

  Applications and Mechanisms of Ionic Liquids in  Whole-Cell Biotransformation




Applications and Mechanisms of Ionic Liquids in Whole-Cell Biotransformation







Int. J. Mol. Sci. 2014, 15(7), 12196-12216; doi:10.3390/ijms150712196




Review



Applications and Mechanisms of Ionic Liquids in Whole-Cell Biotransformation



Lin-Lin Fan 1, Hong-Ji Li 1 and Qi-He Chen 1,2,*





1



Department of Food Science and Nutrition, Zhejiang University, Hangzhou 310058, China






2



Fuli Institute of Food Science, Zhejiang University, Hangzhou 310058, China









*



Author to whom correspondence should be addressed; Tel.: +86-571-8698-4316.







Received: 20 May 2014; in revised form: 13 June 2014 / Accepted: 1 July 2014 / Published: 9 July 2014



Abstract:

 Ionic liquids (ILs), entirely composed of cations and anions, are liquid solvents at room temperature. They are interesting due to their low vapor pressure, high polarity and thermostability, and also for the possibility to fine-tune their physicochemical properties through modification of the chemical structures of their cations or anions. In recent years, ILs have been widely used in biotechnological fields involving whole-cell biotransformations of biodiesel or biomass, and organic compound synthesis with cells. Research studies in these fields have increased from the past decades and compared to the typical solvents, ILs are the most promising alternative solvents for cell biotransformations. However, there are increasing limitations and new challenges in whole-cell biotransformations with ILs. There is little understanding of the mechanisms of ILs’ interactions with cells, and much remains to be clarified. Further investigations are required to overcome the drawbacks of their applications and to broaden their application spectrum. This work mainly reviews the applications of ILs in whole-cell biotransformations, and the possible mechanisms of ILs in microbial cell biotransformation are proposed and discussed.
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1. Introduction

Ionic liquids (ILs) are collectively known as organic salts, which consist of ions and are liquids at room temperature [1]. They have attracted great interest as the high-tech reaction media of the future with distinct properties, such as negligible vapor pressure, low melting point, varying viscosities, larger electrochemical window and thermal stability [2,3,4,5]. These physical properties mostly depend on both the type of cation/anion and the alkyl chains on the anions [6,7]. Additionally, the polarity, hydrophobicity and solvent miscibility behaviour of ILs can be finely tuned through appropriate modification of the cation and anion [8,9] so as to meet the requirements of applications. In recent years, ILs have been widely used in analytical chemistry [10], biodiesel and biomass [11,12,13,14], and biotechnology, particularly in biocatalytic reactions which can be performed by using isolated enzymes or whole cells [15,16]. According to studies, there are several role models in biocatalysis process with ILs. So far, ILs have been used as pure solvents, as co-solvents in the aqueous phase, or as biphasic systems together with other solvents and even with combination of polymer for the enhancement of both chemical and enzymatic reactions [17,18,19,20,21]. For example, (BMIM)(PF6) and (BMIM)((CF3SO2)2N) were usually used as pure solvents, and also as co-solvents in biphasic systems, while (BMIM)(BF4) or (MMIM)(MeSO4) was a co-solvent in the aqueous phase [22]. Many enzymatic reactions, such as lipase catalyzed reaction, transesterification, hydrolysis and condensation, and ammoniolysis reactions have successfully proceeded [23,24,25,26]. In these processes, the activity and stability of several enzymes have been reported to be increased or modulated in the presence of ILs [23,27,28,29] Meanwhile, an increasing number of investigations have concerned applications of ILs in analytical and biological sciences [10,30,31]. Extraction, separation, and purification of organic compounds [32], amino acids [33], as well as DNAs [34] from complex matrixes are also performed by employing ILs, providing potentials for expanding applications in life science.

However, reports on whole-cell biocatalysts with ILs are relatively few. Generally, in the whole-cell reactions with an aqueous medium, hydrophobic ILs are used as a second liquid phase. The microbial cells are usually dispersed in the water phase, and the substrate and products are mostly kept in the ILs phase. Thus, ILs can act as a hydrophobic product reservoir to deliver the substrate into the aqueous phase [35], which can make reactions more efficient than those systems without ILs. Meanwhile, ILs have an effect on the cells as a part of fermentation media. Whole-cell biocatalysts exhibit an increased stability and additional benefit in comparison to the isolated enzymes [15]. Unfortunately, ILs are reported to have toxic effects towards bacteria, yeasts and fungi [36,37,38,39], which are limitations in the biotransformation applications. Therefore, an understanding of the mechanisms of the effects of ILs on microorganism cells are necessary to reveal possibilities for enhancing the biotransformation yield, and this research area has thus attracted much attention and interest in past years. Herein, the applications of ILs in whole-cell biotransformations are summarized in this review. The issues that surround this field, including the characteristics involved in whole-cell biotransformatins, the activity and stability changes of enzymes in the presence of ILs and the interactions of ILs towards cells, are discussed. Furthermore, possible mechanisms of ILs in microorganism cells are proposed.



2. Characteristics of Ionic Liquids for Whole-Cell Catalysis

Various kinds of anions and cations available to be ILs have been studied so far. Newly designed ILs are developing into green solvents with the range of their applications expanding enormously. In terms of prediction [40], there are approximately one trillion (1018) accessible ILs. However, the ILs that can be used for biotransformation are few. Some structures of cations and anions commonly used in whole-cell biocatalysis are summarized in Figure 1.

Figure 1. Main cations and anions described in studies.



[image: Ijms 15 12196 g001 1024]







It is clear that the cations are mainly asymmetric substances with characteristics of large volume, weak intermolecular interaction and lower charge density, such as 1-butyl-3-methylimidazolium (BMIM−), 1-octyl-3-methylimidazolium (OMIM−), 1-butylimidazolium (HMIM−), 1-ethyl-3-methylimidazolium (EMIM−), 1-hexyl-1-methylpyrrolidinium (HMPL−), etc. Imidazole-, pyridine-, pyrrole-, amino-, matte-, phosphine- and their derivatives, especially the imidazolium-based salts are mostly investigated. The anions are classes of multi-core and single-core anion, and the latter is applied widely. The common anions of ILs are BF4−, PF6−, Tf2N−, ZnCl3−, CuCl2−, N(CF3SO2)2−, N(FSO2)2−, CF3CO2−, CF3SO3−, MeSO3−, Al2Cl7−, Au2Cl7−, Fe2Cl7−, and Sb2F11−, etc. [41].

The composition and structure type are the key factors to physicochemical properties of ILs, togther with biological performances. Moreover, their tunable properties vary with modified structure [42,43]. Compared with the conventional organic solvents, ILs are beneficial for applications and they are indispensable alternatives to organic solvents. Although the properties of ILs have been described within a number of publications [37,43,44], the obvious properties which are important for whole-cell biotransformation are briefly discussed in this section to expound the structural relationship of ILs to their properties.


2.1. The Melting Point of ILs

ILs possess a low melting point which is determined by the types of cation and anion, ranging from 0 to 100 °C. It is much lower in the case of the weaker molecular interaction, lower structural symmetry and uniformly distributed cation/anion charges. Additionally, ILs have a broad temperature window at or below 300 °C, in which condition they remain as liquids. This is superior to classical solvents. However, recent studies pointed that the melting point of ILs was uncertain due to the potential presence of impurities [45]. In light of the importance of temperature to microorganism growth conditions, ILs with an equal melting point are essential to be developed and employed.



2.2. The Viscosity of ILs

The viscosity is a remarkable property for IL use. Most ILs are much more viscous than organic solvents. For example, (BMIM)(BF4) has a viscosity similar to ethylene glycol [19.6 Centi Poise (cP) at 25 °C, and much higher than that of water (0.9 cP)], methanol (0.5 cP) or toluene (0.6 cP); (BMIM)(PF6) is 20 times more viscous than n-hexadecane [6,46]. The viscosity of ILs is usually affected by strong intermolecular forces between solvent molecules, the alkyl chain length, organic cosolvents and water. For ILs, the strong forces are their inherent charge-charge interactions, and van der Waals forces also exist between molecules. The reducing van der Waals interactions can cause slightly lower viscosity by reducing the surface area of the molecules [46]. Similarly, ILs are less viscous in the presence of water or organic cosolvents, because the hydrogen bonding and the strength of its van der Waals interactions are lower. On the other hand, ILs with longer alkyl chains exhibit much higher viscosity than those with shorter chains on the cations [47]. Since viscous IL-containing medium makes some operations including mixing, filtrating, and other mass transfer more difficult, and the metabolism of cells would be inhibited, less viscous ILs need to be designed for wide applications.



2.3. The Density of ILs

The density of ILs (ranging from 1.1 to 1.6 g·cm−3) is generally larger than typical solvents or water. It is noted that the higher density is conductive for ILs to be separated from aqueous cell-containing phases [6]. Very slight differences of structure can result in changes of density. In many cases, the density decreases by the reduced volume of the anion or the increasing alkyl chain length of the cation. It is related to mass transfer in reaction systems, and ILs with designed structure and density are beneficial for cell biotransformation.



2.4. The Polarity of ILs

Polarity is one of the most important properties of ILs. In general, solvents with high polarity can affect the enzymes and microbial cells, resulting in enzyme activity reduction or deactivation. On the contrary, ILs with high polarity can make enzymes stable and selective [22,48], leading to an increased reaction rate. Since ILs have the ability to dissolve many polar or nonpolar substances, they can be used in both hydrophilic substrate reactions and hydrophobic substrate reactions. However, it is difficult to define the polarity of one kind of ILs, because different results can be observed when determined based on the shift of the charge-transfer absorption band of a solvatochromic probe [49,50,51], such as Reichardt’s dye and Nile red dye. Methods of partition and fluorescence probe have also been used for polarity determination [52]. All the results revealed that ILs are polar with a polarity between water and some alcohols. However, it varies with the structure changes of cation/anion, and decreases with an increase of the alkyl chain length [53]. In cell biotransformation, the polarity is essential to mass transfer. An IL with shorter alkyl chains on the cation has higher polarity and a lower viscosity at the same time. This IL is helpful to accelerate the catalysis reactions. But it is uncertain whether the viscosity and the polarity changes account for the main reason of the changing reaction rate together or respectively. The viscosity change may be the key factor, because the viscosity is affected by the alkyl chain length more. Additionally, the polarity of ILs is sometimes susceptible to water and temperature [54]. And the presence of water can affect the properties of ILs. However, the solubility of water in ILs is various depending on the types of anions. This affect should be taken into consideration when ILs are applied to biotransformation in culture broth with cells.




3. Whole-Cell Biocatalytic Transformations in Ionic Liquids

Biotransformation provides a green method which uses natural or engineered metabolic pathways for production of high value-added chemicals from renewable feedstocks [55,56,57]. Unfortunately, the organic solvents used in the process may be toxic to cells and restrict the enzyme activity or selectivity, leading to decreased productivity and uneconomic processing. For this reason, alternative ILs for reaction media, and for a reservior in whole cell biotransformations is indispensible and there is an increasing considerable interest in using ILs as the reaction medium for biotransformation [58].

Reports of ILs application in whole-cell biotransformation including application for biodiesel synthesis with cells [59,60], enzyme production [61] or substrate and synthesis of organic compounds in microbial cells [62,63,64,65], have increased from the past decade; various kinds of yeasts, bacteria and fungi have been researched and developed to whole-cell biosynthesis. Some examples were summarized in Table 1.

Table 1. Examples of applications of ILs in whole-cell biotransformations.


	Microorganism
	ILs
	Biocatalysis Reaction
	Improvement
	Reference





	Penicillium purpurogenum Li-3
	(BMIM)(BF4)
	Biosynthesis of glycyrrhetic acid 3-O-mono-β-d-glucuronide (GAMG)
	A yield of 2.62 g·L−1 after 62 h in IL co-solvent medium compared to 2.34 g·L−1 after 72 h in buffer medium.
	[17]



	Rhodotorula glutinis ATCC201718
	(DEME)(Tf2N) (BMIM)(PF6) (HMIM)(PF6) (OMIN)(PF6) etc.
	Hydrolysis reaction of racemic 1,2-epoxyhexane
	The high enantiomeric ratio of (R)-diol (E > 100) without significant decrease in the reactivity was accomplished by adding 1-heptanol in minute amounts to dodecane.
	[66]



	Saccharomyces cerevisiae Candida albicans Rhodotorula glutinis Geotrichum candidum Micrococcus luteus
	(BMIM)(BF6)
	Reductions of (Z)-C6H5CH=CXC (=O)CH3 (X = Cl, Br)
	Better diastereoselectivity and enantiose-lectivity than in pure water.
	[35]



	Penicillium purpurogenum Li-3 (w-PGUS) Escherichia coli BL21 Pichia pastoris GS115
	(BMIM)(BF6)
	Hydrolysis of glycyrrhizin (GL) to glycyrrhetic acid 3-O-mono-β-d-glucuronide (GAMG)
	The 60 g·L−1 (1.23 U/g) cell concentration, a GAMG yield of 87.63% was achieved after 60 h.
	[67]



	Acetobacter sp. CCTCC M209061
	(C2OHMIM)(NO3)
	Reduction of 4-(trimethylsilyl)-3-butyn-2-one reduction to (R)-4-(trimethylsilyl)-3-butyn-2-ol
	The initial reaction rate, the maximum yield and the product e.e. were 14.0 mmol·min−1·(g·cell)−1, 91%, and 499%, respectively.
	[68]



	Aspergillus ochraceus
	(C3MIM)(PF6)
	Reduction of 11α hydroxylation of 16α,17-epoxyprogesterone (HEP)
	The substrate conversion reached 90% with a substrate concentration of 20 g·L−1 under the selected conditions.
	[69]



	Escherichia coli
	((EO2E)MPL)(NTF) (HMPL)(NTF) (HPYR)(NTF) ((NEMM)EO2E)(NTF)
	Reduction of 2-octanone to (R)-2-octanol
	Various ionic liquids can be used for this reaction and the ionic liquid volume fractions are up to 40%.
	[70]



	Escherichia coli
	(HMPL)(NTF)
	The asymmetric reduction of 2-octanone to (R)-2-octanol
	The average conversion was 98.5 (±0.7)%, and enantiomeric excesses were constant at values ≥99.5% (R). A total of 999 (±6) g (R)-2-octanol·L−1IL was produced.
	[42]



	Rhizopus nigricans
	(BMIM)(PF6) (BMIM)(NTf2)
	11α-Hydroxylation of 16α,17-epoxyprogesterone
	The conversion was greatly increased to above 90% at 18 g·L−1 feeding concentration.
	[71]











3.1. Whole-Cell Biotranformation in Ionic Liquids by Bacterium

There have been many successful examples of using ILs for whole-cell biotransformations from bacteria so far. Cull et al. [72] have first reported the results on the use of an IL as a reaction phase for product biotransformations. The (BMIM)(PF6) was used in a two-phase system for the hydration of 1, 3-cyanobenzene catalysed by nitrile hydratase from Rhodococcus R312 to produce 3-cyanobenzamide and 3-cyanobenzoic acid. The substrate had better solubility in IL, which acted as a reservoir, than in water. The addition of (BMIM)(PF6) increased the specific activity of Rhodococcus R312 for the product synthesis, and a slightly higher yield was finally reached. Fewer cells aggregated due to the presence of IL, which was found to be advantageous for the separation of the two phases on completion of the reaction. The Rhodococcus ruber was also used successfully for the biocatalytic reduction of ketones in bi- and monophasic IL/buffer systems. The reaction was catalysed by the alcohol dehydrogenase ADH-‘A’ from the cells via hydrogen transfer. In the reaction, density of the (BMIM)(PF6) is above 1.2 kg·L−1 and viscosity is below 400 mm2·s−1, which can secure effective phase separation and avoid mass transfer limitations. Thus we can see that the density and viscosity of ILs play key roles in whole-cell biotransformations. Besides, the (BMIM)(Tf2N) exhibits very good solvent properties for 4-chloroacetophenone and its benzyl alcohol reduction product from Lactobacillus kefir cells, and there were no destructive effects observed on the cell membranes of L. kefir [73]. The recombined or immobilized bacterial cells have also been observed to be conductive to the catalysis process. The immobilized Acetobacter sp. CCTCC M209061 cells were capable of catalyzing the asymmetric reduction of ethyl acetoacetate (EAA) in the various IL-based biphasic systems with a high product enantiomeric excess (e.e.) of above 99% [74] (Figure 2a). The recombinant Escherichia coli strain was active in the presence of (BMPL)(NTf2) or (BMIM)(PF6) phases and could convert benzaldehyde and cyanide into mandelic acid and mandeloamide. The cells were slightly more effective in the presence of (BMPL)(NTf2) than in the presence of (BMIM)(PF6) [62].

Figure 2. Examples of biotransformation from microorganism cells with ILs. (a) The asymmetric reduction of ethyl acetoacetate (EAA) catalyzed by immobilized Acetobacter sp. CCTCC M209061 cells; (b) The bioreduction of 4-(trimethylsilyl)-3-butyn-2-one (TMSB) to (S)-4-(trimethylsilyl)-3-butyn-2-ol (S)-TMSBOL with immobilized Candida parapsilosis CCTCC M203011 cells in water-immiscible IL/buffer biphasic systems; (c) The biocatalytic asymmetric reduction of 4'-methoxyacetophenone (MOAP) catalyzed by Rhodotorula sp. AS2.2241 cells; (d) Asymmetric reduction of ketone and recycling of coenzyme catalyzed by Geotrichum candidum dried cell containing alcohol dehydrogenases.
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Water-immiscible imidazolium-based salts are the most investigated, and are found to be suitable solvents for bacterium to carry out biotransformation involving non-polar toxic substrates. However, the potential toxicity of ILs towards microorganisms is particularly taken into consideration in the case of biotechnological applications [6]. Various microorganisms used for biosynthesis with ILs were investigated. For example, water immiscible ILs (BMIM)(PF6), (BMIM)(Tf2N) and (OMA)(Tf2N) are shown to have no damaging effects on the cell membranes of Escherichia coli and Saccharomyces cerevisiae [75]. (BMIM)(BF4) and (EMIM)(EtSO4) inhibited the growth of Clostridium sporogenes which is an extremely versatile biocatalyst for the transformation of nitrogen-containing precursors to chiral and achiral amines. By contrast, water-miscible IL (EtOHNMe3)(Me2PO4) increased the growth rate of C. sporogenes by as much as 28%, suggesting that the IL has either been metabolized or increased the availability of nutrients [76]. Thus, water-miscible ILs may deliver water insoluble substrates into cells for biotransformation. However, they are relatively less used in whole-cell biotransformations, possibly due to their toxicity to most cells [77,78]. Interestingly, ILs with moderate toxicity are found to be suitable for biotransformations [76,79], but the mechanism of these types of ILs with bacteria is not clear.



3.2. Whole-Cell Biotranformation in Ionic Liquids by Yeasts

Most yeast are able to convert substrates into valuable compounds with high efficiency. In the past decades, different yeasts or recombined yeasts have been used for the asymmetric reduction of ketones or biomass with ILs.

The strain Saccharomyces cerevisiae is the most studied microorganism which has a good biocompatibility with an aqueous two phase system. This characteristic is specially employed in extract fermentation. Furthermore, this yeast is able to synthesize alcohols and ketones of industrial interest in the presence of ILs [64,65,75,80]. For instance, Howarth et al. compared yeast-mediated ketone production in (BMIM)(PF6) with that in an organic solvent system and observed that the reactivity in IL varied considerably with the substrate structure. The cells in IL biphasic system exhibited less aggregation than in a water-toluene system [81]. Likewise, it is advantageous for the separation of the product and efficient conversion.

Thus yeasts always carried out a good performance of the bioconversion with IL, which may be due to the excellent solvent properties of the IL for substrate and product, and its good biocompatibility with the cells. An example is that the synthesis of (S)-TMSBOL is successfully conducted with high yield and excellent product e.e. by means of the biocatalytic asymmetric reduction of TMSB using immobilized Candida parapsilosis CCTCC M203011 cells in water-immiscible IL-based biphasic systems (Figure 2b). Of all the various tested ILs, the best results were obsevered in the presence of (C4MIM)(PF6) which exhibited significant effects on the bioconversion [82]. Moreover, the immobilized Rhodotorula sp. AS2.2241 was used as a biocatalyst for asymmetric reduction of 4'-methoxyacetophenone (MOAP) to enantiopure (S)-1-(4-methoxyphenyl) ethanol (S)-MOPE (Figure 2c). The water-immiscible IL (C4MIM)(PF6) can markedly enhance the efficiency of MOAP reduction to enantiopure (S)-MOPE mediated by Rhodotorula sp. AS2.2241 cells [83]. Another promising application of using yeasts cell for biotransformation in IL-based system is for enantioselective hydrolysis reaction of racepoxide in order to obtain enantiopure compounds. Matsumoto et al. [66] carried out the kinetic resolution of racemic 1,2-epoxyhexane under a hydrophobic solvent/buffer two-liquid phase system using the yeast Rhodotorula glutinis ATCC 201718 biocatalyst, and various organic solvents and ILs were used as solvents in this system. [BF4]-anion and [CF3SO3]-anion deactivated the enzyme in the cell membrane which may be affected by the raising of hydrophobicity with the increase in alkyl chain length of ILs; the reactivity of enzyme followed the distribution of ILs from buffer to cell membrane. The electrostatic interaction occurred between the charged molecule consisting of cell membrane and the IL molecule. Therefore, the structures of ILs play an important role in the enzyme activity of cell membranes. Thus, to design and choose suitable ILs is important for the whole-cell bioconversion application.



3.3. Whole-Cell Biotranformation in Ionic Liquids by Fungi

Few fungi are employed for conversion with ILs. This may be attributed to the mycelium formation during fermentation. However, the fungi have potential for biodiesel, ketones and chiral alcohol productions and some examples are presented below.

Various ILs were used to enhance the activity of Penicillium purpurogenum Li-3 (w-PGUS) cells and alginate gel biocatalyst by Kaleem et al. [17]. They were found the best polymer for the biotransformation of glycyrrhizin (GL) into glycyrrhetic acid 3-O-mono-β-d-glucuronide (GAMG). The (BMIM)(BF4) had an ascending effect on the GL catalysis at the low volumetric ratio and exhibited the positive impact of IL on the biotransformation rate. But while above 30% IL/buffer ratio, the reaction rate decreased dramatically.This is ascribed to the damaging effects of excess ILs on cells. For enzymatic biodiesel production from plant oil hydrolysates, an Aspergillus oryzae whole-cell biocatalyst that expresses Candida antarctica lipase B (r-CALB) with high esterification activity was developed [84]. Arai et al. [85] have investigated biodiesel production in ILs by lipase-producing Rhizopus oryzae and Aspergillus oryzae as whole-cell biocatalysts. The cross-linking of whole-cell biocatalysts with glutaraldehyde proved to be effective for the stabilization of biocatalysts in biodiesel fuel production in ILs.

Tomoko et al. [86] studied the asymmetric reduction of ketones by Geotrichum candidum in ILs (Figure 2d). For the case of (BMIM)(PF6), the yield was improved because the surface area between the IL and water layers was increased. The cells enzyme was observed to retain a stabilizing effect by keeping water around it as (EMIM)(BF4) existed, on which condition the reaction yield was improved. Additionally, the immobilized Geotrichum candidum was reported to be applied into the enantioselective oxidation of alcohols to produce chiral alcohols in the ILs [87]; it was shown that the reactions were carried out smoothly with excellent enantioselectivity when the cells were immobilized on water-absorbing polymer containing water. So the water layer around the cell is necessary for the reaction to proceed. Our research team has previously applied ILs for betulinic acid production from betulin biotransformation by Armillaria luteo-virens Sacc ZJUQH100-6 cells. It was found that the addition of (EMIM)(BF4) in hexane-containing reaction medium gave rise to better betulinic acid formation with less reaction time compared with other ILs used [88]. Moreover, the effects of ILs on cells or enzymes have been discussed.






4. Interaction Mechanisms of Ionic Liquids with Cells in Whole-Cell Biotransformation

In the whole-cell biotransformation, ILs used in the medium have inevitable effects on the microorganism cells. Some effects are positive to reactions, and some not. The mechanisms are discussed in this section, and a possible pathway is summarized in Figure 3.

Figure 3. Possible interaction mechanisms of ionic liquids with cells in whole-cell biotransformation. (A) Some ILs may affect the cell microstructure and lead to cell growth inhibition or cell death; (B) The pathway describes an increase of cell growth in the presence of ILs; (C) Some ILs may accelerate the mass transfer and reaction rate.
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4.1. To Regulate The Cell Growth

In terms of the influences of ILs on cell growth, there are potentials for an inhibition to cell growth, an increase of cell growth or an inhibition of the metabolism. The inhibitions of cells are most attributed to IL toxicity, which is investigated as a key drawback for cell biotransformations in abundant studies [36,45,65,89,90,91]. Generally, the cells of microorganisms basically consists of a cell wall and one or two lipid membranes. It is supposed that the hydrophilic parts of the ILs are dissolved in the aqueous phase, with some hydrophobic parts fusing with the lipophilic phase. When entering a cell, they may affect intracellular metabolism via the cell wall and/or the outer membrane. Moreover, the inhibition increases with the increasing length of the alkyl chains [92]. Some ILs increased the growth rate of cells [76], suggesting that they either increased the availability of nutrients or were metabolized as nutrients. Furthermore, a few of the toxic ILs have been reported to be suitable for the whole-cell biotransformations and for production improvement [61]. In the process, both side reactions and unproductive substrates may be suppressed with the inhibited cell growth in ILs.



4.2. To Enhance the Reaction Rate

In some cases, the reaction rate is highly enhanced with water miscible ILs as a solvent system. It could be attributed to the hydrophilic nature of ILs, which might interact with the charged groups on substrate and interact with hydrogen or covalent bonding, and transfer electric charge of the cell membrane effectively. This leads to changes in the ionic state of cell membrane and affects membrane permeability [88], allowing the substrate to permeate through the cell membrane more easily. As reported earlier, the polarity of ILs is a key property for whole-cell catalysis. In the case of polar and hydrophobic ILs, such as (BMIM)(PF6), the reaction rate increases. It was reported that the increasing hydrophobicity of ILs can lead to an improvement in water activity around the protein, promoting the enzyme action by enhancement of free water molecules [88]. The inclusion of the enzyme in the IL matrix may drive the protein toward a more active conformation for expressing its catalytic activity. Thus, water in an IL-based system plays an important role in enzyme activity improvement. It is noted that the high concentration of the ions in the reaction system could retard the enzymatic activity by an inhibition on the enzyme's active site. Thus, adding water can improve the enzyme activity and accelerate the mass transfer of substrate because of the decreasing viscosity of the reaction medium, but meanwhile the dissolved enzymes show low catalytic activity due to their conformational changes [93]. In short, the enhancement of biotransformation rate in IL-based medium could be ascribed to the increase of the mass transfer and activation of the enzymatic activity [25]. It is also suggested that the toxic ILs used for biotransformation can enhance the product yields and reaction rate. These ILs are inhibitors of cellular respiration processes and thus favor the shunting of NADH and O2 towards the overexpressed biocatalytic process [61]. This involves the structures of cations. Thus, it will be possible to design or identify completely biocompatible ILs through optimization of the combinations of anion and cation. That the structure of ILs is stable in water or fermentation medium is necessary in most whole-cell biotransformations.




5. Future Perspectives and Conclusions

ILs have been widely used in biocatalysis due to their unique properties. Whole-cells are employed with ILs in the fields of fine chemical, medicine and chemical reagent synthesis, which has development potential. However, the range of ILs suitable for biocatalytic whole-cell applications is still limited. Some problems remain unresolved and need to be investigated further.


5.1. Microstructure Changes of Cells in ILs

The mechanism of ILs acting on cells in biotransformation is increasingly studied, but is uncertain due to various effects of IL-based systems on different cells, and thus questions remain open. ILs are usually referred to as substrates which can maintain the integrity of the cell membrane to avoid an outflow of the intracellular cofactors and accelerate the mass transfer. However, as synthesized chemicals, ILs can display many molecular actions modes through interaction with biomacromolecules of cells, such as phospholipids, proteins and DNA [94]. Mostly, the actions can potentially cause disorder of particular metabolic pathways in microbial cells, including changing the membrane permeability, affecting transport proteins, enzyme activity inhibition, and even DNA damage. Studies have focused on these molecular mechanisms with the cytochrome P450 assay [95,96] and the adenosine monophosphate (AMP) deaminase assay [97]. The views discussed above are debatable; the influence of different anion and cation groups on cell membrane potential, intracellular enzymes and even the substrate metabolism have not been investigated thoroughly up to now. For instance, it is known that the chain length of the cation strongly affects the enzyme activity, probably because of the binding to the lipophilic active site, but the effect of the anion is still unclear. We assumed that the optimized ILs and ratio in a reaction system can improve the biotransformation due to the positive interactions with the cell membrance and cell enzymes as mentioned above. To elucidate the mechanism of ILs in cells, strategies and biological techniques, such as transcriptome sequencing analysis and proteomic analysis joined with metabonomics analysis, should be employed. Moreover, the quantitative structure–activity relationships (QSAR) model has been used to predict the functions of ILs [98,99]. Thus, potential functional models of ILs with cells, based on structures, can be effectively estimated. Multidimensional detection means will be applied extensively.



5.2. Safety Evaluations of the ILs in Whole-Cell Biotransformations

ILs are generally referred to be “green” solvents. But there is an argument that ILs are inadequate to be sustainable chemical products because of their uncertain toxicity to cells, biodegradability and bioaccumulation [100]. Safety evaluations of ILs have been made in enormous studies [38,39,101,102,103,104], but there are still uncertainties. The problem is that the evaluation of cations and anions are separate. Thus, it is difficult to assess the safety of ILs [100]. However, the hydrophobic ILs with biodegradability are needed primarily, so it is necessary for ILs to be designed to be more biodegradable and with more hydrophobic anions.

Further, it is necessary to design ILs with better performance functions, such as thermostability, operability and recycling to expand their scope of applications. But there are a few problems needing to be addressed before the newly designed ILs are put into use. The new types need to be identified in view of the safety to cells. In the absence of clear structure-activity relationships and a sufficient body of data that QSAR needs for predicting the biocompatibility and hydrophobicity of ILs, the effects on cells or the behavior of substances in the biphasic reaction are difficult. To choose ILs suitable for a given process or to screen microorganisms for the known synthesis where a higher-yield or green process is required remains challenging. Fortunately, to recombine cells with IL resistance established by an inner membrane transporter and regulated by an IL-inducible repressor has become possible [105], and it is important and urgent to identify an IL-resistance mechanism from IL-tolerant microbes. All in all, in whole-cell biotransformation, ILs may become key environmental systems for intracellular enzyme reactions. Given the cost and benefit, less expensive ILs are expected to be applied to industry, and those ILs with no hazards to the environment and a safe quality will be chosen first for future applications. IL-action mechanisms in whole-cell biotransformation need to be clarified to accelerate progress towards effective bioconversion of renewable value-added chemicals.







Acknowledgments

This work was financially supported by Nature Science Foundation of Zhejiang (LY13H300003 and LY12C20009) and the National Nature Science Fund of China (No. 31171734 and 31371825).



Author Contributions

Lin-Lin Fan: Contributed to article design, data interpretation, drafting of the manuscript, critical revision of the manuscript, and approval of the article.

Hong-Ji Li: Contributed to article design, data interpretation and integration, critical revision of the manuscript, and approval of the article.

Qi-He Chen: Contributed to concept generation, article design, data interpretation, drafting of the manuscript, critical revision of the manuscript, and approval of the article.



Conflicts of Interest

The authors declare no conflict of interest.



References


	1. 
Hajfarajollah, H.; Mokhtarani, B.; Sharifi, A.; Mirzaei, M.; Afaghi, A. Toxicity of various kinds of ionic liquids towards the cell growth and end product formation of the probiotic strain, Propionibacterium freudenreichii. RSC Adv. 2014, 4, 13153–13160. [Google Scholar] [CrossRef]

	2. 
Dominguez de Maria, P.; Maugeri, Z. Ionic liquids in biotransformations: From proof-of-concept to emerging deep-eutectic-solvents. Curr. Opin. Chem. Biol. 2011, 15, 220–225. [Google Scholar] [CrossRef]

	3. 
Earle, M.J.; Seddon, K.R. Ionic liquids. Green solvents for the future. Pure Appl. Chem. 2000, 72, 1391–1398. [Google Scholar]

	4. 
Das, R.N.; Roy, K. Development of classification and regression models for Vibrio fischeri toxicity of ionic liquids: Green solvents for the future. Toxicol. Res. 2012, 1, 186–195. [Google Scholar] [CrossRef]

	5. 
Talavera-Prieto, N.M.C.; Ferreira, A.G.M.; Simoes, P.N.; Carvalho, P.J.; Mattedi, S.; Coutinho, J.A.P. Thermophysical characterization of N-methyl-2-hydroxyethylammonium carboxilate ionic liquids. J. Chem. Thermodyn. 2014, 68, 221–234. [Google Scholar] [CrossRef]

	6. 
Quijano, G.; Couvert, A.; Amrane, A. Ionic liquids: Applications and future trends in bioreactor technology. Bioresour. Technol. 2010, 101, 8923–8930. [Google Scholar] [CrossRef]

	7. 
Machado, M.F.; Queiros, R.P.; Santos, M.D.; Fidalgo, L.G.; Delgadillo, I.; Saraiva, J.A. Effect of ionic liquids alkyl chain length on horseradish peroxidase thermal inactivation kinetics and activity recovery after inactivation. World J. Microbiol. Biotechnol. 2014, 30, 487–494. [Google Scholar] [CrossRef]

	8. 
Van Rantwijk, F.; Madeira Lau, R.; Sheldon, R.A. Biocatalytic transformations in ionic liquids. Trends Biotechnol. 2003, 21, 131–138. [Google Scholar] [CrossRef]

	9. 
Ho, T.D.; Zhang, C.; Hantao, L.W.; Anderson, J.L. Ionic Liquids in analytical chemistry: Fundamentals, Advances, and Perspectives. Anal. Chem. 2014, 86, 262–285. [Google Scholar] [CrossRef]

	10. 
Sun, P.; Armstrong, D.W. Ionic liquids in analytical chemistry. Anal. Chim. Acta 2010, 661, 1–16. [Google Scholar] [CrossRef]

	11. 
Peng, W.-H.; Lee, Y.-Y.; Wu, C.; Wu, K.C.-W. Acid–base bi-functionalized, large-pored mesoporous silica nanoparticles for cooperative catalysis of one-pot cellulose-to-HMF conversion. J. Mater. Chem. 2012, 22, 23181–23185. [Google Scholar] [CrossRef]

	12. 
Qi, X.; Watanabe, M.; Aida, T.M.; Smith, R.L. Catalytic conversion of cellulose into 5-hydroxymethylfurfural in high yields via a two-step process. Cellulose 2011, 18, 1327–1333. [Google Scholar] [CrossRef]

	13. 
Hsu, W.-H.; Lee, Y.-Y.; Peng, W.-H.; Wu, K.C.W. Cellulosic conversion in ionic liquids (ILs): Effects of H2O/cellulose molar ratios, temperatures, times, and different ILs on the production of monosaccharides and 5-hydroxymethylfurfural (HMF). Catal. Today 2011, 174, 65–69. [Google Scholar] [CrossRef]

	14. 
Su, Y.; Brown, H.M.; Huang, X.; Zhou, X.-D.; Amonette, J.E.; Zhang, Z.C. Single-step conversion of cellulose to 5-hydroxymethylfurfural (HMF), a versatile platform chemical. Appl. Catal. A Gen. 2009, 361, 117–122. [Google Scholar] [CrossRef]

	15. 
Bräutigam, S.; Dennewald, D.; Schürmann, M.; Lutje-Spelberg, J.; Pitner, W.-R.; Weuster-Botz, D. Whole-cell biocatalysis: Evaluation of new hydrophobic ionic liquids for efficient asymmetric reduction of prochiral ketones. Enzym. Microb. Technol. 2009, 45, 310–316. [Google Scholar] [CrossRef]

	16. 
Kohlmann, C.; Robertz, N.; Leuchs, S.; Dogan, Z.; Lütz, S.; Bitzer, K.; Na’amnieh, S.; Greiner, L. Ionic liquid facilitates biocatalytic conversion of hardly water soluble ketones. J. Mol. Catal. B Enzym. 2011, 68, 147–153. [Google Scholar] [CrossRef]

	17. 
Kaleem, I.; Shen, H.; Lv, B.; Wei, B.; Rasool, A.; Li, C. Efficient biosynthesis of glycyrrhetic acid 3-O-mono-β-d-glucuronide (GAMG) in water-miscible ionic liquid by immobilized whole cells of Penicillium purpurogenum Li-3 in alginate gel. Chem. Eng. Sci. 2014, 106, 136–143. [Google Scholar] [CrossRef]

	18. 
Zhao, H. Methods for stabilizing and activating enzymes in ionic liquids-a review. J. Chem. Technol. Biotechnol. 2010, 85, 891–907. [Google Scholar] [CrossRef]

	19. 
Zhang, W.G.; Wei, D.Z.; Yang, X.P.; Song, Q.X. Penicillin acylase catalysis in the presence of ionic liquids. Bioprocess. Biosyst. Eng. 2006, 29, 379–383. [Google Scholar] [CrossRef]

	20. 
Wang, X.H.; Dai, J.T.; Wang, J.P.; Wu, H. Enhancement extraction of quercetin from suaeda glauca bge. Using ionic liquids as solvent. Asian J. Chem. 2014, 26, 1111–1115. [Google Scholar]

	21. 
Hussain, W.; Pollard, D.J.; Truppo, M.; Lye, G.J. Enzymatic ketone reductions with co-factor recycling: Improved reactions with ionic liquid co-solvents. J. Mol. Catal. B Enzym. 2008, 55, 19–29. [Google Scholar] [CrossRef]

	22. 
Kragl, U.; Eckstein, M.; Kaftzik, N. Enzyme catalysis in ionic liquids. Curr. Opin. Biotechnol. 2002, 13, 565–571. [Google Scholar] [CrossRef]

	23. 
Sun, S.; Qin, F.; Bi, Y.; Chen, J.; Yang, G.; Liu, W. Enhanced transesterification of ethyl ferulate with glycerol for preparing glyceryl diferulate using a lipase in ionic liquids as reaction medium. Biotechnol. Lett. 2013, 35, 1449–1454. [Google Scholar] [CrossRef]

	24. 
Wu, C.; Zhang, Z.; Chen, C.; He, F.; Zhuo, R. Synthesis of poly (epsilon-caprolactone) by an immobilized lipase coated with ionic liquids in a solvent-free condition. Biotechnol. Lett. 2013, 35, 1623–1630. [Google Scholar] [CrossRef]

	25. 
Bose, S.; Barnes, C.A.; Petrich, J.W. Enhanced stability and activity of cellulase in an ionic liquid and the effect of pretreatment on cellulose hydrolysis. Biotechnol. Bioeng. 2012, 109, 434–443. [Google Scholar] [CrossRef]

	26. 
Xiong, Y.; Zhang, Z.H.; Wang, X.; Liu, B.; Lin, J.T. Hydrolysis of cellulose in ionic liquids catalyzed by a magnetically-recoverable solid acid catalyst. Chem. Eng. J. 2014, 235, 349–355. [Google Scholar] [CrossRef]

	27. 
Rehmann, L.; Ivanova, E.; Gunaratne, H.Q.N.; Seddon, K.R.; Stephens, G. Enhanced laccase stability through mediator partitioning into hydrophobic ionic liquids. Green Chem. 2014, 16, 1462–1469. [Google Scholar] [CrossRef]

	28. 
Karjalainen, E.; Izquierdo, D.F.; Marti-Centelles, V.; Luis, S.V.; Tenhu, H.; Garcia-Verdugo, E. An enzymatic biomimetic system: Enhancement of catalytic efficiency with new polymeric chiral ionic liquids synthesised by controlled radical polymerisation. Polym. Chem. 2014, 5, 1437–1446. [Google Scholar] [CrossRef]

	29. 
Goldfeder, M.; Fishman, A. Modulating enzyme activity using ionic liquids or surfactants. Appl. Microbiol. Biot. 2014, 98, 545–554. [Google Scholar] [CrossRef]

	30. 
Soukup-Hein, R.J.; Warnke, M.M.; Armstrong, D.W. Ionic liquids in analytical chemistry. Annu. Rev. Anal. Chem. 2009, 2, 145–168. [Google Scholar] [CrossRef]

	31. 
Williams, H.D.; Sahbaz, Y.; Ford, L.; Nguyen, T.H.; Scammells, P.J.; Porter, C.J.H. Ionic liquids provide unique opportunities for oral drug delivery: Structure optimization and in vivo evidence of utility. Chem. Commun. 2014, 50, 1688–1690. [Google Scholar] [CrossRef]

	32. 
Khachatryan, K.S.; Smirnova, S.V.; Torocheshnikova, I.I.; Shvedene, N.V.; Formanovsky, A.A.; Pletnev, I.V. Solvent extraction and extraction-voltammetric determination of phenols using room temperature ionic liquid. Anal. Bioanal. Chem. 2005, 381, 464–470. [Google Scholar] [CrossRef]

	33. 
Smirnova, S.V.; Torocheshnikova, I.I.; Formanovsky, A.A.; Pletnev, I.V. Solvent extraction of amino acids into a room temperature ionic liquid with dicyclohexano-18-crown-6. Anal. Bioanal. Chem. 2004, 378, 1369–1375. [Google Scholar] [CrossRef]

	34. 
Wang, J.-H.; Cheng, D.-H.; Chen, X.-W.; Du, Z.; Fang, Z.-L. Direct extraction of double-stranded DNA into ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate and its quantification. Anal. Chem. 2007, 79, 620–625. [Google Scholar] [CrossRef]

	35. 
Zampieri, D.S.; de Paula, B.R.S.; Zampieri, L.A.; Vale, J.A.; Rodrigues, J.A.R.; Moran, P.J.S. Enhancements of enantio and diastereoselectivities in reduction of (Z)-3-halo-4-phenyl-3-buten-2-one mediated by microorganisms in ionic liquid/water biphasic system. J. Mol. Catal. B Enzym. 2013, 85–86, 61–64. [Google Scholar] [CrossRef]

	36. 
Quijano, G.; Couvert, A.; Amrane, A.; Darracq, G.; Couriol, C.; le Cloirec, P.; Paquin, L.; Carrié, D. Toxicity and biodegradability of ionic liquids: New perspectives towards whole-cell biotechnological applications. Chem. Eng. J. 2011, 174, 27–32. [Google Scholar] [CrossRef]

	37. 
Thi, P.T.P.; Cho, C.W.; Yun, Y.S. Environmental fate and toxicity of ionic liquids: A review. Water Res. 2010, 44, 352–372. [Google Scholar] [CrossRef]

	38. 
Zhang, C.; Malhotra, S.V.; Francis, A.J. Toxicity of ionic liquids to Clostridium sp. and effects on uranium biosorption. J. Hazard. Mater. 2014, 264, 246–253. [Google Scholar] [CrossRef]

	39. 
Matsumoto, M.; Mochiduki, K.; Kondo, K. Toxicity of ionic liquids and organic solvents to lactic acid-producing bacteria. J. Biosci. Bioeng. 2004, 98, 344–347. [Google Scholar] [CrossRef]

	40. 
Holbrey, J.D.; Seddon, K.R. Ionic liquids. Clean Prod. Process. 1999, 1, 223–236. [Google Scholar]

	41. 
Jain, N.; Kumar, A.; Chauhan, S.; Chauhan, S.M.S. Chemical and biochemical transformations in ionic liquids. Tetrahedron 2005, 61, 1015–1060. [Google Scholar] [CrossRef]

	42. 
Dennewald, D.; Pitner, W.-R.; Weuster-Botz, D. Recycling of the ionic liquid phase in process integrated biphasic whole-cell biocatalysis. Process. Biochem. 2011, 46, 1132–1137. [Google Scholar] [CrossRef]

	43. 
Welton, T. Ionic liquids in catalysis. Coordin. Chem. Rev. 2004, 248, 2459–2477. [Google Scholar] [CrossRef]

	44. 
Tsunashima, K.; Sakai, Y.; Matsumiya, M. Physical and electrochemical properties of phosphonium ionic liquids derived from trimethylphosphine. Electrochem. Commun. 2014, 39, 30–33. [Google Scholar] [CrossRef]

	45. 
Olivier-Bourbigou, H.; Magna, L.; Morvan, D. Ionic liquids and catalysis: Recent progress from knowledge to applications. Appl. Catal. A Gen. 2010, 373, 1–56. [Google Scholar] [CrossRef]

	46. 
Park, S.; Kazlauskas, R.J. Biocatalysis in ionic liquids—Advantages beyond green technology. Curr. Opin. Biotechnol. 2003, 14, 432–437. [Google Scholar] [CrossRef]

	47. 
Yang, Z.; Pan, W. Ionic liquids: Green solvents for nonaqueous biocatalysis. Enzym. Microb. Technol. 2005, 37, 19–28. [Google Scholar] [CrossRef]

	48. 
Kaar, J.L.; Jesionowski, A.M.; Berberich, J.A.; Moulton, R.; Russell, A.J. Impact of ionic liquid physical properties on lipase activity and stability. J. Am. Chem. Soc. 2003, 125, 4125–4131. [Google Scholar] [CrossRef]

	49. 
Reichardt, C. Solvatochromic dyes as solvent polarity indicators. Chem. Rev. 1994, 94, 2319–2358. [Google Scholar] [CrossRef]

	50. 
Reichardt, C.; Che, D.Q.; Heckenkemper, G.; Schafer, G. Syntheses and UV/Vis-spectroscopic properties of hydrophilic 2-, 3-, and 4-pyridyl-substituted solvatochromic and halochromic pyridinium N-phenolate betaine dyes as new empirical solvent polarity indicators. Eur. J. Org. Chem. 2001, 2001, 2343–2361. [Google Scholar] [CrossRef]

	51. 
Seddon, K.R.; Carmichael, A.J. Polarity study of some 1-alkyl-3-methylimidazolium ambient-temperature ionic liquids with the solvatochromic dye, Nile Red. J. Phys. Org. Chem. 2000, 13, 591–595. [Google Scholar] [CrossRef]

	52. 
Ropel, L.; Belvèze, L.S.; Aki, S.N.V.K.; Stadtherr, M.A.; Brennecke, J.F. Octanol-water partition coefficients of imidazolium-based ionic liquids. Green Chem. 2005, 7, 83–90. [Google Scholar] [CrossRef]

	53. 
Moniruzzaman, M.; Nakashima, K.; Kamiya, N.; Goto, M. Recent advances of enzymatic reactions in ionic liquids. Biochem. Eng. J. 2010, 48, 295–314. [Google Scholar] [CrossRef]

	54. 
Baker, S.N.; Baker, G.A.; Bright, F.V. Temperature-dependent microscopic solvent properties of “dry” and “wet” 1-butyl-3-methylimidazolium hexafluorophosphate: Correlation with ET (30) and Kamlet–Taft polarity scales. Green Chem. 2002, 4, 165–169. [Google Scholar] [CrossRef]

	55. 
Carothers, J.M.; Goler, J.A.; Keasling, J.D. Chemical synthesis using synthetic biology. Curr. Opin. Biotechnol. 2009, 20, 498–503. [Google Scholar] [CrossRef]

	56. 
Rozzell, J.D. Commercial scale biocatalysis: Myths and realities. Bioorg. Med. Chem. 1999, 7, 2253–2261. [Google Scholar] [CrossRef]

	57. 
Clomburg, J.M.; Gonzalez, R. Biofuel production in Escherichia coli: The role of metabolic engineering and synthetic biology. Appl. Microbiol. Biotechnol. 2010, 86, 419–434. [Google Scholar] [CrossRef]

	58. 
Wood, N.; Ferguson, J.L.; Gunaratne, H.Q.N.; Seddon, K.R.; Goodacre, R.; Stephens, G.M. Screening ionic liquids for use in biotransformations with whole microbial cells. Green Chem. 2011, 13, 1843–1851. [Google Scholar] [CrossRef]

	59. 
Athalye, S.; Sharma-Shivappa, R.; Peretti, S.; Kolar, P.; Davis, J.P. Producing biodiesel from cottonseed oil using Rhizopus. oryzae ATCC #34612 whole cell biocatalysts: Culture media and cultivation period optimization. Energy Sustain Dev. 2013, 17, 331–336. [Google Scholar] [CrossRef]

	60. 
Nakashima, K.; Arai, S.; Tanino, T.; Ogino, C.; Kondo, A.; Fukuda, H. Production of biodiesel fuel in ionic liquids catalyzed by whole-cell biocatalysts. J. Biosci. Bioeng. 2009, 108, S43–S43. [Google Scholar]

	61. 
Allen, C.C.R.; Boudet, C.J.; Hardacre, C.; Migaud, M.E. Enhancement of whole cell dioxygenase biotransformations of haloarenes by toxic ionic liquids. RSC Adv. 2014, 4, 19916–19924. [Google Scholar] [CrossRef]

	62. 
Yan, H.; Long, Y.; Song, K.; Tung, C.H.; Zheng, L.Q. Photo-induced transformation from wormlike to spherical micelles based on pyrrolidinium ionic liquids. Soft Matter 2014, 10, 115–121. [Google Scholar] [CrossRef]

	63. 
Baum, S.; van Rantwijk, F.; Stolz, A. Application of a recombinant Escherichia coli whole-cell catalyst expressing hydroxynitrile lyase and nitrilase activities in ionic liquids for the production of (S)-Mandelic Acid and (S)-Mandeloamide. Adv. Synth. Catal. 2012, 354, 113–122. [Google Scholar] [CrossRef]

	64. 
Lou, W.Y.; Zong, M.H.; Smith, T.J. Use of ionic liquids to improve whole-cell biocatalytic asymmetric reduction of acetyltrimethylsilane for efficient synthesis of enantiopure (S)-1-trimethylsilylethanol. Green Chem. 2006, 8, 147–155. [Google Scholar] [CrossRef]

	65. 
Sendovski, M.; Nir, N.; Fishman, A. Bioproduction of 2-Phenylethanol in a biphasic ionic liquid aqueous system. J. Agric. Food Chem. 2010, 58, 2260–2265. [Google Scholar] [CrossRef]

	66. 
Matsumoto, M.; Sugimoto, T.; Ishiguro, Y.; Yamaguchi, H.; Kondo, K. Effect of organic solvents and ionic liquids on resolution of 2-epoxyhexane by whole cells of Rhodotorula glutinisin a two-liquid phase system. J. Chem. Technol. Biot. 2014, 89, 522–527. [Google Scholar] [CrossRef]

	67. 
Chen, J.-Y.; Kaleem, I.; He, D.-M.; Liu, G.-Y.; Li, C. Efficient production of glycyrrhetic acid 3-O-mono-β-d-glucuronide by whole-cell biocatalysis in an ionic liquid/buffer biphasic system. Process. Biochem. 2012, 47, 908–913. [Google Scholar] [CrossRef]

	68. 
Xiao, Z.-J.; Du, P.-X.; Lou, W.-Y.; Wu, H.; Zong, M.-H. Using water-miscible ionic liquids to improve the biocatalytic anti-Prelog asymmetric reduction of prochiral ketones with whole cells of Acetobacter. sp. CCTCC M209061. Chem. Eng. Sci. 2012, 84, 695–705. [Google Scholar] [CrossRef]

	69. 
Mao, S.; Hua, B.; Wang, N.; Hu, X.; Ge, Z.; Li, Y.; Liu, S.; Lu, F. 11α hydroxylation of 16α,17-epoxyprogesterone in biphasic ionic liquid/water system by Aspergillus ochraceus. J. Chem. Technol. Biotechnol. 2013, 88, 287–292. [Google Scholar] [CrossRef]

	70. 
Dennewald, D.; Hortsch, R.; Weuster-Botz, D. Evaluation of parallel milliliter-scale stirred-tank bioreactors for the study of biphasic whole-cell biocatalysis with ionic liquids. J. Biotechnol. 2012, 157, 253–257. [Google Scholar] [CrossRef]

	71. 
Wu, D.X.; Guan, Y.X.; Wang, H.Q.; Yao, S.J. 11α-Hydroxylation of 16α,17-epoxyprogesterone by Rhizopus nigricans in a biphasic ionic liquid aqueous system. Bioresour. Technol. 2011, 102, 9368–9373. [Google Scholar] [CrossRef]

	72. 
Cull, S.G.; Holbrey, J.D.; Vargas-Mora, V.; Seddon, K.R.; Lye, G.J. Room-temperature ionic liquids as replacements for organic solvents in multiphase bioprocess operations. Biotechnol. Bioengin. 2000, 69, 227–233. [Google Scholar] [CrossRef]

	73. 
Pfruender, H.; Amidjojo, M.; Kragl, U.; Weuster-Botz, D. Efficient whole-cell biotransformation in a biphasic ionic liquid/water system. Angew. Chem. 2004, 43, 4529–4531. [Google Scholar] [CrossRef]

	74. 
Wang, X.-T.; Yue, D.-M.; Zong, M.-H.; Lou, W.-Y. Use of ionic liquid to significantly improve asymmetric reduction of ethyl acetoacetate catalyzed by Acetobacter. sp. CCTCC M209061 Cells. Ind. Eng. Chem. Res. 2013, 52, 12550–12558. [Google Scholar] [CrossRef]

	75. 
Pfruender, H.; Jones, R.; Weuster-Botz, D. Water immiscible ionic liquids as solvents for whole cell biocatalysis. J. Biotechnol. 2006, 124, 182–190. [Google Scholar] [CrossRef]

	76. 
Dipeolu, O.; Green, E.; Stephens, G. Effects of water-miscible ionic liquids on cell growth and nitro reduction using Clostridium sporogenes. Green Chem. 2009, 11, 397–401. [Google Scholar] [CrossRef]

	77. 
Weuster-Botz, D. Process intensification of whole-cell biocatalysis with ionic liquids. Chem. Rec. 2007, 7, 334–340. [Google Scholar] [CrossRef]

	78. 
Gangu, S.A.; Weatherley, L.R.; Scurto, A.M. Whole-Cell Biocatalysis with Ionic Liquids. Curr. Org. Chem. 2009, 13, 1242–1258. [Google Scholar] [CrossRef]

	79. 
Cornmell, R.J.; Winder, C.L.; Schuler, S.; Goodacre, R.; Stephens, G. Using a biphasic ionic liquid/water reaction system to improve oxygenase-catalysed biotransformation with whole cells. Green Chem. 2008, 10, 685–691. [Google Scholar] [CrossRef]

	80. 
Silva, V.D.; Carletto, J.S.; Carasek, E.; Stambuk, B.U.; Nascimento, M.D.G. Asymmetric reduction of (4S)-(+)-carvone catalyzed by baker's yeast: A green method for monitoring the conversion based on liquid–liquid–liquid microextraction with polypropylene hollow fiber membranes. Process. Biochem. 2013, 48, 1159–1165. [Google Scholar] [CrossRef]

	81. 
Howarth, J.; James, P.; Dai, J. Immobilized baker’s yeast reduction of ketones in an ionic liquid, [BMIM]PF6 and water mix. Tetrahedron Lett. 2001, 7517–7519. [Google Scholar] [CrossRef]

	82. 
Lou, W.Y.; Chen, L.; Zhang, B.B.; Smith, T.J.; Zong, M.H. Using a water-immiscible ionic liquid to improve asymmetric reduction of 4-(trimethylsilyl)-3-butyn-2-one catalyzed by immobilized Candida parapsilosis CCTCC M203011 cells. BMC Biotechnol. 2009. [Google Scholar] [CrossRef]

	83. 
Wang, W.; Zong, M.-H.; Lou, W.-Y. Use of an ionic liquid to improve asymmetric reduction of 4′-methoxyacetophenone catalyzed by immobilized Rhodotorula sp. AS2.2241 cells. J. Mol. Catal. B Enzym. 2009, 56, 70–76. [Google Scholar] [CrossRef]

	84. 
Adachi, D.; Hama, S.; Nakashima, K.; Bogaki, T.; Ogino, C.; Kondo, A. Production of biodiesel from plant oil hydrolysates using an Aspergillus oryzae whole-cell biocatalyst highly expressing Candida antarctica lipase B. Bioresour. Technol. 2013, 135, 410–416. [Google Scholar] [CrossRef]

	85. 
Arai, S.; Nakashima, K.; Tanino, T.; Ogino, C.; Kondo, A.; Fukuda, H. Production of biodiesel fuel from soybean oil catalyzed by fungus whole-cell biocatalysts in ionic liquids. Enzym. Microb. Technol. 2010, 46, 51–55. [Google Scholar] [CrossRef]

	86. 
Matsuda, T.; Yamagishi, Y.; Koguchi, S.; Iwai, N.; Kitazume, T. An effective method to use ionic liquids as reaction media for asymmetric reduction by Geotrichum candidum. Tetrahedron Lett. 2006, 47, 4619–4622. [Google Scholar] [CrossRef]

	87. 
Tanaka, T.; Iwai, N.; Matsuda, T.; Kitazume, T. Utility of ionic liquid for Geotrichum candidum-catalyzed synthesis of optically active alcohols. J. Mol. Catal. B Enzym. 2009, 57, 317–320. [Google Scholar] [CrossRef]

	88. 
Ming-Liang, F.; Jing, L.; Ya-Chen, D.; Yu, F.; Ruo-Si, F.; Qi-He, C.; Xiao-Jie, L. Effect of ionic liquid-containing system on betulinic acid production from betulin biotransformation by cultured Armillaria luteo-virens Sacc cells. Eur. Food Res. Technol. 2011, 233, 507–515. [Google Scholar] [CrossRef]

	89. 
Ventura, S.P.M.; Gurbisz, M.; Ghavre, M.; Ferreira, F.M.M.; Gonçalves, F.; Beadham, I.; Quilty, B.; Coutinho, J.A.P.; Gathergood, N. Imidazolium and pyridinium ionic liquids from mandelic acid derivatives: Synthesis and bacteria and algae toxicity evaluation. ACS Sustain. Chem. Eng. 2013, 1, 393–402. [Google Scholar] [CrossRef]

	90. 
Ganske, F.; Bornscheuer, U.T. Growth of Escherichia coli, Pichia pastoris and Bacillus cereus in the presence of the ionic liquids [BMIM][BF4] and [BMIM][PF6] and Organic Solvents. Biotechnol. Lett. 2006, 28, 465–469. [Google Scholar] [CrossRef]

	91. 
Pernak, J.; Sobaszkiewicz, K.; Mirska, I. Anti-microbial activities of ionic liquids. Green Chem. 2003, 5, 52–56. [Google Scholar] [CrossRef]

	92. 
Sikkema, Jan; De Bont, Jan A.M.; Poolman, B. Mechanisms of membrane toxicity of hydrocarbons. Microbiol. Rev. 1995, 6, 201–222. [Google Scholar]

	93. 
Moniruzzaman, M.; Kamiya, N.; Goto, M. Biocatalysis in water-in-ionic liquid microemulsions: A case study with horse- radish peroxidase. Langmuir 2009, 25, 977–982. [Google Scholar] [CrossRef]

	94. 
Petkovic, M.; Seddon, K.R.; Rebelo, L.P.; Silva Pereira, C. Ionic liquids: A pathway to environmental acceptability. Chem. Soc. Rev. 2011, 40, 1383–1403. [Google Scholar] [CrossRef]

	95. 
Tee, K.L.; Roccatano, D.; Stolte, S.; Arning, J.; Jastorff, B.; Schwaneberg, U. Ionic liquid effects on the activity of monooxygenase P450 BM-3. Green Chem. 2008, 10, 117–123. [Google Scholar] [CrossRef]

	96. 
Chefson, A.; Auclair, K. CYP3A4 activity in the presence of organic cosolvents, ionic liquids, or water-immiscible organic solvents. Chembiochem 2007, 8, 1189–1197. [Google Scholar] [CrossRef]

	97. 
Skladanowski, A.C.; Stepnowski, P.; Kleszczynski, K.; Dmochowska, B. AMP deaminase in vitro inhibition by xenobiotics A potential molecular method for risk assessment of synthetic nitro- and polycyclic musks, imidazolium ionic liquids and N-glucopyranosyl ammonium salts. Environ. Toxicol. Pharmacol. 2005, 19, 291–296. [Google Scholar] [CrossRef]

	98. 
Couling, D.J.; Bernot, R.J.; Docherty, K.M.; Dixon, J.K.; Maginn, E.J. Assessing the factors responsible for ionic liquid toxicity to aquatic organisms via quantitative structure–property relationship modeling. Green Chem. 2006, 8, 82–90. [Google Scholar] [CrossRef]

	99. 
Torrecilla, J.S.; Palomar, J.; Lemus, J.; Rodríguez, F. A quantum-chemical-based guide to analyze/quantify the cytotoxicity of ionic liquids. Green Chem. 2010, 12, 123–124. [Google Scholar] [CrossRef]

	100. 
Ranke, J.; Stolte, S.; Sto¨rmann, R.; Arning, J.; Jastorff, B. Design of sustainable chemical productss the example of ionic liquids. Chem. Rev. 2007, 107, 2183–2206. [Google Scholar] [CrossRef]

	101. 
Lovejoy, K.S.; Davis, L.E.; McClellan, L.M.; Lillo, A.M.; Welsh, J.D.; Schmidt, E.N.; Sanders, C.K.; Lou, A.J.; Fox, D.T.; Koppisch, A.T.; et al. Evaluation of ionic liquids on phototrophic microbes and their use in biofuel extraction and isolation. J. Appl. Phycol. 2012, 25, 973–981. [Google Scholar]

	102. 
Luis, P.; Ortiz, I.; Aldaco, R.; Irabien, A. A novel group contribution method in the development of a QSAR for predicting the toxicity (Vibrio fischeri EC50) of ionic liquids. Ecotoxicol. Environ. Saf. 2007, 67, 423–429. [Google Scholar] [CrossRef]

	103. 
Tourne-Peteilh, C.; Coasne, B.; In, M.; Brevet, D.; Devoisselle, J.M.; Vioux, A.; Viau, L. Surfactant behavior of ionic liquids involving a drug: From molecular interactions to self-assembly. Langmuir 2014, 30, 1229–1238. [Google Scholar] [CrossRef]

	104. 
Steudte, S.; Bemowsky, S.; Mahrova, M.; Bottin-Weber, U.; Tojo-Suarez, E.; Stepnowski, P.; Stolte, S. Toxicity and biodegradability of dicationic ionic liquids. RSC Adv. 2014, 4, 5198–5205. [Google Scholar] [CrossRef]

	105. 
Ruegg, T.L.; Kim, E.M.; Simmons, B.A.; Keasling, J.D.; Singer, S.W.; Soon Lee, T.; Thelen, M.P. An auto-inducible mechanism for ionic liquid resistance in microbial biofuel production. Nat. Commun. 2014. [Google Scholar] [CrossRef]





© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







nav.xhtml


  ijms-15-12196


  
    		
      ijms-15-12196
    


  




  





media/file3.png
©
Changes of waterﬂic Liquids {[Cations][Anions]}
activif

Mass transfer

Reaction rate increase

Extracellular enzyme

Enzyme activation

J
Protein degeneration

DNA damadge
Enzyme inactivation

Monooxygenase/
MP deami

Entering a cell

yHydrophilic parts with
lipophilic pahase

Changes of

Nutritent penetratio

G enzyme's active site

Enzyme activation






media/file0.png
Cations R,

Ry /R3
., (O 0
)\Rz 2 reN\
eN N@ el}l
| | &
R4 Ry 2
imidazolium pyridinium pyrazolium

R4 Ry R4
L \ | |
R—NER, R,—PZ R,

R _le

3

N | | |_\—OH
R{ Rs

Ry R3 Rs
pyrrolidinium ammonium phosphonium cholinium
Anions o
C1- BF, 1 PF, )]\
(¢]

- o o 0 o o
P - - o
NC CN Fsc—ﬁ—o Fac—ﬁ—N—ﬁ—CFs RO—ﬁ—O R1O—F|’—0

o o) o] o ol





media/file1.png





media/file2.png
© o o Water-immiscible ILs )"“\)CL
Mo/\ﬁ N

NAD(P)H Immoblhzed Acetobacer NAD(P)*
CCTCC M209061

CO,tH,0 «——=——=—"__ Glucose+O,

(®) Acetone 2-Propanol

N\

NAD(P)H NAD(P)
\/‘ ndida parapsilosisi

c
Aqueous phase CCTCC M203011 cells

Interface <
Water-immiscible ILs phase TMSB (S)-TMSBOL

© CO,+H,0 Glucose +O,

NAD(P)H NAD()*
Rhodotorula sp. AS2.2241 cell:
Aqueous phase odotorula sp. AS cells

Interface <
OH OH
Water-immiscible ILs phase O
+
MeO MeO MeO
MOAP (S)-MOPE (R)-MOPE

O  Water-immiscible ILs OH
o f e §
R R™®

Geotrichum candidum
NADH 1505767 dried cell ~ NAD"

OH

J Py





