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Abstract: (S)-3,5-Bistrifluoromethylphenyl ethanol((S)-BTPE) is a key pharmaceutical intermediate of
the NK-1 receptor antagonist. The asymmetric bioreduction of 3,5-bis(trifluoromethyl) acetophenone
(BTAP) to (S)-BTPE using Rhodococcus erythropolis XS1012 has been established in a phosphate buffer
system. To overcome the problem of unsatisfactory yields at high substrate concentration, deep
eutectic solvents (DESs) have been introduced to the buffer system. After screening 13 kinds of choline
chloride-based DESs, [choline chloride][urea] ([ChCl][U]) showed great influence on the cell activity
and significantly increased the cell membrane permeability. Subsequently, some major parameters
for this reaction were determined. A remarkable (S)-BTPE yield of 91.9% was gained at 150 mM
substrate concentration under optimized reaction conditions with >99.9% product enantioselectivity.
Compared to reduction in a buffer system, the developed [ChCl][U]-containing system increased
the yield from 82.6% to 91.9%. It maintains a yield of 80.7% with the substrate concentration up
to 300 mM, compared to only 63.0% in buffer system. This study demonstrated that [ChCl][U] is
a feasible co-solvent to improve the bioreduction process.

Keywords: (S)-3,5-bistrifluoromethylphenyl ethanol; asymmetric reduction; deep eutectic
solvent; biocatalysis

1. Introduction

Chirality is a significant characteristic of drugs and drug candidates that mainly makes a difference in
pharmacokinetics, pharmacodynamics, and toxicity [1,2]. Both optical pure 3,5-bistrifluoromethylphenyl
ethanol ((R)- and (S)-BTPE) is an intermediate for the synthesis of NK-1 receptor antagonist, while
(S)-BTPE is included in the antagonists currently under clinical evaluation [3]. The chemical method for
BTPE isomer preparation always employs transition metals as catalysts, which are expensive and highly
toxic. Furthermore, they also have strict requirements for reaction conditions [4]. The biocatalytic process
for chiral alcohol synthesis uses whole cells or isolated enzymes from the cells for implementation [5].
Compared to traditional chemical routes, the preparation of chemicals by biocatalysis has many merits,
such as high enantioselectivity, energy effectiveness, environment protection, mild reaction conditions,
and so on [6,7]. Immobilized Saccharomyces rhodotorula cells were used for asymmetric reduction of BTAP
to (S)-BTPE in the aqueous-organic system with 1.42 g/L substrate, but only achieved the conversion rate
at 93.3% with e.e. value of 95.9% [8]. In our previous report, the asymmetric production of (S)-BTPE
by Candida tropicalis 104 cells gained a high yield (70.3%) and excellent enantioselectivity at 50 mM
substrate concentration [9]. The above literature indicates that the biocatalytic reduction of (S)-BTPE in the
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aqueous phase is generally unsatisfied when at high substrate concentration. In a previous study, Li et al.
introduced the ionic liquid [N1,1,1,1][Cys] to the bioreduction of (S)-BTPE by Candida tropicalis 104, which
increased BTAP concentration from 50 mM to 90 mM, and the yield from 70.3% to 80.4% [10].

Ionic liquids (ILs) display many unique characteristics, such as almost negligible vapor pressure,
excellent chemical and thermal stability, low melting points, low toxicity, and good biocompatibility.
Because of their superior performance, they have drawn extensive interest and are considered to be
replacements for organic solvents [11,12]. Recently, another kind of interesting solvent for biotransformation
and organic synthesis has drawn attention, namely deep eutectic solvents (DESs) [13–16]. Due to their
similar properties to ionic liquids, they are also regarded as analogs of ILs, but with the advantages of
lower cost of synthesis [17] and easier preparation [18]. DESs generally consist of two or three components,
such as choline chloride with a hydrogen donor (such as urea and amino acids). For example, a study
using [ChCl][U] as co-solvent has improved the reaction efficiency of steroid 1-en-dehydrogenation
biotransformation by Arthrobacter simplex [19].

However, little attention has been paid to asymmetric reduction using DESs as the reaction
medium by whole-cell biocatalysis. In our previous study, Rhodococcus erythropolis XS1012 was found
to have the ability for the asymmetric reduction of BTAP to (S)-BTPE with high selectivity (>99.9%)
but provided poor catalytic efficiency [20]. Choosing a co-solvent appropriately can provide a higher
reactant concentration [21], so it is of great interest to carry out the investigation of the influences of
choline chloride-based DESs on biocatalysis reduction.

2. Results and Discussion

2.1. The Bioreduction Carried out in Phosphate Buffer System

Rhodococcus erythropolis XS1012 was selected as a biocatalyst for the asymmetric reduction of
BTAP to (S)-BTPE with superior enantioselectivity (>99.9% e.e.). Figure 1 shows the effect of substrate
concentration on the bioreduction in the phosphate buffer system after the optimization of various
parameters of the reaction (data not shown); the yield was 82.6% at 150 mM BTAP, and only 63.0%
under 300 mM BTAP. To further enhance the product yield under high substrate concentration, DESs
were introduced to the reaction system.
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Figure 1. Effect of substrate concentration on the asymmetric reduction of BTAP in the phosphate buffer
system. Symbols: (�) yield and (N) e.e.; (�) product concentration. Reaction conditions: phosphate
buffer (Na2HPO4-NaH2PO4, 100 mM, pH 7.0), 45 g (DCW)/L R. erythropolis XS1012, 50 g/L glucose,
15% (v/v) isopropanol content, various BTAP concentration, and 30 ◦C, 200 rpm for 24 h.

2.2. Screening of Choline Chloride-Based Deep Eutectic Solvents (DES)

To improve the reduction efficiency of BTAP to (S)-BTPE under high substrate concentration, 13 varieties
of DESs (in Table S1) were assessed for their behaviors in bioreduction at a weight-to-volume ratio of
1%. The reaction mixture without DES addition was set as the control group. As illustrated in Table 1,
[ChCl][U](1:1) and [ChCl][U](1:2) displayed significant promotion of the asymmetric reduction with a yield
of 64.9% and 64.3%, respectively, much higher than the control (53.2%). In addition, [ChCl][Cys] and
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[ChCl][Tyr] also brought increasing effects, with a yield of 57.7% and 57.6%, respectively. However,
the other 9 types of DESs affected the reduction only slightly, and some DES addition in the reaction system
even reduced the yield.

Table 1. Effect of DESs on the asymmetric reduction of BTAP. Reaction conditions: 9 mL phosphate
buffer (100 mM, pH 7.0), 1% (w/v) various DESs, 45 g (DCW)/L R. erythropolis XS1012, 1 mL isopropanol
(10%, v/v), 50 g/L glucose, 150 mM BTAP, 30 °C and 200 rpm for 24 h.

DESs Yield (%) e.e. (%)

Control 53.2 >99.9
[ChCl][Ala](1:1) 54.9 >99.9
[ChCl][Cys](1:1) 57.7 >99.9
[ChCl][EG](1:1) 50.0 >99.9
[ChCl][Glu](1:1) 52.7 >99.9
[ChCl][Gly](1:1) 50.5 >99.9

[ChCl][GSH](1:1) 54.9 >99.9
[ChCl][IPA](1:1) 50.1 >99.9
[ChCl][Lys](1:1) 52.1 >99.9
[ChCl][Trp](1:1) 49.4 >99.9
[ChCl][Tyr](1:1) 57.6 >99.9
[ChCl][U](1:1) 64.9 >99.9
[ChCl][U](1:2) 64.3 >99.9
[ChCl][U](2:1) 55.3 >99.9

2.3. Influence of Various DESs on Cell Membrane Permeability

Although the product yield rose after introducing DESs, the drawbacks of DESs such as high
viscosity, unknown corrosivity, and instability of mixture [22] may influence the mass transfer of the
substrate and product in the DES-containing buffer systems, therefore influencing the efficiency of the
reduction. Cell membrane permeability can be represented by leakage of nucleic acids and proteins,
and they exhibited maximum ultraviolet absorption peak at 260 and 280 nm, respectively. The cells
suspended in phosphate buffer without DES were set as control. The results in Table 2 demonstrate that
the OD260nm values all increased in the DES-containing buffer systems. [ChCl][GSH] and [ChCl][U]
gave the lowest and highest values, respectively, of the OD280nm compared to the control. We speculate
that DESs may cause cell permeability alteration or membrane expansion [23], which increases the
frequency of the substrate transformation with the enzyme in cells, and promotes the substrate and
product that comes in and out of the cells [24].

Table 2. Effect of various DESs on cell membrane permeability. Reaction conditions:10 mL phosphate
buffer (100 mM, pH 7.0), 1% (w/v) various DESs, 45 g (DCW)/L R. erythropolis XS1012, 30 ◦C and 200
rpm for 24 h.

DESs Net OD260nm Net OD280nm

Control 0.232 0.873
[ChCl][Ala](1:1) 0.274 0.866
[ChCl][Cys](1:1) 0.279 0.932
[ChCl][EG](1:1) 0.242 0.846
[ChCl][Glu](1:1) 0.283 0.860
[ChCl][Gly](1:1) 0.257 0.844

[ChCl][GSH](1:1) 0.274 0.834
[ChCl][IPA](1:1) 0.287 0.844
[ChCl][Lys](1:1) 0.347 0.953
[ChCl][Trp](1:1) 0.275 0.871
[ChCl][Tyr](1:1) 0.241 0.897
[ChCl][U](1:1) 0.292 0.956
[ChCl][U](1:2) 0.296 0.934
[ChCl][U](2:1) 0.281 0.935
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2.4. Effect of Various DESs on Cell Activity

To further understand the effect of DESs on R. erythropolis XS1012 cells, cell activity was estimated
by the value of sugar metabolic retention (MAR), which can be altered with cell tolerance to the DESs
and substrate. The cells suspended in phosphate buffer without DESs were set as the control group.

As shown in Figure 2, not all the DESs in the buffer system (with substrate) had a negative
influence on cell activity, but the MAR values in all tested DES-containing systems (without substrate)
were lower than the control, suggesting that DESs exhibited their toxicity in cells to varying degrees.
[ChCl][GSH](1:1) and [ChCl][Glu](1:1) showed serious damage to cell activity, giving lower MAR
values of 27.2% and 31.3%, respectively. However, the addition of [ChCl][U](1:1) and [ChCl][U](1:2)
exhibited pretty good biocompatibility with the cells at MAR values of more than 76.2% in the absence
of substrate, and the MAR value of the [ChCl][Lys](1:1)-containing system showed a maximum value
of 98.0%. Hayyan et al. found that choline chloride-based DESs (choline chloride-based with glycerine
(GI), ethylene glycol (EG), triethylene glycol (TEG), and urea (U)) had a benign effect on the tested
bacteria (including two Gram-positive bacteria, i.e., Bacillus subtilis and Staphylococus aureus, and two
Gram-negative bacteria, i.e., E. coli and Pseudomonas aeruginosa) and no inhibition from them [25].
That had similar results to our study to some extent.

Figure 2. The sugar metabolism activity retention (MAR) of R. erythropolis XS1012 cells in
various DESs-containing buffer systems without (white) and with (pattern) substrate. (1) Control,
(2)[ChCl][Ala](1:1), (3) [ChCl][Cys](1:1), (4) [ChCl][EG](1:1), (5) [ChCl][Glu](1:1), (6) [ChCl][Gly](1:1),
(7) [ChCl][GSH](1:1), (8) [ChCl][IPA](1:1), (9) [ChCl][Lys](1:1), (10) [ChCl][Trp](1:1), (11) [ChCl][Tyr](1:1),
(12) [ChCl][U](1:1), (13) [ChCl][U](1:2), (14) [ChCl][U](2:1). Conditions: 10 mL phosphate buffer
(100 mM, pH 7.0), 1% (w/v) various DESs, 45 g (DCW)/L R. erythropolis XS1012, with or without 150 mM
BTAP, 30 ◦C and 200 rpm for 3 h, 10 g/L glucose solution for another 3 h.

Obviously, the substrate and DESs both caused cell damage, and all the MAR values in the
presence of DESs and substrate individually declined to varying degrees; however, the MAR value
increased greatly from 76.2% up to 150% with substrate addition in the [ChCl][U](1:2)-containing
system. Also, [ChCl][U](1:1) displayed excellent cell activity compared to those in the absence of
substrate, and the MAR value increased from 91.2% to 126.9%. It is possible that the toxicity to cells
was weakened under the joint action by [ChCl][U](1:1)/[ChCl][U](1:2) and substrate, or maybe the
substrate toxicity to cells was alleviated by DES.

2.5. Effects of [ChCl][U] and Its Components on the Asymmetric Reduction

To examine the effect of [ChCl][U] and its components on the reduction, bioreductions were
compared in the presence of ChCl, urea, ChCl and urea, or in a [ChCl][U]-containing system. As shown
in Figure 3, all the evaluated systems exhibited improved product yields compared to the control
in the phosphate buffer system except for the ChCl-containing system. The [ChCl][U]-containing
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system gave the highest yield in R. erythropolis XS1012 catalyzed bioreduction. However, ChCl showed
a negative influence on bioreduction compared to the phosphate buffer system. The addition of ChCl,
urea, ChCl and urea, or [ChCl][U] did not affect the product e.e. values, which were all above 99.9%.Catalysts 2020, 10, x FOR PEER REVIEW 6 of 13 
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Figure 3. Effect of [ChCl][U] components on the bioreduction of BTAP to BTPE catalyzed by R. erythropolis
XS1012. Reaction conditions: 9 mL buffer (Na2HPO4-NaH2PO4, 100 mM, pH 7.0), 45 g (DCW)/L
R. erythropolis XS1012, 150 mM BTAP, 50 g/L glucose, 10% (v/v) isopropanol content, 30 ◦C and 200 rpm
for 24 h. 1% w/v ChCl&U, ChCl and Urea were added according to the content of 1% w/v [ChCl][U](1:1).

2.6. Effects of [ChCl][U](1:1) Content, Diverse Buffer Systems, Buffer pH on Asymmetric Reduction

As shown in Figure 4a, there was an increase in [ChCl][U](1:1) content up to 1% (w/v) with a clear
progress in yield, while a further rise [ChCl][U](1:1) content led to a decline in yield. This may have
been caused by the high viscosity of the DESs, which led to some problems in transporting; moreover,
this could have reduced the mass transfer efficiency [26,27].
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Figure 4. Effect of [ChCl][U](1:1) content (a), pH (b) on the asymmetric reduction of BTAP. Reaction
conditions: 9 mL phosphate buffer (100 mM, pH 7.0) (a), various (w/v) [ChCl][U](1:1) (a), various pH of
K2HPO4-KH2PO4 buffer (b), 1% (w/v) [ChCl][U](1:1) (b), 45 g (DCW)/L R. erythropolis XS1012, 1 mL
isopropanol (10%, v/v), 50 g/L glucose, 150 mM BTAP, 30 ◦C and 200 rpm for 24 h.

The results in Table 3 imply the influence of diverse buffer systems on bioreduction. After screening
five types of buffer systems, the reaction in K2HPO4-KH2PO4 buffer gave the highest yield of 70.2%.
The reaction also gained a yield of 61.3% in the distilled water system. The optimal pH of K2HPO4-KH2PO4

buffer was also investigated; it revealed that the maximum yield appeared at pH 6.5 (Figure 4b). When
there was a continued increase in pH, there was an obvious decrease in the product yield; the product e.e.
values were above 99.9% across the range.
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Table 3. Effect of different buffer systems on the asymmetric reduction of BTAP. Reaction conditions:
9 mL different buffer (100 mM, pH 7.0), 1% (w/v) [ChCl][U](1:1), 45 g (DCW)/L R. erythropolis XS1012,
1 mL isopropanol (10%, v/v), 50 g/L glucose, 150 mM BTAP, 30 ◦C and 200 rpm for 24 h.

Buffer System Yield (%) e.e. (%)

Na2HPO4-NaH2PO4 64.9 >99.9
K2HPO4-KH2PO4 70.2 >99.9

Tris-HCl 66.9 >99.9
Na2HPO4-KH2PO4 59.4 >99.9

Distilled water 61.3 >99.9

2.7. Effects of the Type and Content of Co-Substrates, Reaction Temperature on the Asymmetric Reduction of
BTAP in [ChCl][U]-Containing Phosphate Buffer System

Although bioreduction has many advantages for chiral asymmetric reduction, there still exists
a problem regarding the reduction of equivalents in the form of NAD(P)H. The addition of NAD(P)H
is neither economically nor technically feasible. Therefore, it is necessary to seek cheap co-substrates
to replace the NAD(P)H [28]. Several sugars and alcohols were tested in the reaction as co-substrates.
As illustrated in Table 4, after the co-substrate was added, all employed varieties of co-substrates except for
methanol and ethanol could promote the reaction to varying degrees. In particular, isopropanol brought
the yield markedly up from 0.2% to 76.1%. It is possible that isopropanol acted as the co-substrate, or that
isopropanol can enhance the cell membrane permeability and increase the solubility of the substrate
that promotes the reaction [29]. However, the joint addition of glucose and isopropanol did not make
an obvious difference when compared with the addition of isopropanol individually.

Table 4. Effect of different co-substrates on the asymmetric reduction of BTAP. Reaction conditions:
9 mL phosphate buffer (K2HPO4-KH2PO4, 100 mM, pH 6.5), [ChCl][U](1:1) 1% (w/v), 45 g (DCW)/L
R. erythropolis XS1012, various co-substrate content, 150 mM BTAP, 30 ◦C and 200 rpm for 24 h.

Co-Substrates Content Yield (%) e.e. (%)

Control — 0.2 >99.9
Fructose 50 g/L 12.0 >99.9
Maltose 50 g/L 15.8 >99.9
Glucose 50 g/L 15.8 >99.9
Sucrose 50 g/L 13.5 >99.9

Methanol 10% (v/v) — >99.9
Ethanol 10% (v/v) 2.8 >99.9
Glycerin 10% (v/v) — >99.9

Isopropanol 10% (v/v) 76.1 >99.9
Isopropanol + glucose 10% (v/v) + 50 g/L 76.5 >99.9

It is known that organic solvents have toxicity. Isopropanol is less toxic than methanol and
ethanol, but can cause impaired gluconeogenesis [30]. In our investigations, the appropriate content of
isopropanol (10-30%, v/v) (Figure 5a) was measured; the highest yield of 91.9% was obtained with the
addition of 20% (v/v) isopropanol. Additionally, the impact of the reaction temperature (Figure 5b) on
the reaction was also investigated, and 30 ◦C was determined to be optimal, beyond which there will be
a reduction in the product yield. It seems that high reaction temperature is beneficial to the formation
of enzyme-substrate complexes and improves the colliding probability between the substrate and
enzyme [31]. However, too high a temperature may damage the enzyme structure and lower the
enzyme catalytic efficiency.
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(w/v), 45 g (DCW)/L R. erythropolis XS1012, isopropanol content (20%, v/v) (b), 150 mM BTAP, 30◦C (a)
and 200 rpm for 24 h.

2.8. Effects of Cell Concentration, Substrate Concentration and Reaction Time on the Asymmetric Reduction of
BTAP in [ChCl][U](1:1)-Containing Phosphate Buffer System

Cell concentration is significant for biocatalysis because excessive biomass may make the reaction
transformation difficult, while a lack of cells led to a low amount of enzyme. Based on the cell activity
experiment, the substrate showed toxicity to the cells, and it is necessary to determine the proper
concentration of the substrate. Figure 6a shows the effect of cell concentration on the asymmetric
reduction. The yield rose with increasing cell concentration up to 45 g (DCW)/L, further increasing the
cell concentration, which accounts for an appreciable loss of product yield. The results in Figure 6b
show the influence of substrate concentration on reduction, and the maximum yield of 91.9% was
obtained at 150 mM substrate concentration. Additionally, the results in Figure 6c show the impact of
the reaction time on the reaction; the product yield rose rapidly from 0 to 24 h, and the best yield of 80.7%
for (S)-BTPE was achieved at 300 mM of BTAP after a 24 h reaction in the [ChCl][U](1:1)-containing
phosphate buffer system, further increasing the reaction time, at which point the product yield started
to decrease. During the examinations above, there was no impact on the product e.e. value (>99.9%).
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e.e. in both 300 mM and 400 mM BTAP. (d) The effect of reaction time on the asymmetric reduction
of BTAP at 300 mM (�) product concentration in phosphate buffer system; (�) product concentration
in [ChCl][U](1:1)-containing phosphate buffer system; (N) e.e. Reaction conditions: 8 mL phosphate
buffer (K2HPO4-KH2PO4, 100 mM, pH 6.5), 45 g (DCW)/L R. erythropolis XS1012 (b–d), [ChCl][U] 1%
(w/v), isopropanol content (20%, v/v), 150 mM BTAP (a), 30 ◦C, 200 rpm for 24 h.

2.9. Comparison of the Bioreduction in [ChCl][U](1:1)-Containing Phosphate Buffer System and Phosphate
Buffer System

The yield of (S)-BTPE at 300 mM BTAP in the optimal [ChCl][U](1:1)-containing phosphate buffer
system is completely different than in phosphate buffer system. Under optimal conditions (50 g/L
glucose and isopropanol 15% (v/v) as dual co-substrates, 45 g (DCW)/L R. erythropolis XS1012 cells,
300 mM BTAP, 100 mM Na2HPO4-NaH2PO4, pH 7.0, 30 ◦C and 200 rpm for 24 h), the maximum yield
and product e.e. values were 63.0% and over 99.9%, respectively. Comparatively, an increase of 17.7%
in yield was achieved with the presence of [ChCl][U](1:1) under the conditions (isopropanol 20% (v/v),
45 g (DCW)/L R. erythropolis XS1012 cells, 300 mM BTAP, 100 mM K2HPO4-KH2PO4, pH 6.5, 30 ◦C
and 200 rpm for 24 h). These positive results can be explained by the improvement of membrane
permeability with the addition of [ChCl][U](1:1). In addition, the addition of [ChCl][U](1:1) also
enhanced the cell activity proved by the MAR values. Otherwise, it could be seen that cell tolerance for
isopropanol was strengthened in the [ChCl][U](1:1)-containing phosphate buffer system.

3. Materials and Methods

3.1. Chemicals

The substrate BTAP (purity >99%) was purchased from Beijing Golden Olive Company, China.
Product (S)-BTPE and (R)-BTPE (purity >99%) were provided by Hangzhou Xinhai Biotechnology
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Co., Ltd., Hangzhou 310052 China. DESs (purity >98%) used in this research were synthesized by
Shanghai Fujie Chemical Co., Ltd., Shanghai 201203 China. All other chemicals were from commercial
sources and were of analytical grade.

3.2. Culture of the Strain

The strain R. erythropolis XS1012 (CCTCC M 2013650) stored in our laboratory can catalyze the
reduction of substrate BTAP to (S)-BTPE with high enantioselectivity. The single colony of R. erythropolis
XS1012 was selected from the agar plate after being cultivated for 2–3 days at 30 ◦C, then inoculated
into a 250 mL flask containing 100 mL medium (glucose 15 g/L, yeast extract 6 g/L, peptone 7.5 g/L,
(NH4)2SO4 3 g/L, KH2PO4 1.5 g/L, NaCl 0.75 g/L, MgSO4·7H2O 0.75 g/L, pH 6.5). After that, it was
incubated at 30 ◦C, 200 rpm for 24 h as the seed culture. Subsequently, seed culture was transferred
into another 100 mL of fermentation medium (glucose 15 g/L, yeast extract 6 g/L, peptone 7.5 g/L,
KH2PO4 1.5 g/L, (NH4)2SO4 3 g/L, NaCl 0.75 g/L, MgSO4·7H2O 0.75 g/L, pH 6.5) at a volume ratio
of 6% and cultured at 30 ◦C and 200 rpm for another 48 h. The incubated cells were harvested after
centrifugation at 9000 rpm and 4 ◦C for 10 min, and subjected to biocatalytic reduction.

3.3. Bioreduction Process and Screening of DESs

13 kinds of choline chloride-based DESs (listed in Table 1) were assessed for their behaviors in
the reaction. The bioreduction was carried out in 50 mL flasks containing the reaction mixture (total
volume of 10 mL) including Na2HPO4-NaH2PO4 (100 mM, pH 7.0), 45 g (DCW)/L R. erythropolis XS1012,
1% (w/v) DESs, 150 mM BTAP and used 50 g/L glucose and isopropanol (10%, v/v) as co-substrates.
The reaction mixture was incubated at 30 ◦C and 200 rpm for 24 h, and the product yield and e.e. values
were determined by chiral gas chromatography analysis. Triplicate runs were performed for each trial.

3.4. GC Analysis Methods

Agilent Technologies 7820A GC system was used to determine the product yield and e.e. values,
using a flame ionization detector and Varian CP-Chirasil-Dex CB column (25 m × 0.25 mm × 0.25 µm)
with the split ratio at 15:1. The injector and detector temperature were both kept at 250 ◦C. The column
temperature was maintained at 80 ◦C and kept constant for 2 min, then raised up to 180 ◦C with
a heating rate of 5 ◦C/min. Nitrogen was used as a carrier gas at a flow rate of 2.0 mL/min. An internal
standard method was adopted for the calculations. The results of chiral analysis of the bioconverted
sample and standard reference were shown in Figure S1. The retention times for BTAP, dodecane,
(S)-BTPE, and (R)-BTPE were 4.1 min, 8.8 min, 10.1 min, and 10.6 min, respectively.

3.5. Cell Membrane Permeability Assay

The cell membrane permeability of R. erythropolis XS1012 cells was assessed in various DESs-containing
buffer systems. Conditions: 45 g (DCW)/L R. erythropolis XS1012 cells were suspended in 10 mL of
Na2HPO4-NaH2PO4 (100 mM, pH 7.0) in the presence of various choline chloride-based DESs at a content
of 1% (w/v) or Na2HPO4-NaH2PO4 buffer (100 mM, pH 7.0), 30 ◦C and 200 rpm for 24 h.

3.6. Metabolic Activity Retention (MAR) Assay

R. erythropolis XS1012 cells were pre-treated by 13 DESs (1%, w/v) respectively, with the addition of
150 mM BTAP or not, substrate or without for 3 h in 10 mL of Na2HPO4-NaH2PO4 (100 mM, pH 7.0),
respectively. Cells (DESs-treatment with the substrate or without) were resuspended in 10 g/L glucose
solution to start the sugar metabolism at 30 ◦C and 200 rpm for another 3 h. Then centrifugation
at 9000 rpm and 4 ◦C for 10 min, the rest of the glucose content was analyzed by the biological
sensing analyzer.
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3.7. Effect of [ChCl][U] and Its Components on the Asymmetric Reduction

The results of [ChCl][U] and its components on the reduction are shown in Figure 3. Reaction
conditions: 9 mL buffer (Na2HPO4-NaH2PO4, 100 mM, pH 7.0), 45 g (DCW)/L R. erythropolis XS1012,
150 mM BTAP, 50 g/L glucose, 10% (v/v) isopropanol content, 30 ◦C and 200 rpm for 24 h. 1% w/v ChCl&U,
ChCl and Uera were added according to the content of 1% w/v [ChCl][U](1:1).

3.8. Impact of Vital Parameters on the Bioreduction

To determine the suitable conditions for the bioreduction of BTAP to (S)-BTPE in the [ChCl][U]-
containing system, some key parameters, such as the content of the [ChCl][U], the suitable sort and addition
of co-substrates, the type of buffer system, buffer pH, the concentration of substrate, and cell and reaction
temperature were investigated. The reaction mixtures consisted of buffer (100 mM), the appropriate
co-substrates, certain amount of R. erythropolis XS1012 cells, [ChCl][U](1:1), and substrate BTAP, incubated
at 30 ◦C, 200 rpm for 24 h. The yield and product e.e. values were assayed by GC analysis.

3.8.1. Optimization of [ChCl][U](1:1) Content, Selection of Buffer Systems and Buffer pH

The optimized results of [ChCl][U] content, the type and pH of the buffer are shown in Table 3
and Figure 4. Reaction conditions: buffer (100 mM), 45 g (DCW)/L R. erythropolis XS1012 cells, 150 mM
BTAP, 50 g/L glucose, 10% (v/v) isopropanol, 30 ◦C, 200 rpm for 24 h.

3.8.2. Screening of Co-Substrate, Optimization of Co-Substrate Content, Reaction Temperature in
[ChCl][U](1:1)-Containing Phosphate Buffer System

The optimized results of the kind and content of co-substrate and the reaction temperature are
shown in Table 4 and Figure 5. Reaction conditions: K2HPO4-KH2PO4 buffer (100 mM, pH 6.5), 45 g
(DCW)/L R. erythropolis XS1012 cells, 150 mM BTAP, 30 ◦C, 200 rpm for 24 h.

3.8.3. Optimization of Cell Concentration, Substrate Concentration and Reaction Time in
[ChCl][U](1:1)-Containing Phosphate Buffer System

The optimized results of the cell concentration, substrate concentration, and the reaction time
are shown in Figure 6. Reaction conditions: K2HPO4-KH2PO4 (100 mM, pH 6.5), 45 g (DCW)/L
R. erythropolis XS1012 cells, 150 mM BTAP, 20% isopropanol (v/v), 30 ◦C, 200 rpm for 24 h.

3.8.4. The Comparison of Bioreduction in [ChCl][U](1:1)-Containing Phosphate Buffer System and
Phosphate Buffer System

Figure 6d shows the results for the effect of reaction time in phosphate buffer system with
[ChCl][U] or not. Reaction conditions: 45 g (DCW)/L R. erythropolis XS1012 cells, 300 mM BTAP, 30 ◦C
and 200 rpm, K2HPO4-KH2PO4 buffer (100 mM, pH 6.5), 20% isopropanol (v/v), in [ChCl][U](1:1)(1%,
w/v)-containing system and Na2HPO4-NaH2PO4 (100 mM, pH 7.0), 50 g/L glucose and 15% isopropanol
(v/v) as dual co-substrates in phosphate buffer system.

4. Conclusions

In the study, we screened 13 kinds of choline chloride-based DESs to examine whether they can
enhance the product yield of the reduction, and investigated the effect of DESs on cell membrane
permeability via the value of MAR to represent the cell activity. The [ChCl][U](1:1) was regarded as
the most suitable DES. Subsequently, we investigated the key variables of the asymmetric reduction
to make the reaction system more efficient. Isopropanol was agreed to be the co-substrate with the
highest concentration, of 20% (v/v), which indicates that R. erythropolis XS1012 has benign tolerance to
isopropanol. The optimal conditions were determined: 45 g (DCW)/L R. erythropolis XS1012, 150 mM
BTAP, K2HPO4-KH2PO4 buffer (100 mM, 6.5), 20% (v/v) isopropanol as co-substrate, the addition of
[ChCl][U](1:1) was 1% (w/v). The reaction was conducted at 30 ◦C, 200 rpm for 24 h. A yield of 80.7%
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was achieved under 300 mM BTAP. Through the research, it was proved that by introducing the DESs
to the reaction medium could make a difference to the bioreduction. According to the research into the
effect of the DESs on cells, this is probably due to DESs improving cell membranes or weakening the
substrates’ toxicity to cells. This research may enrich the investigation regarding the toxicity of DESs to
cells and provide a valuable reference regarding the performance of DESs in bioreduction.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/1/30/s1,
Figure S1: Chiral analysis of the bioconverted sample. Table S1: Abbreviations of DESs used in this study.

Author Contributions: Conceptualization, P.W.; Methodology, P.W.; Software, H.C. and F.Q.; Validation, F.Q.
and H.L.; Investigation, H.C.; Resources, P.W.; Data curation, H.C.; Writing—original draft preparation, H.C.;
Writing—review and editing, H.C., W.C., and P.W.; Project administration, P.W. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No. 21676250), and the
Zhejiang Provincial Natural Science Foundation of China (LY16B060010).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Smith, S.W. Chiral Toxicology: It’s the same thing...only different. Toxicol. Sci. 2009, 110, 4–30. [CrossRef]
2. Daniel, K.G.; Guida, W.C.; Brooks, W.H. The significance of chirality in drug design and development.

Curr. Top. Med. Chem. 2011, 11, 760–770.
3. Pollard, D.; Truppo, M.; Pollard, J.; Chen, C.; Moore, J. Effective synthesis of (S)-3,5-bistrifluoromethylphenyl

ethanol by asymmetric enzymatic reduction. Tetrahedron Asymmetry 2006, 17, 554–559. [CrossRef]
4. Molnár, Z.; Farkas, E.; Lakó, Á.; Erdélyi, B.; Kroutil, W.; Vértessy, B.G.; Poppe, L. Immobilized whole-cell

transaminase biocatalysts for continuous-flow kinetic resolution of amines. Catalysts 2019, 9, 438. [CrossRef]
5. Lye, G.J.; Woodley, J.M. Application of in-situ product removal W4561techniques to biocatalytic processes.

Trends Biotechnol. 1999, 17, 395–402. [CrossRef]
6. Ni, Y.; Xu, J.H. Biocatalytic ketone reduction: A green and efficient access to enantiopure alcohols.

Biotechnol. Adv. 2012, 30, 1279–1288. [CrossRef] [PubMed]
7. Sheldon, R.A. Biocatalysis and biomass conversion in alternative reaction media. Chem. Eur. J. 2016, 22,

12984–12999. [CrossRef] [PubMed]
8. Zhang, F.; Xue, Y.; Li, L.; Wang, M. Asymmetric reduction of 3,5-bistrifluoromethyl acetophenone with

NADH regeneration by immobilized cells of Saccharomyces rhodotorula in aqueous-organic solvent biphasic
system. Chin. J. Process Eng. 2011, 11, 124–129.

9. Wang, P.; Su, H.Z.; Sun, L.M.; He, J.Y.; Lu, Y.P. Asymmetric bioreduction of 3,5-bis(trifluoromethyl)
acetophenone to its corresponding alcohol by Candida troplcalis. Chin. J. Chem. Eng. 2011, 19, 1028–1032.
[CrossRef]

10. Li, J.; Wang, P.; Huang, J.; Sun, J. Design and application of a novel ionic liquid with the property of
strengthening coenzyme regeneration for whole-cell bioreduction in an ionic liquid-distilled water medium.
Bioresour. Technol. 2015, 175, 42–50. [CrossRef]

11. Del, P.; Mario, G.; Voth, G.A. On the structure and dynamics of ionic liquids. J. Phys. Chem. B 2004, 108,
1744–1752.

12. Hallett, J.P.; Welton, T. Room-temperature ionic liquids: Solvents for synthesis and catalysis. Chem. Rev.
2011, 111, 3508–3576. [CrossRef] [PubMed]

13. Vicente, G.F.; Caroline, E.P. Deep eutectic solvents for redoxbiocatalysis. J. Biotechnol. 2019, 293, 24–35.
14. Vitale, P.; Abbinante, V.M.; Perna, F.M.; Salomone, A.; Cardellicchio, C.; Capriati, V. Unveiling the hidden

performance of whole cells in the asymmetric bioreduction of aryl-containing ketones in aqueous deep
eutectic solvents. Adv. Sythesis Catal. 2016, 359, 1049–1057. [CrossRef]

15. Vitale, P.; Perna, F.; Agrimi, G.; Pisano, I.; Mirizzi, F.; Capobianco, R.; Capriati, V. Whole-cell biocatalyst for
chemoenzymatic total synthesis of rivastigmine. Catalysts 2018, 8, 55. [CrossRef]

16. Alonso, D.A.; Baeza, A.; Chinchilla, R.; Guillena, G.; Pastor, I.M.; Ramón, D.J. Deep eutectic solvents:
The organic reaction medium of the century. Eur. J. Org. Chem. 2016, 47, 612–632. [CrossRef]

http://www.mdpi.com/2073-4344/10/1/30/s1
http://dx.doi.org/10.1093/toxsci/kfp097
http://dx.doi.org/10.1016/j.tetasy.2006.01.039
http://dx.doi.org/10.3390/catal9050438
http://dx.doi.org/10.1016/S0167-7799(99)01351-7
http://dx.doi.org/10.1016/j.biotechadv.2011.10.007
http://www.ncbi.nlm.nih.gov/pubmed/22079798
http://dx.doi.org/10.1002/chem.201601940
http://www.ncbi.nlm.nih.gov/pubmed/27383560
http://dx.doi.org/10.1016/S1004-9541(11)60087-6
http://dx.doi.org/10.1016/j.biortech.2014.10.059
http://dx.doi.org/10.1021/cr1003248
http://www.ncbi.nlm.nih.gov/pubmed/21469639
http://dx.doi.org/10.1002/adsc.201601064
http://dx.doi.org/10.3390/catal8020055
http://dx.doi.org/10.1002/ejoc.201501197


Catalysts 2020, 10, 30 12 of 12

17. Qian, H.; Liu, C.; Yang, Q.; Liu, X.; Gao, H.; Zhou, W. Extraction of pyrethroid insecticides in juice and tea
beverage by liquid-phase microextraction using deep eutectic solvents. Anal. Methods 2019, 11, 4923–4930.
[CrossRef]

18. Zhang, Q.; Karine, D.O.V.; Royer, S.; Jérôme, F. Deep eutectic solvents: Synthesis, properties and applications.
Chem. Soc. Rev. 2012, 41, 7108–7146. [CrossRef]

19. Mao, S.H.; Yu, L.; Ji, S.X.; Lu, F.P. Evaluation of deep eutectic solvents as co-solvent for steroids
1-en-dehydrogenation biotransformation by Arthrobacter simplex. J. Chem. Technol. Biotechnol. 2015, 91, 1099–1104.
[CrossRef]

20. Wang, P.; Li, J.; Huang, J. Rhodococcus erythropolis XS1012 and Its Application in the Preparation of Chiral
Alcohol. C.N. Patent 103773724 A, 7 May 2014.

21. Lindberg, D.; Revenga, M.D.L.F.; Widersten, M. Deep eutectic solvents (DESs) are viable cosolvents for
enzyme-catalyzed epoxide hydrolysis. J. Biotechnol. 2010, 14, 169–171. [CrossRef]

22. Juneidi, I.; Hayyan, M.; Hashim, M.A. Intensification of biotransformations using deep eutectic solvents:
Overview and outlook. Process Biochem. 2018, 66, 33–60. [CrossRef]

23. Jing, B.; Lan, N.; Qiu, J.; Zhu, Y. Interaction of ionic liquids with lipid bilayer: A biophysical study of ionic
liquid cytotoxicity. J. Phys. Chem. B 2016, 120, 2781–2789. [CrossRef] [PubMed]

24. Xu, P.; Du, P.X.; Zong, M.H.; Li, N.; Lou, W.Y. Combination of deep eutectic solvent and ionic liquid to
improve biocatalytic reduction of 2-octanone with Acetobacter pasteurianus GIM1.158 cell. Sci. Rep. 2016, 6,
26158. [CrossRef] [PubMed]

25. Hayyan, M.; Hashim, M.A.; Hayyan, A.; Al-Saadi, M.A.; AINashef, I.M. Are deep eutectic solvents benign or
toxic? Chemosphere 2013, 90, 2193–2195. [CrossRef]

26. Mjalli, F.S.; Mousa, H. Viscosity of aqueous ionic liquids analogues as a function of water content and
temperature. Chin. J. Chem. Eng. 2017, 25, 1877–1883. [CrossRef]

27. Yu, G.; Li, X.; Liu, X.; Asumana, C.; Chen, X. Deep desulfurization of fuel oils using low-viscosity
1-ethyl-3-methylimidazolium dicyanamide ionic liquid. Ind. Eng. Chem. Res. 2011, 50, 2236–2244. [CrossRef]

28. Kratzer, R.; Woodley, J.M.; Nidetzky, B. Rules for biocatalyst and reaction engineering to implement effective,
NAD(P)H-dependent, whole cell bioreductions. Biotechnol. Adv. 2015, 33, 1641–1652. [CrossRef]

29. Chen, Y.; Xia, N.N.; Liu, Y.W.; Wang, P. Efficient biocatalytic preparation of optically pure
(R)-1-[4-(trifluoromethyl)phenyl]ethanol by recombinant whole-cell-mediated reduction. Catalysts 2019, 9,
391. [CrossRef]

30. Church, A.S.; Witting, M.D. Laboratory testing in ethanol, methanol, ethylene glycol, and isopropanol
toxicities. J. Emerg. Med. 1997, 15, 687–692. [CrossRef]

31. Zhang, W.A.; Zhao, Z.Y.; Wang, Z.; Guo, C.; Wang, C.; Zhao, R.; Wang, L. Lipase-catalyzed synthesis of
indolyl 4H-chromenes via a multicomponent reaction in ionic liquid. Catalysts 2017, 7, 185. [CrossRef]

© 2019 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
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/C9AY01518C
http://dx.doi.org/10.1039/c2cs35178a
http://dx.doi.org/10.1002/jctb.4691
http://dx.doi.org/10.1016/j.jbiotec.2010.04.011
http://dx.doi.org/10.1016/j.procbio.2017.12.003
http://dx.doi.org/10.1021/acs.jpcb.6b00362
http://www.ncbi.nlm.nih.gov/pubmed/26910537
http://dx.doi.org/10.1038/srep26158
http://www.ncbi.nlm.nih.gov/pubmed/27185089
http://dx.doi.org/10.1016/j.chemosphere.2012.11.004
http://dx.doi.org/10.1016/j.cjche.2017.09.008
http://dx.doi.org/10.1021/ie1013103
http://dx.doi.org/10.1016/j.biotechadv.2015.08.006
http://dx.doi.org/10.3390/catal9040391
http://dx.doi.org/10.1016/S0736-4679(97)00150-9
http://dx.doi.org/10.3390/catal7060185
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	The Bioreduction Carried out in Phosphate Buffer System 
	Screening of Choline Chloride-Based Deep Eutectic Solvents (DES) 
	Influence of Various DESs on Cell Membrane Permeability 
	Effect of Various DESs on Cell Activity 
	Effects of [ChCl][U] and Its Components on the Asymmetric Reduction 
	Effects of [ChCl][U](1:1) Content, Diverse Buffer Systems, Buffer pH on Asymmetric Reduction 
	Effects of the Type and Content of Co-Substrates, Reaction Temperature on the Asymmetric Reduction of BTAP in [ChCl][U]-Containing Phosphate Buffer System 
	Effects of Cell Concentration, Substrate Concentration and Reaction Time on the Asymmetric Reduction of BTAP in [ChCl][U](1:1)-Containing Phosphate Buffer System 
	Comparison of the Bioreduction in [ChCl][U](1:1)-Containing Phosphate Buffer System and Phosphate Buffer System 

	Materials and Methods 
	Chemicals 
	Culture of the Strain 
	Bioreduction Process and Screening of DESs 
	GC Analysis Methods 
	Cell Membrane Permeability Assay 
	Metabolic Activity Retention (MAR) Assay 
	Effect of [ChCl][U] and Its Components on the Asymmetric Reduction 
	Impact of Vital Parameters on the Bioreduction 
	Optimization of [ChCl][U](1:1) Content, Selection of Buffer Systems and Buffer pH 
	Screening of Co-Substrate, Optimization of Co-Substrate Content, Reaction Temperature in [ChCl][U](1:1)-Containing Phosphate Buffer System 
	Optimization of Cell Concentration, Substrate Concentration and Reaction Time in [ChCl][U](1:1)-Containing Phosphate Buffer System 
	The Comparison of Bioreduction in [ChCl][U](1:1)-Containing Phosphate Buffer System and Phosphate Buffer System 


	Conclusions 
	References

