

  catalysts-14-00084




catalysts-14-00084







Catalysts 2024, 14(1), 84; doi:10.3390/catal14010084




Review



Biocatalysis for the Synthesis of Active Pharmaceutical Ingredients in Deep Eutectic Solvents: State-of-the-Art and Prospects



Ningning Zhang 1,*, Pablo Domínguez de María 2 and Selin Kara 1,3,*





1



Institute of Technical Chemistry, Leibniz University Hannover, Callinstr. 5, 30167 Hannover, Germany






2



Sustainable Momentum, SL., Av. Ansite 3, 4-6, 35011 Las Palmas de Gran Canaria, Canary Islands, Spain






3



Biocatalysis and Bioprocessing Group, Department of Biological and Chemical Engineering, Aarhus University, Gustav Wieds Vej 10, 8000 Aarhus, Denmark









*



Correspondence: ningning.zhang@iftc.uni-hannover.de (N.Z.); selin.kara@iftc.uni-hannover.de (S.K.); Tel.: +49-511-762-3167 (S.K.)







Citation: Zhang, N.; Domínguez de María, P.; Kara, S. Biocatalysis for the Synthesis of Active Pharmaceutical Ingredients in Deep Eutectic Solvents: State-of-the-Art and Prospects. Catalysts 2024, 14, 84. https://doi.org/10.3390/catal14010084



Academic Editor: Antonio Salomone



Received: 1 December 2023 / Revised: 13 January 2024 / Accepted: 16 January 2024 / Published: 19 January 2024



Abstract

:

Biocatalysis holds immense potential for pharmaceutical development as it enables synthetic routes to various chiral building blocks with unparalleled selectivity. Therein, solvent and water use account for a large contribution to the environmental impact of the reactions. In the spirit of Green Chemistry, a transition from traditional highly diluted aqueous systems to intensified non-aqueous media to overcome limitations (e.g., water shortages, recalcitrant wastewater treatments, and low substrate loadings) has been observed. Benefiting from the spectacular advances in various enzyme stabilization techniques, a plethora of biotransformations in non-conventional media have been established. Deep eutectic solvents (DESs) emerge as a sort of (potentially) greener non-aqueous medium with increasing use in biocatalysis. This review discusses the state-of-the-art of biotransformations in DESs with a focus on biocatalytic pathways for the synthesis of active pharmaceutical ingredients (APIs). Representative examples of different enzyme classes are discussed, together with a critical vision of the limitations and discussing prospects of using DESs for biocatalysis.
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1. Introduction


Biocatalysis has become a powerful toolbox for the pharmaceutical industry, enabling elegant synthetic routes toward a broad range of active pharmaceutical ingredients (APIs) [1,2,3,4,5]. Around 57% of known APIs are chiral compounds and commercialized in an enantiomerically pure form [6]. Enzymes are nature-privileged chiral catalysts with unparalleled selectivity (regio-, enantio-, and chemo-selectivity), which makes them especially appealing for the synthesis of chiral complex motifs. Notably, enzymes have been used in the commercial synthesis of more than two-thirds of chiral compounds on an industrial scale [7]. Additionally, biocatalysts are produced from renewable resources through fermentation, being inherently benign and biodegradable. On that basis, the last two decades have witnessed a compounded growth of biocatalysis in the synthesis of building blocks in the pharmaceutical, flavor, and fragrance sectors. More enzyme classes have been involved including hydrolases, oxidoreductase, transaminases, and lyases [8]. The incorporation of biocatalysis into industrial processes is continuously expanding and their use may potentially become one of the major pillars for Green Chemistry. Herein, a holistic consideration is required on the path to sustainable chemistry [9], and several interrelated aspects should be taken into account for efficient process intensification including reactor design [10,11], catalyst design and selection [12,13], medium engineering [14], process analytical technologies, downstream process, and ultimate product and enzyme disposal [9,15]. In particular, an adequate trade-off solvent selection with an emphasis on its efficiency, economy, enzyme-compatibility, and greenness is fundamental and currently a main focus in both chemo- and bio-catalysis [16,17].



Solvents contribute up to 70–80% of the total process solution and up to 60% of the mass used in pharmaceutical syntheses [17,18]. Importantly, instead of just being a reaction space, solvents act as solubilizers for reaction components while providing a suitable reaction environment and compatible media for (bio)catalysts [19]. Moreover, many solvents act also as reactive media and display synergistic effects (e.g., activating/deactivating a catalyst) [14], significantly affecting the biocatalytic performance, substrate specificity, and even stereoselectivity. Customizing solvents for certain circumstances can thus be a game-changer for (bio)catalytic processes, providing more efficient and cleaner synthetic strategies.



Biocatalysts have naturally evolved to function optimally in aqueous media, and thus conducting biotransformations in various aqueous conditions is the traditional approach to maximize enzyme performance (activity and stability). Water is often claimed as a non-toxic and readily available green solvent, although its high polarity becomes a key obstacle when hydrophobic non-natural substrates are applied [20]. As a result, the concentrations of poorly water-soluble chemicals are downgraded to the millimolar range. These diluted biocatalyzed processes in aqueous media typically produce large volumes of wastewater, compromising the pursuit of economy and sustainability [21]. The wastewater treatment of such large effluents, an easily overlooked aspect, makes an additional negative contribution to the environmental impact of the entire process. To overcome this, and to improve water-based industrial (bio)catalytic processes, the use of surfactants to enhance substrate solubility has been proposed [22].



To fairly evaluate and compare the greenness of bioprocesses, several quantitative environmental metrics have been introduced, such as the E-factor (environmental factor, kg waste kg product−1) [23,24], the E+-factor (classical E-factor plus CO2 emissions caused by electricity generation) [25], and the total CO2 production (kg CO2·kg product−1) [26,27]. Other aspects, such as the inherent hazardousness of wastes, or energy consumption, should be addressed too. A recent study identified the CO2 production of generic bioconversions in water and non-conventional media by evaluating the upstream and the downstream (with a focus on the extraction of the aqueous media with an organic solvent). It revealed that, in general, the lower the substrate loadings, the higher the CO2 production (regardless of whether the biotransformation is conducted in water or in non-conventional media) [26]. Thus, the key to decreasing the environmental footprint is to maximize production titers, leading to an optimized use of solvents and water and improving process economics at the same time [28]. Industrial processes are, most of the time, performed at substrate loadings of >50 g L−1, and preferably at >100 g L−1 for fine chemicals [29]. Comparatively, pharmaceutical segments are confronting the challenge with 10-fold less production and >5-fold higher E-factor compared to other chemical industries [3,28,29]. The E-factor is, in fact, even higher in the current ‘chiral era’ than in the previous ‘racemic era’ [30]. Hence, economic and environmental improvements in the API manufacturing processes are continuously in demand.



In this context, the introduction of non-conventional media to enhance substrate loadings may become a straightforward solution for process intensification [31]. The use of non-aqueous solvents not only enables high substrate loadings to adapt to industrial scale-up and commercialization [29,32] but also allows for seamless integration of chemo-enzyme cascades in industry, where, typically, other chemical steps are conducted in non-aqueous media [33]. The systematic development of biotransformations in non-aqueous media dates back to the 1980s, starting with a focus on the workhorse of lipases in organic solvents [34,35], followed by new generations of master solvents including ionic liquids (ILs) and supercritical liquids in the subsequent decades. These solvents have historically seen ups and downs due to their strengths and weaknesses. In addition to the respective drawbacks of each type of solvent, the greatest concern of applying these conventional non-aqueous solvents is their inherent toxicity. This is driving the transaction from traditional fossil-based solvents to alternative biomass-based solvents or even solvent-free systems [36]. In particular, biomass-derived solvents from renewable natural resources (e.g., plants and animals) have become attractive for the large-scale production of a wide range of green solvents at acceptable prices. Compared to their counterparts, biomass-based solvents are safer and more effective from manufacture to application, and thus more sustainable [37].



In this area, deep eutectic solvents (DESs) emerge as a neoteric class of (potentially) greener solvents and have received tremendous attention since their debut in Abbott’s seminal study [38]. The definition of DESs has gradually been completed through their in-depth understanding. They are eutectic mixtures formed from Lewis/Brønsted acids and bases as hydrogen bond donors (HBD) and hydrogen bond acceptors (HBA) forming hydrogen bond networks [39,40]. Nowadays, five types of DESs are defined based on the nature of compositions: Type I—quaternary ammonium salt and metal chloride; Type II—quaternary ammonium salt and metal chloride hydrate; Type III—quaternary ammonium salt and HBD; Type IV—metal chloride hydrate and HBD [39,41]; and a new Type V, comprising only nonionic molecular HBA and HBD [42]. Type III DESs, comprising of quaternary ammonium salts, typically choline chloride (ChCl), and organic molecular HBDs (amide, carboxylic acid, or polyol) are widely used (Figure 1) [40]. The usual expression of a DES as HBA: HBD (n:n, mol/mol) will be used in this review.



DESs may hold remarkable advantages in ecology, economy, and practicability, and have been hailed as ‘the solvents of the 21st century’ [43]. On the one hand, DESs share similar physicochemical properties with ILs (high thermostability, low volatility, non-flammability, and tunable polarity). On the other hand, DESs are ‘designer’ solvents that are a function of their compositions, which lends DESs enormous versatility and tunability to adapt for desired purposes. Via a defined combination of constituents, DESs with tailored hydrophilicity/hydrophobicity can be accessed to (de)solubilize various chemicals [44,45,46,47,48]. Besides this, the strong mutual attractive interaction between DES components decreases their reactivity, minimizing side reactions in many cases [49]. Thanks to that, DESs have found prospective applications in many fields, including metallurgy and electrodeposition, separation and gas capture, battery technology, nanotechnology, separations and gas capture, biomolecule stabilization, and organic syntheses [39,40,43,50,51]. Specifically, chemical catalysis involving DESs has been developed primarily for organometallic chemistry and metal-catalyzed reactions [52,53,54,55,56,57]. In the case of using DESs for biocatalytic purposes, DESs can offer special benefits. For example, the molecular interactions can be established between DESs and biocatalysts/cofactors, providing stabilization effects on them [58]. Using DESs can sometimes boost reaction efficiency, while the selectivity of biocatalysts can also be enhanced/modified due to a well-organized 3D-network [59]. Despite these advantages, however, when it comes to sustainability, making unsubstantiated claims about DESs greenness should be avoided. DESs can only be made affordable, non-toxic, and biodegradable if the composition is properly chosen. Natural DESs (NADESs) derived from biomass may be good examples to fulfill these criteria [43,60]. The high degree of freedom in designing DESs using a variety of (biogenic) substances and explorable molar ratios (HBA: HBD) allows for the generation of a versatile toolbox containing more sustainable customized solvents [61]. In general terms, the proposition of DESs’ greenness needs an in-depth and holistic analysis from a life-cycle perspective [62]. DESs can be prepared by mixing HBA (typically a quaternary ammonium salt) and HBD (e.g., glycerol, urea), enabling a large-scale supply of DESs at low cost. A major challenge for using DESs is their high viscosity (∼7−86,800 mPa·s at room temperature) compared to water (0.89 mPa·s) and most organic solvents [46,63]. Nevertheless, this has not hindered its rapid advancement in many fields, e.g., extractive agents, biorefineries, organic synthesis [64], and others [65,66].



Biocatalysis in DESs combines strengths such as enzyme selectivity and DES tunability to maximize the range of their applications, thus seeing a spiral uptick in the last two decades. The number of publications and citations on the topic ‘enzymatic reactions or enzymes and eutectic solvents’ has been increasing considerably from 2001 to 2020, with the number of publications going from 2 up to 108 and citations going from 0 to 2713 (Figure 2). These values increase more drastically when the topic is expanded to chemo catalysis in DESs, which is beyond the scope of this review and therefore not shown. A variety of biotransformations have been established in DESs to synthesize high-value chemicals using hydrolases, oxidoreductases, lyases, and amine transaminases, wherein DESs may function as solvents, cosolvents, additives, or even as substrates [67,68,69,70]. Rational design of customized DES for biocatalytic applications requires a holistic consideration of several aspects, including water content to retain enzyme activity, polarity to solubilize reactants, and viscosity to enable practical operation. Correspondently, these considerations can be addressed by introducing water, varying DES components and their molar ratios, and increasing temperatures [71]. The relative low viscosity of most DESs can be achieved by elevating temperatures (200–500 mPa·s at 40 °C), which is, however, incompatible with many enzymes. Alternatively, water is often added as a cosolvent to DESs, effectively reducing viscosity while providing a sufficient hydration environment for enzymes [72]. The water capacity and its role in DESs have been explored to broaden the tunable window of DES–water mixtures while keeping their hydrogen-bonding network maintained. For instance, a computational study on choline chloride-glycerol (ChCl-Gly) has shown that water plays a Janus-faced de/structuring role in the interactive hydrogen-bonding network between ChCl and Gly [73]. The increase in hydration via the initial addition of water (10.1 wt.%) indeed reduced the hydrogen-bonding interaction between ChCl-Gly but, at the same time, water molecules function similarly to chloride to bridge the DES components of Ch and Gly, reaching the maximum structuring effect at 35.8 wt.%. Likewise, the nanostructure of widely-used choline chloride-urea (ChCl-U) was shown to remain even in the presence of a remarkably high level of water content (ca. 42 wt.%) [74]. In addition, when water and DES components are part of the hydrogen-bonding network, their reactivity is significantly reduced [49]. This avoids possible side reactions and unfavorable thermodynamic equilibria. As a result, DES–water mixtures become suitable and practical, and thus are being used in a wide range of catalysis scenarios for different purposes [71,72,75], e.g., solubility improvement, biocatalyst stabilization, selectivity modification, and ease of reusability.



Despite all the above-mentioned advantages of combining DESs and biocatalysis, there are still challenges prior to their prevalent practical applications. In particular, enzyme deactivation occurs quite often in the presence of DESs. On the one hand, this promotes the initiation of whole-cell catalysis in DESs, which naturally provides a protective environment to enzymes. On the other hand, this has led to numerous studies on the relation between enzyme-related features and DES-related properties. The impact of DESs has been explored, e.g., earlier, mainly on hydrolases [49,76], and recently on other enzymes such as lyases [77], peroxidases [78,79,80], alcohol dehydrogenases [75,81,82,83], and photosynthetic reaction centers [84]. To adapt enzymes to harsh DES conditions, a variety of immobilization techniques (e.g., physical adsorption/deposition, entrapment, covalent attachment, and cross-linked enzyme aggregates) can be employed to generate robust immobilized biocatalysts that can be easily processed and reused in DES systems. On this basis, a number of biotranformations have been developed using immobilized whole cells or enzymes, which are outlined in detail in the following sections. Moreover, it was revealed that some DESs even displayed stabilizing effects on nicotinamide cofactors compared to aqueous media, which lays another solid basis for applying cofactor-dependent oxidoreductases in DESs [58]. In addition, to optimize the biocatalytic processes in DESs, the DES-related physicochemical parameters such as dynamic viscosity [80], compound solubility [85,86,87], dynamic water activity [39], and oxygen transfer rates (OTRs) [71] were investigated comprehensively via experiments and computational analysis. The gained knowledge has been used to drive the rational design of tailored enzyme-compatible DESs for specific circumstances. Some comprehensive review articles on the topic of ‘combining enzymes and DESs for organic synthesis’ were published recently [88]. These organic syntheses target miscellaneous valuable chemicals including pharmaceutical-relevant compounds [89,90], cosmetics [81,91,92,93], food industrial chemicals [94,95,96], surfactants [97,98,99,100], polymers [101,102,103], biodiesel [104,105,106,107,108], and so on. To complement these works, this review is dedicated to biocatalysis in DESs with a specific focus on syntheses of various building blocks for APIs, potential pro-drugs, and pharmaceutical-relevant compounds.




2. Oxidoreductase-Meditated API Syntheses in DESs


Oxidoreductases (E.C. 1)-catalyzed reactions account for around one-third of enzymatic transformations in the BRaunschweig ENzyme DAtabase (BRENDA) [109]. In particular, selective redox biocatalysis plays a pivotal role in the synthesis of complex APIs [110]. Some well-known oxidoreductases have been widely used for organic syntheses, including alcohol dehydrogenase (ADH, KRED, E.C. 1.1.), laccases (E.C. 1.10), peroxidases (E.C. 1.11), monooxygenases (E.C. 1.13), NAD(P)H oxidoreductases (E.C. 1.6), and sulfur oxidoreductases (E.C. 1.8). Amongst them, ADHs are mostly used in the asymmetric reduction of ketones for the synthesis of various value-added chiral alcohols [111]. ADHs are cofactor-dependent and require a stoichiometric amount of costly NAD(P)H. The in situ cofactor-regeneration is proposed to enable a cost-effective application [112,113,114,115]. That necessity can be fulfilled by either in vivo designer cell systems or in vitro artificial regeneration systems, using an ancillary substrate [116].



2.1. Whole-Cell Catalyzed Redox Catalysis in DESs


Redox catalysis in DESs was initiated with whole cells due to the provision of a natural environment, avoidance of enzyme purification, and in situ cofactor-regeneration. ChCl-based classic DESs were first adopted due to the wealth of relevant knowledge about them. Domínguez de María et al. seminally reported the use of wild-type whole-cell baker’s yeast in DES–water mixtures for the selective reduction of ethyl acetoacetate to afford (R/S)-ethyl 3-hydroxybutanoate (Table 1, entry 1) [117]. The (R)-enantiomer is of high interest as a building block for the preparation of (+)-decarestrictine L or ß-lactamase inhibitors, while the S-enantiomer is used in the synthesis of pheromones and carbapenem antibiotics [118]. A complete stereoinversion (ee 95% (S)- to 95% (R)-) was observed, presumably as a result of the deactivation of (S)-enantioselective enzymes within whole cells when pure ChCl-Gly was applied [117]. The same reaction was studied in more ChCl-based DESs with various hydrogen bond donors (sugars, alcohols, acids, or amides) [119]. This work demonstrated the significant effects of varying DES components and water contents on the activity and enantioselectivity for yeast-mediated reduction, leading to a promising bioprocess for (R/S)-enantiomer production. The gained selectivity reversal is presumably attributed to the interplay between the “solvation” of whole cells and the “selective inhibition” of specific enzymes, which was caused by the fine-tuning of DES constituents and water proportion. This finding was further observed in a baker’s-yeast-catalyzed bioreduction of various enantioenriched arylpropanones in water and 90 wt.% ChCl-Gly (1:2), giving rise to (S)- and (R)-1-phenoxy-2-propanol, respectively, as key synthons for the preparation of neuroprotective drugs (Table 1, entry 2) [120].



Additionally, other types of wild-type whole-cell biocatalysts were applied in DESs for the synthesis of chiral intermediates of APIs. Lou’s research group has focused on the free or immobilized cell-facilitated asymmetric oxidations or reductions in DES-enriched media to produce various chiral alcohols, including the oxidative kinetic resolution of racemic 1-(4-methoxyphenyl)ethanol (MOPE) [121,122] and the reductions of 3-chloropropiophenone [123], 2-octanone [124], and 2-hydroxyacetophenone [125] (Table 1, entries 3–6). The enantiopure (S)-MOPE is an important chiral building block for the synthesis of cycloalkyl[b]indoles as a treatment for general allergic responses [126]. The oxidation of MOPE catalyzed by immobilized Acetobacter sp. CCTCC M209061 cells was conducted in various ChCl-based DESs, revealing an optimal option of ChCl-Gly (1:2) with 10 wt.% water regarding reaction efficiency (Table 1, entry 3) [121]. A follow-up study found that the introduction of 10 vol% ChCl-Gly to an ionic liquid/buffer biphasic system drastically increased the reaction rate and enantioselectivity of the same catalysis [122]. Moreover, not only oxidations were assessed, but the research for the same immobilized cells was expanded to the asymmetric reduction of 3-chloropropiophenone in various ChCl-based DESs systems (Table 1, entry 4) [123]. The obtained (S)-3-chloro-1-phenylpropanol ((S)-CPL) is an essential building block for the synthesis of antidepressants (S)-fluoxetine, nisoxetine, and (R)-tomoxetine [127,128]. The overall productivity and enantioselectivity were improved in the optimized DES-IL-buffer system. In one of their contributions, an efficient biocatalytic route for (R)-1-phenyl-1,2-ethanediol (PED) production, a crucial part for the preparation of β-adrenergic antagonists for treating systemic hypertension [129], was established with Kurthia gibsonii SC0312 in ChCl-1,4-butanediol (ChCl-1,4-Bd)-containing buffer system (Table 1, entry 5) [125]. The presence of 2 vol.% ChCl-Bd enhanced the reaction rate of cells by 22%. In these accounts, various ChCl-based DESs were examined for specific reactions catalyzed by whole cells, revealing very different optimal DES-enriched systems. These reaction efficiencies were drastically boosted due to DES-stimulated enhancement of substrate loadings and improved cell membrane permeability. Similar findings were documented in other contributions about wild-type whole-cell-mediated biotransformations in the presence of various DESs. The stereoselective reduction of α-acetylbutyrolactone was developed with Candida viswanathi AM120 in 10 vol.% ChCl-Gly, leading to the production of α’-1′-hydroxyethyl-γ-butyrolactone, a chiral chemical similar to γ-butyrolactone (GBL) with potential psychoactivity (Table 1, entry 6) [130]. Likewise, another baker’s yeast Saccharomyces cerevisiae cell-catalyzed reduction of acetophenone derivatives was explored in three ChCl-based DESs, producing three chiral alcohols as building blocks for drug synthesis (Table 1, entry 7) [131]. The highest enantioselectivity was achieved in ChCl-Gly with 30 vol.% water, and the reduction was performed on a preparative scale with reuse of DESs. Last but not least, the reduction of 3,5-bistrifluoromethylphenone catalyzed by various whole cells to produce (R)- or (S)-3,5-bistrifluoromethylphenyl ethanol ((R)-/(S)-BTPE) was evaluated in several ChCl-based DESs (Table 1, entry 8) [132,133,134]. Both (R)-/(S)-BTPE are key respective intermediates for the synthesis of antiemetic drugs aprepitant (Emend®) and fosaprepitant (Ivemend®) and the preparation of NK-1 receptor antagonist. The introduction of 1 vol.% ChCl-U (1:1) or ChCl-glutathione (ChCl-GSH, 1:1) significantly increases cell membrane permeability and substrate solubility, finally leading to high enantioselectivity and yields. These studies further impart the knowledge that the effects of DESs can be quite diverse toward various reaction systems. In general, some of the studied DESs showed a beneficial impact on wild-type whole-cell biocatalysts (baker’s yeast, Candida viswanathi AM120, Acetobacter sp., and R. erythropolis), which expressed several analogous oxidoreductases at low levels. Therefore, the diverse effects of DESs are presumably attributed to the restraint of some enzymes by specific DESs, manifesting the great potential of DESs for manipulating various selective whole-cell bioprocesses.





 





Table 1. Representative redox catalysis catalyzed by whole cells and isolated enzymes in DESs.
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	Entry
	Reaction Scheme
	Reaction Medium
	Concluding Remark
	Ref.





	1
	[image: Catalysts 14 00084 i001]
	ChCl-Gly (1:2) with 0–100 vol.% water, and other ChCl-based DESs
	Stereoinversion, (S)- in water and (R)- in DES
	[117,119]



	2
	[image: Catalysts 14 00084 i002]
	ChCl-based DESs

with 0–50 wt.% water
	High selectivity and stereoinversion, (S)- in water and (R)- in DES
	[120]



	3
	[image: Catalysts 14 00084 i003]
	ChCl-based DESs with

10 vol.% water, and

ChCl-Gly/buffer/[C4MIM][PF6],

10/40/50 (vol.%)
	Enhanced substrate loadings, membrane permeability, and reaction rate
	[121,122]



	4
	[image: Catalysts 14 00084 i004]
	Buffer with 5 vol.% ChCl-based DESs, and ChCl-U containing buffer/[C4MIM][PF6], 80/20 (vol.%)
	Improved yield and productivity at 0.5 L scale
	[123]



	5
	[image: Catalysts 14 00084 i005]
	ChCl-based DESs, buffer with 2 vol.% ChCl-Bd (1:4)
	Improved membrane permeability and reaction rate
	[125]



	6
	[image: Catalysts 14 00084 i006]
	Buffer with

10–25 vol.% ChCl-Gly (1:2)
	Reduced reaction course and increased stereoselectivity,

(85% dr., 76% ee)
	[130]



	7
	[image: Catalysts 14 00084 i007]
	ChCl-based DESs with 30/50/80 vol.% water, ChCl-Gly (1:2) with 30 vol.% water
	Improved conversion at preparative scale with reuse of DESs
	[131]



	8
	[image: Catalysts 14 00084 i008]
	ChCl-based DESs, optimal ones of buffer with 1 w/v% ChCl-U (1:1)

or ChCl-GSH (1:1)
	Improved substrate

solubility and yield,

shortened reaction time
	[132,133,134]



	9
	[image: Catalysts 14 00084 i009]
	ChCl-Gly (1:1.5, 1:2)/ChCl-U (1:2) /ChCl-EG (1:2)

with 0–90 vol.% buffer
	Improved enantioselectivity
	[75,135]



	10
	[image: Catalysts 14 00084 i010]
	ChCl-Gly (1:2) with

50–80 vol.% buffer
	>90% conv. and >99% ee

with 0.3–0.4 M substrate
	[136]



	11
	[image: Catalysts 14 00084 i011]
	ChCl-Gly (1:2) with

80–100 vol.% buffer
	93–100% conv. and >99% ee with 1–3 M substrate
	[137]



	12
	[image: Catalysts 14 00084 i012]
	ChAc-Lys (1:1) (1 w/v%) in buffer
	87% conv. and >99% ee

with 1 M substrate;

improved cofactor

regeneration
	[138]



	13
	[image: Catalysts 14 00084 i013]
	Various betaine-based NADES, optimal one Bet-Lys (1:2) (3 w/v%)

in buffer
	92.4% conv. with 400 mM substrate at 0.1 L scale;

improved cell membrane

integrity
	[139]



	14
	[image: Catalysts 14 00084 i014]
	4 w/v% ChCl-Lys (1:1) with 0.6 w/v% Tween-20 in buffer
	4.0-fold enhanced substrate conc., >99% ee, and 91.5% conv. with 0.2 M substrate
	[140]



	15
	[image: Catalysts 14 00084 i015]
	10–50 vol.% ChCl-Glu (1.5:1)

in buffer
	HBD glucose in ‘designer’ NADESs served as co-substrate and solubilizer
	[141]



	16
	[image: Catalysts 14 00084 i016]
	20 vol.% ChCl-Gly (1:9) in buffer; 80 vol.% ChCl-1,4-BD (1:4)

in buffer
	Improved STY of 15.3 g L−1 d−1; HBD 1,4-BD as cosubstrate with STY of 75 g L−1 d−1
	[81,93]



	17
	[image: Catalysts 14 00084 i017]
	50 wt.% LID-OA (1:1) with lower critical solution temperature (LCST) in buffer
	Enzyme reused 3 times
	[142]



	18
	[image: Catalysts 14 00084 i018]
	Various ChCl-/sugar-based DESs, and 60 vol.% Glu-Fru-water (1:1:6)
	Improved yield over pure buffer system (26% vs. 7%)
	[143,144]



	19
	[image: Catalysts 14 00084 i019]
	0–100 vol.% various

ChCl-based DESs
	HBA ChCl as co-solvent and stoichiometric reductant
	[145,146]



	20
	[image: Catalysts 14 00084 i020]
	ChCl-/Bet-based NADESs,

5 vol.% Bet-Man (5:2) in buffer
	Highest molecular weight polycatechin
	[147]








To further boost the efficiency toward target reactions and broaden the biocatalytic toolbox, creating recombinant whole cells overexpressing specific oxidoreductases or employing precursors for biosynthesis in DES-enriched media can be advantageous. The initial studies proceeded with predominant ADHs with the goal of producing diverse chiral alcohols as precursors for API synthesis. It was disclosed that E. coli cells overexpressing ADHs remained active even at high DES concentration (80 vol.%) and could catalyze the bioreduction of various aromatic substrates with highly improved enantioselectivity over buffer systems (Table 1, entry 9) [135]. This finding is in line with that for wild-type whole cells in DESs and was further cemented by confirming the stabilizing effects of DES components [75]. Likewise, E. coli cells harboring overexpressed two stereo-complementary enzymes (Lactobacillus brevis ADH and Rhodococcus ruber ADH (so-called ADH-A)) were used in the synthesis of enantiopure halohydrins, key intermediates for many commercialized medicaments (e.g., mirabegron, sertraline, luliconazole, ezetimibe, and empagliflozin) [136]. The reduction of α-halogenated ketone precursors was performed in a eutectic mixture composed of ChCl-Gly and Tris-SO4 buffer, enabling high substrate loadings (0.3–0.4 mM) as well as excellent conversions and enantiomeric excesses (Table 1, entry 10). These studies maximize the potential of DESs to increase substrate loading, thereby improving productivity. In fact, an increase in substrate capacity can mitigate substrate inhibition, especially that caused by carbonyl compounds [137]. This finding was disclosed in an E. coli whole-cell mediated biosynthesis of ethyl (S)-4-chloro-3-hydroxybutanoate [(S)-CHBE], which is known as a key precursor for the synthesis of cholesterol-lowering HMG-CoA reductase inhibitors such as atorvastatin (Table 1, entry 11) [148]. In this regard, the use of 12.5 vol.% ChCl-Gly together with a surfactant tween-80 boosted the loading of water-insoluble substrate to 1–3 M while greatly improving cell permeability [137]. These discoveries broaden new research lines for managing intensified selective biocatalysis while tackling the economics and the environmental aspects of the process simultaneously.



Apart from conventional ChCl-based DESs, the development of novel biocompatible and bio-based natural DESs (NADESs) has become relevant to target process sustainability [134,138,139,141]. Recently, Wang et al. made substantial contributions in applying novel task-specific DESs in selective whole-cell catalysis for the synthesis of valuable pharmaceutical building blocks [134,138,139,140]. Various bio-based DESs were applied in the E. coli-catalyzed bioreduction of 2-chloro-1-(3,4-difluorophenyl)ethanone (CFPO) to produce (S)-2-chloro-1-(3,4-difluorophenyl)ethanol ((S)-CFPL) (Table 1, entry 12), which is a crucial synthon for synthesizing P2Y12 receptor antagonist Ticagrelor (Brilinta®) [138]. Introducing 1 w/v% choline acetate/lysine (ChAc-Lys) to aqueous systems enabled improved cofactor regeneration and a 3.3-fold increase in substrate loading, finally leading to productivity of 87% conversion and >99% ee at 1 M CFPO content [138]. The spectrum of biocompatible DES was broadened in a follow-up study on the E. coli-mediated bioproduction of (R)-1-[4-(trifluoromethyl)phenyl]ethanol (Table 1, entry 13), an important intermediate of many drugs like chemokine CCR5 antagonist [139]. Similarly, applying the least amount of 3 w/v% Betaine/lysine DESs (B-Lys, 1:2) in aqueous media enabled high substrate loadings. Furthermore, these lysine-based NADES exhibited better biocompatibility over traditional ChCl-based DESs by maintaining cell membrane integrity. The synergistic effect contributes to the enhanced catalytic efficiency, resulting in a yield of 92.4% and >99.9% ee at a substrate conc. of 0.4 M [139]. These studies firmly demonstrated the applicability and vast available choices of customized NADES. Some NADESs are even integrated with surfactants to further boost process intensification of whole-cell mediated reductive biotransformations. For example, in the case of yeast-catalyzed reduction of BTAP to produce (S)-BTPE, the addition of 1 w/v% L-carnitine/lysine (C-Lys, 1:2) and 5 g/L Tween-80 further boosted substrate solubility to 7.6-fold over a pure aqueous system (Table 1, entry 8) [134]. A similar finding was unraveled in an E. coli-catalyzed synthesis of (R)-1-[3-(trifluoromethyl)phenyl]ethanol as a useful building block for a neuroprotective compound, (R)-3-(1-(3-(trifluoromethyl)phenyl)ethoxy)azetidine-1-carboxamide (Table 1, entry 14) [140]. This combinatorial strategy presents more perspectives for designing tailored DESs for specific biocatalytic applications through delicate medium engineering, especially in the cases of using non-natural hydrophobic substrates. The prospective designability of DESs is further manifested in cofactor-dependent reductions. A NADES ChCl-Glu was designed for the bioreductions catalyzed by five (R)- and (S)-selective ADHs as lyophilized E. coli preparations (Table 1, entry 15), producing a variety of valuable chiral alcohols [141]. Glucose in DES plays bifunctional roles as the co-substrate for GDH-mediated nicotinamide cofactor regeneration and as a co-solvent for the enhancement of substrate loadings. The synergistic effects highly contributed to transformations and even enabled semi-preparative biocatalytic syntheses [141]. Overall, these studies demonstrate that using DESs can increase substrate loadings, reduce substrate negative effects, enhance cell membrane permeability, and exert a synergistic effect on cofactor recycling.




2.2. Isolated Enzyme-Catalyzed Redox Catalysis in DESs


The extensive achievements of whole-cell catalysis in DESs (vide supra) inspired the application of isolated enzymes in DESs, including dehydrogenases [81,82,83,93,142], peroxygenases [145], and oxidases [61,89,143,144]. Again, the most attractive feature of using DESs here is to reach higher substrate loading on the premise of maintaining enzyme activity and selectivity. However, without the protection of cell walls, the catalytic performance of most isolated enzymes is still compromised in the presence of DESs. It is necessary to understand the influence of DESs on enzymes for the knowledge-oriented design of biocatalysis in DESs. Therefore, most studies have focused more on investigating and elucidating the effects of DESs on enzymes via studying the structure–function relation of purified enzymes. Considering the significance of ketoreductases, the holistic investigation of DES impact on enzymes as well as trial catalysis in DESs was first launched with representative ADHs. A combination of experimental and computational analyses revealed and interpreted the diverse impacts of various DESs and DES individual components, e.g., the positive effect of Gly vs. the negative effect of ChCl [81,83]. The gained knowledge was used to generate a novel eutectic mixture with higher Gly loading, ChCl-Gly (1:9), which was used in the reduction of cinnamaldehyde catalyzed by purified horse liver ADH (HLADH) (Table 1, entry 16). This led to a highly improved specific activity and promising productivity of 15.3 g L−1 d−1 (space-time yield, STY) for cinnamyl alcohol, as an important synthon for flavor and fragrance industries while also being a starting material for the synthesis of drugs dapoxetine and taxol [149]. It is noticeable that a smart co-substrate 1,4-butanediol (1,4-BD) is coupled for cofactor regenerating, shifting the equilibrium toward product γ-butyrolactone (GBL) [150]. This promoted the combination of smart co-substrate with DES to establish an efficient and environmentally friendly synthetic alternative. A new DES ChCl-1,4-BD (1:4) was designed and used in combination with a 20 vol.% buffer. The purified HLADH turned out to be still active, resulting in high STY (75 g L−1 d−1) for the reduction of cinnamaldehyde (Table 1, entry 16) [93]. These contributions firmly demonstrate that DESs can be rationally designed to be both substrate-solubilizers and enzyme-compatible, opening new research lines for sustainable chemistry and biocatalysis. Not only ChCl-based classic DESs but also novel DESs owning specific physicochemical properties have been investigated for enzyme catalysis. For example, a designer novel DES with hydrophobicity and thermo-morphicity, lidocaine/oleic acid (LID-OA, 1:1), has been employed for HLADH-catalyzed reduction of ethyl benzene to produce valuable chiral alcohols (Table 1, entry 17) [142]. In particular, the temperature-controlled multicomponent solvent system allows for the easy reusability of biocatalysts and enhanced substrate loadings. The new designer DESs hold great potential for ADH-promoted energy-efficient asymmetric reduction of prochiral ketones to produce a variety of value-added enantiopure alcohols.



Research on other oxidoreductases is also gradually emerging. In this context, 5-hydroxymethylfurfural oxidases (HMFO, E.C. 1.1.3.47) are appreciated for their versatility in catalyzing various selective oxidations of alcohols, aldehydes, and even thiols, with clear links to biorefineries as well. De Gonzalo et al. examined the catalytic performance of HMFO in various ChCl- and sugar-based DESs [143,144]. In DES-enriched buffer mixture comprising 60 vol.% Glu-Fru-water (1:1:6), the first HMFO-catalyzed enantioselective oxidation of benzofused racemic secondary alcohol (1-indanol) was performed for kinetic resolution (Table 1, entry 18) [143], resulting in a 4-fold improvement of conversion over the pure aqueous system, leading to 1-indanone with 26% conversion despite a relatively low 17% ee for (R)-1-indanol. The derivatives of produced 1-indanone have been widely used in medicine and natural product synthesis [151]. Subsequent protein engineering in combination with designed carbohydrate-based NADES was proven to be a promising toolbox for further improving the selectivity of HMFO and solubility toward various substrates [144]. Intriguingly, the other underlying factor, solubility of oxygen, was first studied to gain a full understanding of DES’s impact on oxygen-dependent biocatalysis. A mild decrease in oxygen solubility in the studied DES systems was observed. Additionally, the depletion of oxygen in reaction systems could be compensated via sparling in the liquid phase or above gases phase. This consequently raises the demand to acquire knowledge on the oxygen transfer rates (OTRs) to DES–water mixtures. Later on, the OTRs were systematically investigated by quantifying the volumetric mass transfer coefficient (kLa) for various DES–water systems at different temperatures [71]. Therein, from 4.4-fold to 14-fold lower kLa values were revealed for DES–water mixtures compared to pure water, which was effectively enhanced by adding water or increasing temperatures to abate viscosity. The knowledge can be used to establish and optimize oxygen-dependent biocatalysis in DESs. In this context, a compelling study is the development of cascades in DESs which were catalyzed by choline oxidase (AnChOx) (E.C. 1.1.3.17) and a recombinant peroxygenase from Agrocybe aegerita (rAaeUPO) (E.C. 1.11.2.1) (Table 1, entry 19) [145,146]. The produced high-value-added enantiopure alcohols and sulfoxides, as well as epoxides, have seen applications in many natural products and pharmaceutical agents [152,153]. Therein, various ChCl-based NADESs were employed, serving as co-solvents and stoichiometric reductants for H2O2 generation at the same time. The studied DESs showed general stabilizing effects on rAaeUPO, whereas AnChOx showed reduced robustness in the presence of DESs [145]. In fact, discrepant findings were discovered for the cascades applying different substrates. Considering two studies together, ChCl-U-Gly was favorable for the hydroxylation of ethyl benzene and ChCl-Pro-H2O for the epoxidation of cis-ß-methylstyrene [145], while no specific benefit of the studied DESs was found for the sulfoxidation of thioanisole [146]. Some of these preliminary results lack plausible interpretation and propel further investigation for further practical applications.



In addition, laccases (oxygen oxidoreductase, E.C. 1.10.3.2) are multicopper-containing oxidases that use oxygen and substrate to initiate catalysis and can catalyze single-electron oxidization of a wide range of organic and inorganic compounds [61,89,154]. The research on laccase catalysis in DESs has mainly focused on the DES impact on enzymes’ activity and stability but less on process applications [61,89,147,154,155,156]. It has been proven that the activity and stability of laccases could be maintained in choline-based DESs and even enhanced in betaine-based NADESs [155,156], which can be attributed to the established hydrogen bonds between DES components and enzyme amino acids [61]. Based on these studies, the use of DESs was attempted for laccase-catalyzed polymerization of valuable compounds. For example, replacing the organic solvent with 5 vol.% betaine/mannose (Bet-Man, 5:2) in buffer enabled the production of the highest molecular weight polycatechin that holds potential use as an antioxidant molecule (Table 1, entry 20) [147]. Similar findings were discovered in the laccase-catalyzed oligomerization of rutin, which exhibits enhanced biological, pharmacological, antioxidant, and solubility properties over its monomer [89]. Bet-Man showed significant positive effects on laccase activity and caused spontaneous derivatization of rutin as well as oligomerization of rutin and these derivatives. The eco-friendly synthetic routes of other oligomeric or polymeric products owning biological and pharmacological properties were also realized with laccase in DESs, Bet-Gly (1:2) for flavonoid dihydroquercetin (DHQ, taxifolin) oligomers [154], and D,L-menthol/decanoic acid (Ment-DA, 1:1) polyaniline [157]. Overall, these studies provide insights into the development of green polymerization processes by using NADES–water mixtures. However, the recovery of target products (the downstream) remains a challenge. In the meantime, the other powerful catalyst for the oxidation of various compounds, horseradish peroxidase (HRP, E.C. 1.11.1.7), was subjected to basic studies on its activity and stability in various DESs [78,80]. A number of ChCl-based DESs were found to promote HPR activity and provide stabilization. Very different effects were observed when the DES composition and the molar ratio of HBD/HBA were varied, which was attributed to the changes in protein structure induced by the DESs [78]. Recently, the impact of a variety of betaine-based NADESs on HPR was comprehensively exploited by combing experiments and simulations, finally identifying an optimal beneficial system, Bet-Sor-Water (1:1:3) [80]. Both works studied conformational changes and proposed that an increment in α-helix secondary structure content contributes to enhanced stability and activity. The improvement mirrors the applicability of DESs as co-solvents along with enzyme preservatives against denaturation.





3. Hydrolase-Meditated API Syntheses in DESs


The pioneering research on biocatalysis in DESs commenced with the largely used cofactor-independent hydrolases (E.C. 3) [76]. The pioneering report was from the Kazlauskas group about transesterification catalyzed by various lipases in DESs [49]. They discovered the selected enzymes still remained active in DESs and resulted in enhanced reaction rates in DES–water mixtures. The components within DESs were found to be 20- to >600-fold less active toward enzyme denaturation and reaction when compared to individual forms due to the formed hydrogen network. This makes them suitable as solvents and promising alternatives for volatile organic solvents. Prior to the widespread use of DESs in biocatalysis, more efforts have been devoted to understanding the effects of diverse DESs on a variety of hydrolases including lipases (E.C. 3.1) [92,158,159,160,161], ß-glucosidases (E.C. 3.2) [161,162], epoxide hydrolases (E.C. 3.3) [163], proteases (E.C. 3.4) [164], cutinases (E.C. 3.1) [165], dehalogenases (E.C. 3.8) [166], and so on. As expected, DESs exerted very different effects on enzymes and biocatalytic processes as a function of their constituents, molar ratios, and water contents in reaction systems. Not only the activity but also the selectivity of enzymes can be drastically altered in the presence of specific DESs. Subsequently, the gained knowledge has been utilized to develop a variety of hydrolase-mediated biotransformations in DESs involving esterifications, transesterifications, hydrolysis, and even promiscuous aldol reactions. Also, due to the robustness and cofactor-independency, most hydrolases are used either in purified form or in crude isolated form. Pleasantly, large quantities of industrially marketable compounds have been produced [76], such as esters as flavor additives [167,168], glycolipids as surfactants [90,97,98,99,100,169], biodiesel [104,106,107,170,171], bio-based polyesters and polymers [99,101,172], and pharmaceutical and cosmeceutical intermediates [91,96,173,174,175,176,177,178].



With respect to the synthesis of APIs catalyzed by hydrolase API in DESs the synthesis of chiral compounds remains of high interest due to their unlimited transformability. For example, epoxide hydrolases (EHs) are widely used for epoxide hydrolysis for the synthesis of enantiopure epoxides and vicinal diols, which are vital multipurpose building blocks for diverse pharmaceuticals [179]. In several studies, the application of various DESs was exploited to overcome the poor solubility of epoxides and non-enzymatic hydrolysis (Table 2, entries 1 and 2) [163,180,181]. Intriguingly, the regioselectivity of potato EHs toward the hydrolysis of a chiral (1,2)-trans-2-methylstyrene oxide was altered in the presence of 40 vol.% ChCl-Gly (1:2), while the KM was elevated 20-fold [163]. Likewise, in the hydrolysis of styrene oxide by mung bean EHs, an improvement of enantiopurity of (R)-1-phenyl-1,2-ethanediol was observed with the addition of 10–30 vol.% choline chloride/triethylene glycol (ChCl-TEG, 1:4), despite a general negative effect of studied DESs on enzymes (Table 2, entry 1) [180]. These findings substantiate that a delicate design of DESs or DES–water mixtures can provide a synergetic effect on enzymatic selectivity. However, the deleterious impact of DESs on enzymes is evident, propelling the generation and application of immobilized enzymes in DES-enriched systems. Exemplarily, the immobilized soybean epoxide hydrolase (SEH) on a new metal-organic framework (MOF) was applied in the asymmetric hydrolysis of 1,2-epoxyoctane to produce (R)-1,2-octanediol in the presence of 15 vol.% ChCl-U (1:2), leading to an improved yield of 41.4% and 81.2% ee (Table 2, entry 2) [181]. This work broadens the perspective to combine the use of DESs and enzyme immobilization to maximize biocatalytic efficiency. This claim was further demonstrated in the case study using Novozym435 (commercial immobilized lipase B from Candida antarctica, now renamed as Pseudozyma aphidis but remaining CalB here) for the lipophilization of phenolic acids in DES–water mixtures (Table 2, entry 3) [182]. As potential natural antioxidants, the lipophilic formulation shows improved antioxidant activity. Intriguingly, this contribution found that the introduction of a large amount of water is essential for quantitative conversion of phenolic compounds when compared to <2% conversion in pure DESs. This further explains why more and more DESs are often used as a co-solvent in buffer systems instead of in pure form to sustain enzyme hydration. This finding was also reflected in the biosynthesis of alanyl-histidine dipeptide catalyzed by papain immobilized on magnetic nanocrystalline cellulose in various ChCl-based DESs (Table 2, entry 4) [183]. The biological active dipeptide N-(benzyloxycarbonyl)-alanyl-histidine (Z-Ala-His), serving as a potential preventer of type II diabetes, was efficiently produced in ChCl-U (1:2) with a specific water content of 16.7 vol.%. Also, immobilization eliminates enzyme deactivation by DESs and leads to over 80% relative activity after seven batches [183]. In a nutshell, sustainable biosynthesis can be established by combining biocatalyst engineering and medium engineering.



In addition to traditional hydrolysis and alcoholysis, lipase-catalyzed promiscuous reactions like Henry and aldol reactions were demonstrated using DESs as reaction media, leading to diverse valuable APIs [174,184,185,186]. A budding work was reported with lipase from Rhizopus oryzae for the synthesis of dihydropyrimidin-2(1H)-ones (DHPMs) moieties and derivatives (Table 2, entry 5) [174], which are commonly found in natural products and potent drugs such as anti-hypertensive agents, anti-carcinogenic agents, and anti-inflammatory agents. The use of ChCl-U (1:2) significantly increased yields and enabled the recyclability of DES and enzyme four times [174]. The continuation of lipase promiscuity extended to carbon–carbon bond-formation reactions. The aldol reactions were first set up with commercial crude porcine pancreas lipase (PPL) in ChCl-Gly (1:2) containing 5 vol.% water to produce a variety of chiral aldols as synthons for drugs (Table 2, entry 6) [184]. Similarly, the use of this neoteric solvent led to excellent conversion and allowed for the reuse of DES and enzyme, while the side products of unsaturated carbonyl compounds were significantly abated. Meanwhile, the DES–water mixture was first applied to lipase-catalyzed Henry and aza-Henry reactions for the synthesis of β-nitro alcohols, a starting material for the synthesis of various key API intermediates [185]. Within ChCl-Gly (1:2) containing 30 vol.% water, the enzyme activity was enhanced three-fold compared to pure water but without enantioselectivity (Table 2, entry 7) [185]. Nevertheless, the applicability of DESs for lipase-catalyzed syntheses was tentatively demonstrated, and further studies from the point of view of reaction media and catalyst type are indeed needed in the future. Later, it was found that tetraoctylammonium bromide-based hydrophobic DESs can be used to yield desired aldol products rather than unwanted olefin formation [186]. Furthermore, other types of enzymes like pepsin [187] and bovine pancreatic lipase [188] were explored in classic asymmetric aldol reactions in water-enriched DESs. These works display improved selectivity, showcasing the potential of using DESs as recoverable solvents with concentrated substrates for aldol catalysis.



Other subclasses of hydrolases were systemically studied and used in DES–water mixtures to produce valuable compounds in a greener manner. For example, a budding work of haloalkane dehalogenases (HLDs) (E.C. 3.8) in DESs was reported, converting hazardous halogenated substrates to useful building blocks of chiral alcohols. Introducing 50 vol.% ChCl-EG (1:2) enabled improved enantioselectivity and compatibility, enhanced substrate loadings, and suppressed non-stereoselective hydrolysis for 2-bromopentane, which was attributed to the positive impact of EG (Table 2, entry 8) [166]. These observations demonstrated the potential of DES to be designed for specific biocatalytic applications. Driven by these encouraging results, attempts were also made to use another enzyme subclass in DESs, e.g., phospholipase D (PLD, E.C. 3.1.4.4), for the modification of naturally abundant phospholipids (PLs) such as phosphatidylcholine (PC). PLs present potential effective therapeutic agents for neurological pathologies such as Alzheimer’s dementia, Parkinson’s disease, and stress-related disorders [173,176]. In the transphosphatidylation of PC with L-serine to produce phosphatidylserine, alcohol-based DESs were proved to be superior to amine-based and acid-based DESs, and ChCl-EG in particular stands out as an optimal option for obtaining high yield and remarkable enzyme operation stability [173]. This was attributed to the fact that the introduction of DESs favors thermodynamic equilibrium. In addition, DESs were tailored to play multiple purposes as solvents and nucleophiles for choline substitution. This can be notably seen in the cases of using DES–buffer mixtures containing ChCl-Gly and ChCl-EG for the synthesis of phosphatidylglycerol (PG) and phosphatidylethyleneglycol (PEG) (Table 2, entry 9) [176]. This design led to high yield, simple product recovery, and higher product purity due to the avoidance of unwanted PC hydrolysis. The practicability of DESs was further exploited with glucosidases (E.C. 3.2.1) for the deglycosylation of flavonoids to produce diverse de-glycosylated flavanones. A representative compound, hesperetin, exhibits analgesic, anti-inflammatory, and antioxidant properties and is a synthon for dyes and sweeteners [189]. Various ChCl-based DESs with a wide range of water contents were applied as an alternative to DMSO to boost the solubility of flavonoids (Table 2, entry 10) [96]. Gratifyingly, the enzyme remained active in DES–aqueous mixtures with <40 vol.% DESs. DES individual components were proved to exert contrary effects on the enzyme, e.g., the beneficial effects of Gly and ethylene glycol (EG) as well as the deleterious effect of ChCl. On this basis, a plethora of opportunities for customizing DESs as enzyme-compatible solvents and substrate concentration enhancers can be envisaged. This was also demonstrated in the efficient enzymatic synthesis of daidzein by PLD in an optimized system of 30 vol.% ChCl-EG (1:2) [177]. Overall, these studies pave more research lines to establish efficient, mild, and environmentally friendly approaches for the production of various valuable APIs.



To further intensify biocatalytic processes, the first case study of using ChCl-Gly (1:2) in fed-batch and continuous packed-bed reactors as co-solvent and substrate for lipase-catalyzed esterification of benzoic acid and Gly was reported (Table 2, entry 11) [175]. The achieved α-MBG can be utilized as an emulsifier agent, plasticizer, and a building block in pharmaceuticals. In this case, the use of DES maximized the solubility of two substrates with different polarities, and this led to highly improved conversion in both modes. A higher enzyme stability and the reuse of reaction media were achieved [175]. Finally, it must be noted that the downstream processes in DESs are still not sufficiently addressed in the literature and clearly deserve more attention. The situation promoted the work to develop a product purification strategy for a DES-based reaction mixture in the lipase-catalyzed synthesis of (−)-menthol ester (Table 2, entry 12) [94]. The esterification with short-chain fatty acids is important for the extenuation of strong flavor for (−)-menthol and slows down its release in the application of ointments. The purification of a product and the re-use of an unconverted DES component [(−)-menthol] was accomplished via a thermal separation process due to the different boiling points of all reactants [94]. This success provides a new perspective on how to handle downstream processes when applying DESs for biocatalytic reactions.




4. Other Enzyme-Catalyzed API Syntheses in DESs


The advances in oxidoreductases (E.C. 1) and hydrolases (E.C. 3) have fueled the continuous development of biotransformations in DESs with other enzyme classes as well. In particular, the gained wealth of knowledge with prototypical ChCl-based DESs propelled their applications with amine transaminases (ATAs) (E.C. 2) and lyases (E.C. 4) to overcome the solubility dilemma of substrates. For example, benzaldehyde lyase (BAL) was initially explored in DESs for the enantioselective C-C bond carboligation (Table 3, entry 1) [190]. The afforded chiral α-hydroxy ketones are important building blocks for various pharmaceuticals (anti-depressants, fungicides, and anti-cancer drugs). Isolated BAL can effectively complete the reaction in 60 vol.% ChCl-Gly (1:2)-water mixture with high enantioselectivity and conversion, although it was markedly deactivated at a higher level of DESs (e.g., 70 vol.%) [190]. Surprisingly, the notorious DES, ChCl-U, is favorable for BAL, which calls for more research to fully understand the observed discrepancies before taking full advantage of DESs’ tunability in biocatalysis. Likewise, in the case of phenolic acid decarboxylase (PAD)-catalyzed decarboxylation, various classic ChCl-based DESs were employed to enhance the solubility of phenolic acids for the synthesis of diverse alkenes as starting materials for organic synthesis [33,85]. The exceptional solubilizing properties of ChCl-Gly (1:2) with 50 wt.% water content enabled conversion to the corresponding p-hydroxystyrene derivatives (>99%) at substrate concentrations of up to 300 mM (Table 3, entry 2) [85]. The observation of different substrate preferences dependent on the used solvents suggests that DESs have a specific effect on this isolated enzyme. Indeed, kinetic studies are necessary to gain a deeper insight into this remarkable variation in the selectivity of used DESs. The use of other enzyme class amine transaminases (E.C. 2) was also explored in ChCl-based DESs as an alternative to volatile and toxic organic solvents (Table 3, entry 3) [191]. Pleasantly, the ATAs lysate exhibited favorable stability in the presence of up to 75 wt.% ChCl-Gly (1:2). This contribution also disclosed a foreseeable possible combination of medium engineering and protein engineering to form a circular toolkit for efficient biotransformations. In the following studies, both PADs and ATAs have been successfully integrated with chemo-catalyzed steps to accomplish elegant tandem catalysis in the presence of DESs, which will be discussed in Section 5.




5. Chemo-Enzymatic Cascade and Miscellaneous Synthetic Routes in DESs


DESs may not only be used for one-step enzymatic biotransformations but also find widespread applications in chemo-enzymatic multi-step reactions. The combination of chemo catalysis and biocatalysis is a challenging but forward-looking topic in synthetic chemistry. The combination of the unique selectivity of enzymes and the wide range of applications of chemical catalysts allows for many novel processes, with reduced waste formation due to the set-up of fewer downstream units. As a neoteric and greener class of non-conventional media, the use of DESs could address the conflicts between chemo-enzymatic cascades regarding different optimal reaction conditions for chemical and biological catalysts while enhancing substrate loadings [192,193]. Gradually, more and more DESs have been applied as sustainable alternatives to toxic ILs and organic solvents. A number of chemo-enzymatic cascades have been established in DESs with various enzymes such as lipases [102,194,195], KREDs [196,197], ATAs [191,198], and PADs [33,199,200] and for the synthesis of valuable compounds, as well as intermediates, as potential APIs.



The first chemo-enzymatic cascade in DESs was established with immobilized lipase (CalB) for in situ acetaldehyde formation and proline-based organocatalysts for aldehyde-acetaldehyde aldol reactions (Table 4, entry 1) [194]. The presence of water was detrimental to aldol catalysis regarding selectivity, and the use of pure ChCl-Gly (1:2) led to efficient reaction rates. The aldol addition products were extracted to the organic phase before being subjected to sodium borohydride-catalyzed reduction to the corresponding 1,3-diols. The remaining DES and enzymes were reused for up to six cycles without any activity loss. A variety of aromatic 1,3-diols were synthesized with high selectivity, which can act as precursors for bioactive agents like anti-HIV agents [201]. This work developed a new, greener approach to synthesizing highly valuable optically building blocks and demonstrated the integrative concept with straightforward product recovery and catalyst reuse. Inspired by this promising report, the chemo-enzymatic epoxidation of alkenes with CalB was systematically investigated in various ChCl-based DESs. The cascade starts with lipase-catalyzed perhydrolysis of a carboxylic acid, with H2O2 forming the corresponding peracid, followed by a non-enzymatic Prileshajev reaction, producing epoxides as important building blocks (Table 4, entry 2) [195]. Notably, excellent stabilization of enzymes was observed in polyol-based DESs like ChCl-sorbitol (Sorb, 1:2) due to the preservation of structural integrity. This contribution further illustrates the potential of using DESs as a replacement for toxic non-aqueous media.



Recently, oxidoreductase-involved chemo-enzymatic tandem catalysis in DESs has been on the rise. Unlike lipases, enzymes are mostly combined with metal-catalyzed steps to synthesize substituted-chiral alcohols for pharmaceutical applications. The first example was reported by Cicco et al., involving a ruthenium (Ru)-catalyzed isomerization of racemic allylic alcohols combined with a KRED-catalzyed enantioselective reduction (Table 4, entry 3) [196]. Therein, KRED showed good catalytic performance (>99% conversion and up to >99% ee) in ad hoc DES–water mixtures including 20–50 wt.% ChCl-Gly (1:2) and ChCl-Sorb (1:1). Despite the slightly decreased enzyme stability compared to a pure aqueous system, a higher percentage of DESs favors enantioselectivity improvement. Benefiting from the use of DESs and the exceptional catalytic performance of enzymes, the one-pot cascade in both sequential and concurrent modes was successfully performed in 50 wt.% ChCl-Gly, achieving moderate conversion and remarkable enantiomeric excess (>99%) for all applied substrates [196]. This report opens the floodgate for the design of enzyme/reaction-compatible DESs to fulfill various biocatalytic demands for greener sustainable chemistry. Motivated by this pioneering example, another cascade was established in DES–water mixtures with palladium (Pd)-catalyzed Suzuki-cross coupling followed by an ADH-mediated reduction (Table 4, entry 4) [197]. After extensive optimization of the two catalytic steps, the cascade was efficiently performed in a two-step one-pot manner with improved substrate loadings. The connection with two ADHs overexpressed in E. coli with opposite enantioselectivity allows for the synthesis of various enantiomerically pure (R)- and (S)- biaryl alcohols [197]. This work further underlines the benefits of applying DESs in both chemocatalysis and biocatalysis. Subsequently, the stability of amine transaminases (ATAs) (E.C. 2) in DES-enriched aqueous media allows for the development of a chemo-enzymatic one-pot cascade together with Pd-catalyzed Suzuki-cross coupling (Table 4, entry 5) [191]. The produced biaryl-substituted amines are indispensable building blocks for pharmaceuticals (e.g., valsartane and odanacatib) [202]. Similarly, a higher DES content is favorable for the chemo-step while harmful for the enzymatic-step. Therefore, the cascade is conducted in a sequential mode. The Suzuki cross-coupling was completed with high substrate concentrations in 75 wt.% ChCl-Gly and diluted to 10 wt.% ChCl-Gly to be compatible with enzymatic transamination, leading to the obtainment of various enantiopure biaryl amines. Despite this progress, it remains clear that enzyme stability is one of the main limitations for bridging chemo- and bio- catalysis in DESs. Therefore, most established tandem catalysis was in one-pot two-step sequential mode, even when applying whole cells. For example, E. coli cells harboring ω-transaminase and L-alanine dehydrogenase were combined with sulfonated tin-based solid acid (Sn-SS) in 20 vol.% ChCl-EG for the efficient production of furfurylamine from sugarcane bagasse [198]. This strategy exhibited potential application for converting renewable biomass into valuable chemicals in the benign DES–water systems. In this sense, the unique extractive properties of NADESs are fully utilized in the valorization of agricultural wastes, where DESs serve multiple functions as a solvent, extractant, and substrate [102]. It is foreseeable that more and more eutectic solvents will be broadly applied in catalysis applied to multi-step integrated reactions.



Recently, the combination of DESs and phenolic acid decarboxylases (PADs) became attractive in tandem-catalytic processes, mainly to tackle the incompatibility of catalysts and solubility obstacles [33,199,200]. In particular, researchers attempted to combine PAD-catalyzed decarboxylation with Pd-catalyzed Heck coupling or Ru-catalyzed metathesis using DESs as solvents for the synthesis of stilbenes (Table 4, entry 6). Many stilbenes have biological properties (anti-oxidant, anti-inflammatory, anti-diabetic, and anti-aging) and are currently being investigated for use as APIs in cancer-preventive drugs [203]. In an integrated two-step continuous flow process, PAD encapsulated in alginate beads and heterogeneous Pd-catalyst were used in two individual steps in DES–water mixtures containing 50 vol.% and 20 vol.% ChCl-Gly (1:2), respectively [200]. This approach avoided the reciprocal poisoning of catalysts and finally led to the efficient synthesis of (E)-4-hydroxy-stilbene with enhanced substrate concentrations. However, the employment of DESs does not always work perfectly. For example, in the one-pot sequential synthetic route in the presence of DESs, PAD showed a strong deactivation impact on transition-metal complexes, resulting in very low overall conversions for the synthesis of aromatic olefins [199]. Immobilized enzymes were employed to avoid contact between catalysts but confronted the strong elution power of choline, resulting in no product for the first step. In the end, the use of aqueous micellar solutions was proved better than DES–water systems. Likewise, pure DESs showed outstanding solubilizing capacity, but they were not applicable for the cascade in the synthesis of bio-based styrene alternatives [33]. Nevertheless, using DESs as a replacement for hazardous organic solvents to deal with the challenges of substrate insolubility and solvent incompatibility is still a major step toward a broad application of chemo-enzymatic reactions.




6. Summary and Future Perspectives


Since the characterization of the first DESs decades ago, the field has flourished and many applications have been reported for a broad number of DESs, ranging from direct solvent use to other “finer” applications like performance additives, (co)catalysts, and therapeutic or reactive agents. The large tunability of DESs gives options to design the most proper solvent for each application. Among them, their use in biocatalysis has been broadly studied, with applications in most of the enzyme classes. In general terms, works dealing with DESs and enzymes are conceived when higher substrate loadings are needed (e.g., intensified processes), while keeping enzyme compatibility, higher (enantio)selectivity, and sustainability at the same time. Likewise, works focusing on the understanding of the behavior of enzymes in DES–water mixtures have started to appear as well, enabling the design of more compatible solvent systems for combined enzyme catalytic processes.



Other aspects, however, have not attracted sufficient interest from the community, and it is important that they are addressed in the coming future. One point herein is the set-up of efficient downstream processing alternatives that can enable DES reuse while leading to purified products at the same time. That aspect is important in terms of economics and the sustainability of the process. Likewise, considerations about the biodegradability of the used DESs need to be further assessed. Currently, little is known about the possible fate of DESs once used in several reaction cycles. The results on the way solvents can be ultimately treated are mandatory to the establishment of a sustainable strategy for their use. As an example, integrating used DESs into wastewater treatment plants (e.g., through further dilution) would be a plausible option, provided that the wastewater microorganisms could cope with it and that large effluents would not compromise the process economics. Given the tunability of DESs, it may be foreseeable that customized DESs covering all aspects (sustainability, biodegradability, enzyme compatibility, and substrate solubilizing) may be found in future research plans. Based on progress in all of these considerations, the upscale of biocatalytic processes in DESs could be envisaged in the future.
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Figure 1. Chemical structures of various representative hydrogen bond acceptors (HBA) and hydrogen bond donors (HBD) for type III deep eutectic solvents used in previous studies. 
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Figure 2. Analysis of publications and citations on ‘enzymatic reactions or enzymes and eutectic solvents’ year on year from 2001 to 2020 (Web of Science, last update 28 November 2023). 
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Table 2. Representative hydrolase-catalyzed syntheses of APIs in DESs.
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	Entry
	Reaction Scheme
	Reaction Medium
	Concluding Remark
	Ref.





	1
	[image: Catalysts 14 00084 i021]
	Various ChCl-based DESs, ChCl-Gly (1:2)

and ChCl-TEG (1:4)
	Enhanced KM and altered

regio-/enantio- selectivity
	[163,180]



	2
	[image: Catalysts 14 00084 i022]
	Various ChCl-based DESs, 15 vol.% ChCl-U (1:2) in buffer
	Enzyme supported on new MOF material and used in DESs
	[181]



	3
	[image: Catalysts 14 00084 i023]
	ChCl-Gly (1:2) and

ChCl-U (1:2) with

≤20 wt.% water
	Low conv. in pure DESs

and the significance

of introducing water
	[182]



	4
	[image: Catalysts 14 00084 i024]
	Various ChCl-based DESs, ChCl-U (1:2) with 16.7 vol% buffer
	Improved yield and reuse of enzyme ≥7 times
	[183]



	5
	[image: Catalysts 14 00084 i025]
	ChCl-U (1:2)
	High efficiency, shortened reaction time, reuse of DES and enzyme
	[174]



	6
	[image: Catalysts 14 00084 i026]
	ChCl-Gly (1:1.5 and 1:2) with 5 vol.% buffer
	Excellent conversion, reuse of DES and crude enzyme
	[184]



	7
	[image: Catalysts 14 00084 i027]
	ChCl-Gly (1:2) with 30 vol.% buffer
	Enhanced enzyme activity and yield, no selectivity
	[185]



	8
	[image: Catalysts 14 00084 i028]
	50 vol.% ChCl-EG (1:2)

in buffer
	Compatibility of DES,

increased enantioselectivity
	[166]



	9
	[image: Catalysts 14 00084 i029]
	Various alcohol/amine/acid-based DESs; ChCl-Gly/-EG and TEG-Gly/-EG
	High yield and operation

stability of enzyme

(over 10 batches);

higher product

purity
	[173,176]



	10
	[image: Catalysts 14 00084 i030]
	ChCl-Gly/-EG/-U (1:2) and individual DES constitutes with

0–100 vol.% water
	Higher enzyme activity with DES individual components of Gly and EG
	[96]



	11
	[image: Catalysts 14 00084 i031]
	ChCl-Gly (1:2) with 10 vol.% buffer in fed-batch mode and packed-bed reactors
	High conversion, improved enzyme stability, and reuse of solvent
	[175]



	12
	[image: Catalysts 14 00084 i032]
	Men-DDA (3:1)
	Purification of product and reuse of components for

substrate-based DESs
	[94]







Note: MNCC—magnetic nanocrystalline cellulose, DDA—dodecanoate.













 





Table 3. Representative syntheses of APIs catalyzed by the enzymes from other classes in DESs.
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	Entry
	Reaction Scheme
	Reaction Medium
	Concluding Remark
	Ref.





	1
	[image: Catalysts 14 00084 i033]
	ChCl-based DESs and

60 vol.% ChCl-Gly (1:2)
	High enantioselectivity and conversion
	[190]



	2
	[image: Catalysts 14 00084 i034]
	ChCl-based DESs with

0–50 wt.% water contents and 50 wt.% ChCl-Gly (1:2)
	Improved substrate loading up to 0.3 M; altered substrate preference
	[85]



	3
	[image: Catalysts 14 00084 i035]
	5–75 wt.% ChCl-based DESs in buffer and

optimal ChCl-Gly (1:2)
	Favorable enzyme stability and enhanced substrate

solubility
	[191]










 





Table 4. Representative chemo-enzymatic cascade for the synthesis of APIs in DESs.
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	Entry
	Reaction Scheme
	Reaction Medium
	Concluding Remark
	Ref.





	1
	[image: Catalysts 14 00084 i036]
	ChCl-Gly (1:2)
	Straightforward product recovery, effective reuse of DES and enzyme
	[194]



	2
	[image: Catalysts 14 00084 i037]
	ChCl-based DESs and optimal ChCl-Sorb (1:2)
	Remarkable stabilization of enzyme in DESs
	[195]



	3
	[image: Catalysts 14 00084 i038]
	ChCl-based DESs and optimal ChCl-Gly (1:2) with 50 wt.% buffer
	Remarkable

enantioselectivity (>99% ee) for sequential and concurrent cascades
	[196]



	4
	[image: Catalysts 14 00084 i039]
	Various ChCl-based DESs and optimal ChCl-Gly (1:2)

with 20 vol.% and 50 vol.% buffer
	Improved substrate concentration and high yields > 80%
	[197]



	5
	[image: Catalysts 14 00084 i040]
	ChCl-Gly (1:2) with 25 vol.% and 90 vol.% buffer
	Improved substrate concentration and enantioselectivity (>99% ee)
	[200]



	6
	[image: Catalysts 14 00084 i041]
	25–50 vol.% ChCl-Gly (1:2) in buffer
	Enhanced substrate

solubility in flow
	[199,200]
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