



	[DEAP]
	diethyl ammonium dihydrogen phosphate



	[DEAS]
	diethyl ammonium hydrogen sulfate



	[DH Cit]
	dihydrogen citrate



	[emim]
	1-ethyl 3-methyl imidazolium



	[HEPES]
	(4-(2-hydroxyethyl)-1-piperazineethanesulfonate)



	[Lac]
	lactate



	[Mmim] [DMP]
	N-methyl-N-methylimidazolium dimethyl phosphate



	[Prop]
	propyl



	[Gly]
	glycine



	[TAcl]
	tantalum chloride



	[TEAA]
	triethyl ammonium acetate



	[TEAP]
	triethyl ammonium dihydrogen phosphate



	[TES]
	2-[[1,3-dihydroxy-2-(hydroxymethyl)propan-2-yl]amino]ethanesulfonate



	[TMAA]
	trimethyl ammonium acetate



	[TMAP]
	trimethyl ammonium dihydrogen phosphate



	[TMAS]
	trimethyl ammonium hydrogen sulfate



	[Tricine]
	N-(2-hydroxy-1,1-bis(hydroxymethyl)ethyl)glycinate



	AE
	atom economy



	CE
	carbon efficiency



	ATPSs
	aqueous two-phase systems



	ATR
	attenuated total reflectance



	BMIM dca
	1-butyl 3-methyl imidazolium dicyanamide



	BSA
	bovine serum albumin



	CD
	circular dichroism



	CHNS
	carbon, hydrogen, nitrogen, sulfur



	CT:α
	chymotrypsin



	Cytc
	cytochrome C



	DESs
	deep eutectic solvents



	DLS
	dynamic light scattering



	DNA
	deoxyribonucleic acid



	EMY
	effective mass yield



	E-factor
	environmental factor



	ESH
	environment, safety, and health



	FO
	forward osmosis



	FT-IR
	Fourier-transform infrared



	GCI-PR
	Green Chemistry Institute Pharmaceutical Round Table



	GFP
	green fluorescence protein



	GSK
	Glaxo Smith Kline



	HBAs
	hydrogen bond acceptors



	HBDs
	hydrogen bond donors



	Hy [Ch] [dhp]
	hydrated cholinium dihydrogen phosphate



	IgY
	immunoglobulin Y



	ILs
	ionic liquids



	ITC
	isothermal calorimetry



	iv
	intrinsic viscosity



	m.p.
	melting point



	NaDESs
	natural deep eutectic solvents



	NMR
	nuclear magnetic resonance



	PCR
	polymerase chain reaction



	PMI
	process mass intensity



	RME
	reaction mass efficiency



	PSD
	post synaptic density



	RID
	radial immunodiffusion



	SANS
	small-angle neutron scattering



	SDS PAGE
	sodium dodecyl sulfate polyacrylamide gel electrophoresis



	SE-HPLC
	size exclusion–high performance liquid chromatography



	TEM
	transmission electron microscopy



	TGA
	thermogravimetric analysis



	TPC
	total plate count



	Trp fluorescence
	tryptophan fluorescence



	U.V.
	ultraviolet



	UF
	ultrafiltration



	VOCs
	volatile organic compounds



	ε-PL
	epsilon polylysine
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Figure 1. Green metrics on the basis of green chemistry. 
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Figure 2. (A) Types of neoteric solvents. (B) Properties of neoteric solvents. 
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Figure 3. Bioprocessing of biomacromolecules using neoteric solvents. 
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Figure 4. Cations and anions used for the synthesis of Ionic Liquids (ILs) used in biomolecule processing. 
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Figure 5. Schematic of formation of deep eutectic solvent. 
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Figure 6. Common hydrogen bond donors and hydrogen bond acceptors for the formation of deep eutectic solvents. 
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Table 1. Processing of different proteins in the presence of ILs and their outcomes.
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	Protein
	Source
	Type
	ILs
	Bioprocessing Outcome
	Techniques for Bioprocessing
	Ref.





	IgY
	Egg yolk
	Antibody
	[Ch]X

X = [ME]

[HEPES,

[Tricine]

[TES] or [CHES]
	Extraction anandd purification of IgY from egg yolk using GB-ILs based ATPSs
	TPC, RID, SDS-PAGE, PSD, UF
	[30]



	Zein
	Maize
	Prolamins
	BMIMC,

BMIMdca
	10 wt% of zein soluble at 80 °C
	FT-IR, ATR, NMR, iv
	[45]



	Cyt c, peroxidase, azurin, pseudoazurin, ascorbate oxidase, fructose dehydrogenase
	Cells of animals and plants
	Metalloproteins
	Hy[ch]

[dhp]
	All metalloproteins were soluble in IL above 1 mM concentration with thermal stability without losing their enzyme activity.
	UV, CD, RRS
	[65]



	Cytochrome C
	Horse heart
	Heme protein
	[Ch] [dh]
	Thermal and structural stability maintained up to 18 months in IL
	ATR-FTIR, UV, RRS
	[66]



	CT
	Bovine pancreas Type II
	Pancreatic enzyme
	[TEAA],

[TEAP],

[TMAS]

[TMAA],

[DEAA]

[DEAS],

[DEAP]
	Stability of tertiary structure.

For TMAS 80 °C and TMAP 85 °C
	NMR, CD, UV, Near-UV CD
	[67]



	BSA
	Derived from Cow
	Blood Albumin
	[Ch] [X] and X = [Lac], [TACl], [DHCit], [Ac], [Bit], [DHP], [Prop], [Gly] or [But]
	Single step complete extraction (92–100%) of BSA using ILs maintaining its activity and stability.
	ATPSs
	[68]



	BSA
	Derived from Cow
	Blood Albumin
	[C8mim] [C12OSO3]
	IL unfolds BSA under its CMC and refolds above its CAC
	CD, Fluorimetry, DLS, ITC
	[69]



	BSA
	Derived from Cow
	Blood Albumin
	[Ch] [X] and X = [Cl], [TES], [Tricine] or [HEPES]
	α-helical structure maintained in all ILs
	ATPSs, SE-HPLC, UV, CD, RP-HPLC, DLS, ATR-FTIR, Molecular Docking
	[30]



	GFP
	A. Victoria jellyfish
	Fluorescent protein
	[bmim]

[Cl]
	Unfolding of protein from its native structure and decrease of thermal stability in the presence of IL
	CD, fluorescence spectroscopy
	[70]



	GFP
	B. Victoria jelly fish
	Fluorescent protein
	[Emim]

[Lac],

[Mmim]

[DMP]
	ILs proved to be potential candidates for the in situ enzymatic hydrolysis
	Fluorescence spectroscopy
	[41]



	ε-PL
	Streptomyces albulus
	Polypeptide
	[2HEA]],

[2HEA]

[A]

[Ch] [F] and [Ch] [A]
	The polypeptide was soluble at RT in all ILs and showed gelation in [2-HEA] [F].
	NMR, CD, IR, UV
	[15,16]
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Table 2. Techniques for determining the structural and chemical stability of proteins during and after protein bioprocessing in presence of Ionic Liquids (ILs)/Deep Eutectic Solvents (DESs).
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	Techniques
	Characterization
	Evaluation
	Ref.





	UV–vis
	The native state of protein and complexation of it with ILs/DESs
	Perturbation of polypeptide backbone and immobilization degree of aromatic amino acid residues
	[67,71,72]



	Near-UV CD
	Protein tertiary structure
	Degree of aromatic amino acid residues
	[71,73,74,75]



	Far-UV CD
	Secondary structure of protein
	Protein backbone perturbation
	[73,76,77]



	NMR
	Protein Conformation

in the presence of ILs/DESs
	Changes of chemical shifts in ILs/DESs presence
	[67,78]



	FT-IR
	Protein secondary structure
	Analysis of peak position of Amide I and hydrogen bonding pattern
	[29,71,78,79,80,81]



	Raman

spectroscopy
	Protein secondary structure
	Analysis of peak position of Amide I and III due to the binding of the protein with ILs/DESs
	[82,83]



	Raman

spectroscopy
	The tertiary structure of the protein
	Skeletal bending, C–C–N, S–S and the C–S stretching frequencies of the disulphide bonds.
	[74,75]



	DLS
	Size and structure of the protein in the presence of ILs/DESs
	Hydrodynamic radii

of protein changes as a result of protein–ILs/DESs interaction
	[71,84,85]



	Microcalorimetry
	Binding stoichiometry
	The exothermic enthalpy change for electrostatic interaction and endothermic enthalpy change for unfolding.
	[53,86]



	SANS
	Shape, Size and structure

of protein in the presence of ILs/DESs
	Deuterate ILs/DESs or proteins required for information of either component. Neutron source required

e.g., Swiss Palliation Source
	[73,87,88]



	Trp fluorescence
	Protein tertiary structure and complexation of it with ILs/DESs
	Variation of Trp microenvironment due to ILs/DESs binding with solvent and change in protein conformation
	[69,89,90]



	CHNS
	Elemental composition of protein in ILs/DESs presence
	Variation of the elemental composition of protein due to ILs/DESs bioprocessing
	[78]



	SDS PAGE
	Separation of polypeptide bands based on their molar mass
	Polypeptide bands perturbation
	[78]



	TGA
	Protein degradation temperature
	Changes in protein degradation rate due to ILs/DESs
	[78]
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Table 3. Techniques for determining the structural and chemical stability of DNA during and after DNA bioprocessing in presence of ILs/DESs.






Table 3. Techniques for determining the structural and chemical stability of DNA during and after DNA bioprocessing in presence of ILs/DESs.





	Techniques
	Characterization
	Evaluation
	Ref.





	CD
	The helical structure of DNA in presence of ILS/DESs
	Perturbation of the helical structure of DNA in ILs/DESs presence
	[131]



	UV–vis
	The native state of DNA and complexation of its minor and major grooves with ILs/DESs
	Perturbation in absorbance based on the amount of complexation with ILs/DESs
	[96]



	ITC
	Binding parameters of major and minor grooves of DNA with ILs/DESs
	Changes in binding in presence of ILs/DESs
	[103]



	PCR Amplification
	Order of DNase sequence
	The sequence during amplification changes in presence of ILs/DESs shows degradation
	[48]



	Agarose gel electrophoresis
	Visualization of intact bands of DNA
	Degradation of DNA in presence of ILs/DESs leads to disintegrated bands
	[131]
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