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Abstract 

Background:  Enantiopure (S)-1-(4-methoxyphenyl) ethanol {(S)-MOPE} can be employed as an important synthon 
for the synthesis of cycloalkyl [b] indoles with the treatment function for general allergic response. To date, the 
biocatalytic resolution of racemic MOPE through asymmetric oxidation in the biphasic system has remained largely 
unexplored. Additionally, deep eutectic solvents (DESs), as a new class of promising green solvents, have recently 
gained increasing attention in biocatalysis for their excellent properties and many successful examples in biocata‑
lytic processes. In this study, the biocatalytic asymmetric oxidation of MOPE to get (S)-MOPE using Acetobacter sp. 
CCTCC M209061 cells was investigated in different two-phase systems, and adding DES in a biphasic system was also 
explored to further improve the reaction efficiency of the biocatalytic oxidation.

Results:  Of all the examined water-immiscible organic solvents and ionic liquids (ILs), 1-butyl-3-methylimidazolium 
hexafluorophoshpate ([C4MIM][PF6]) afforded the best results, and consequently was selected as the second phase of 
a two-phase system for the asymmetric oxidation of MOPE with immobilized Acetobacter sp. CCTCC M209061 cells. 
For the reaction performed in the [C4MIM][PF6]/buffer biphasic system, under the optimized conditions, the initial 
reaction rate, the maximum conversion and the residual substrate e.e. recorded 97.8 μmol/min, 50.5 and >99.9 % after 
10 h reaction. Furthermore, adding the DES [ChCl][Gly] (10 %, v/v) to the aqueous phase, the efficiency of the biocata‑
lytic oxidation was rose markedly. The optimal substrate concentration and the initial reaction rate were significantly 
increased to 80 mmol/L and 124.0 μmol/min, respectively, and the reaction time was shortened to 7 h with 51.3 % 
conversion. The immobilized cell still retained over 72 % of its initial activity after 9 batches of successive reuse in the 
[C4MIM][PF6]/[ChCl][Gly]-containing buffer system. Additionally, the efficient biocatalytic process was feasible up to a 
500-mL preparative scale.

Conclusion:  The biocatalytic asymmetric oxidation of MOPE with Acetobacter sp. CCTCC M209061 cells was suc‑
cessfully conducted in the [C4MIM][PF6]-containing biphasic system with high conversion and enantioselectivity, and 
the reaction efficiency was further enhanced by adding [ChCl][Gly] to the reaction system. The efficient biocatalytic 
process was promising for the preparation of enantiopure (S)-MOPE.
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Background
Chiral alcohols are one kind of pivotal building blocks for 
synthesis of chiral pharmaceuticals, agrochemicals, fla-
vors, fragrances and functional materials [1, 2]. Among 
them, enantiopure 1-(4-methoxyphenyl) ethanol (MOPE) 
is a key chiral building block. For example, (S)-1-(4-
methoxyphenyl) ethanol {(S)-MOPE} can be employed 
for the synthesis of cycloalkyl [b] indoles which have the 
treatment function for general allergic response [3, 4]. 
And (R)-1-(4-methoxyphenyl) ethanol {(R)-MOPE} can 
be used for the preparation of chiral 3-aryl-3-substituted 
propanoic acids with anti-inflammatatory activity [5]. 
Currently, enantiopure chiral alcohols could be prepared 
mainly through chemical or biological approaches. Com-
pared with chemical methods, biological methods have 
gained much attention owing to their mild reaction con-
ditions, high enantioselectivity and being environmental 
friendly. Generally, whole microbial cells rather than iso-
lated enzymes are used preferentially as the biocatalysts 
to avoid enzyme purification and coenzyme addition or 
the requirement for an additional system for coenzyme 
regeneration as well as the inactivation of the related 
enzymes by keeping them within the natural environ-
ments of cells. Additionally, utilization of immobilized 
microbial cells can not only facilitate separation of prod-
uct, but also make biocatalysts recyclable, thus greatly 
simplifying the biocatalytic process and reducing the 
cost.

There are so far some reports on the biocatalytic syn-
thesis of enantiomerically pure (S)-MOPE catalyzed by 
microbial cells, which focus on the biocatalytic asymmet-
ric reduction of 4′-methoxyacetophenone (MOAP) [6–8]. 
To our knowledge, however, the biocatalytic resolution of 
racemic MOPE through whole cell-mediated asymmetric 
oxidation to obtain (S)-MOPE has remained largely unex-
plored. In our previous study [9], the whole cell of Ace-
tobacter sp. CCTCC M209061 isolated from China kefir 
[10] was capable of catalyzing the asymmetric oxidation 
of MOPE in an aqueous monophasic system with above 
98  % e.e. of (S)-MOPE. However, the optimal substrate 
concentration was only 30  mmol/L, limiting the indus-
trial application of the biocatalytic process. In this case, 
it was found that the substrate and product had notably 
inhibitory and toxic effects on the microbial cells in the 
aqueous monophasic system, probably resulting in the 
low reaction efficiency. Generally, a biphasic system has 
been developed in order to solve the above-mentioned 
problems [11, 12], where an aqueous phase contains 
microbial cells and a water-immiscible organic solvent 
or ionic liquid phase acts as a reservoir for substrate and 
product. In many cases [13–16], use of a biphasic system 
especially containing more biocompatible ionic liquid 
was shown to be effective in lowering the inhibitory and 

toxic effects of substrate and product on microbial cells 
and thus increasing the concentration of reactant. There-
fore, it was of great interest to investigate the biocatalytic 
asymmetric oxdiation of MOPE with Acetobacter sp. 
CCTCC M209061 cells in a two-phase system to boost 
the reaction efficiency.

Deep eutectic solvents (DESs), as a new generation of 
promising ionic liquid analogues composed of a quater-
nary ammonium salt and a metal salt or hydrogen bond 
donor [17, 18], have been applied in many respects [19–
21]. Much attention has recently been paid to their appli-
cations in biocatalysis with successful results [22, 23], 
because of their nontoxic nature, good biodegradability 
and low cost. Up to now, few works have been published 
about the whole-cell biocatalysis in DES-containing sys-
tems [24–26]. In these cases, DESs were able to effec-
tively prompt the biotransformations and manifested 
great potential for whole-cell biocatalytic process.

In the present study, we have for the first time utilized 
various water-immiscible organic solvents and especially 
ionic liquids (ILs) as the second phase of a two-phase 
system to improve the biocatalytic resolution of racemic 
MOPE to obtain enantiopure (S)-MOPE through asym-
metric oxidation, catalyzed by immobilized Acetobacter 
sp. CCTCC M209061 cells (Scheme  1). The biocompat-
ibility of these ILs with Acetobacter sp. CCTCC M209061 
and their effects on the biocatalytic reaction were 
explored systematically. Furthermore, adding DES to a 
water-immiscible IL-based biphasic system was exam-
ined for further enhancing the reaction efficiency of the 
biocatalytic oxidation of MOPE, and the efficient biocat-
alytic process was evaluated on a preparative scale.

Results and discussion
Effect of different water‑immiscible organic solvents 
and ILs on the asymmetric oxidation of MOPE 
with immobilized Acetobacter sp. CCTCC M209061 cells
In many cases [27–29], the inhibition of substrate and/
or product was unavoidable to the biocatalytic reaction 
in the aqueous system. Therefore, a biphasic system con-
sisted of organic solvent or hydrophobic IL and buffer 
was conducted to improve the efficiency of the biocata-
lytic process. Many investigations have shown that the 
effects of different hydrophobic organic solvents and 
ILs on a biocatalytic reaction varied widely, and in many 
cases [26, 30, 31], the conversion/yield and the residual 
substrate or product e.e. would be enhanced significantly 
in the presence of the organic solvents or ILs compared 
to those in a aqueous monophasic phase. In this study, 
seven organic solvents and five hydrophobic ILs were 
selected to investigate the influence on the asymmetric 
oxidation of MOPE catalyzed by immobilized Acetobac-
ter sp. CCTCC M209061 cells. As shown in Table 1, the 
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initial reaction rate and conversion were improved appar-
ently with the increasing hydrophobic of organic solvents 
(Log P). The immobilized cells emerged a better catalytic 
activity in n-hexane/buffer system among the surveyed 
seven organic solvents, with a higher initial reaction rate 
(51.3 μmol/min) and conversion yield (48.0 %). The more 
drastic hydrophobic of organic solvents, the higher initial 
rate and conversion were gained until the Log P reached 
3.5 (n-hexane). When the Log P further increased, the 
initial reaction rate, the maximum conversion as well as 
the enantioselectivity decreased sharply, which might 

resulted from the stronger extraction of the phosphatide 
of the cytomembrane as the more hydrophobicity of the 
organic solvents. The fierce extraction led to inactivation 
of the microbial cells [32].

When the biocatalytic reaction is investigated in the 
IL/buffer system, the catalytic performance of the whole-
cell is closely related to the cation and the anion types 
of ILs in various biphasic systems containing IL, and 
also the varied effects of ILs on the biocatalytic reac-
tions have been found variously [33–35]. Therefore, five 
ILs have been investigated, in order to understand the 

Scheme 1  The asymmetric oxidation of racemic MOPE with immobilized Acetobacter sp. CCTCC M209061 cells in DES-containing biphasic system

Table 1  Effect of various hydrophobic solvents on the asymmetric oxidation of MOPE catalyzed by Acetobacter sp. CCTCC 
M209061 cells

Reaction conditions: 3.5 mL TEA-HCl buffer (100 mmol/L, pH 6.5); 0.3 g/mL immobilized cells; 122 mmol/L acetone; 1.5 mL organic solvent containing 5.04 mmol/L 
n-tetradecane (as internal standard) or 1.5 mL hydrophobic IL; 50 mM MOPE; 30 °C; 200 rpm
a  The maximum conversion
b  The residue substrate e.e.

Hydrophobic solvents Log P Initial rate (μmol/min) Reaction time (h) Conversiona (%) e.e.b (%)

Aqueous buffer – 75.0 10.0 47.5 91.7

Ethyl acetate/buffer 0.7 7.2 26.0 24.1 31.7

Isopropyl ether/buffer 1.9 16.8 24.0 36.0 56.3

Cyclohexane/buffer 3.0 45.0 13.0 47.2 89.0

n-hexane/buffer 3.5 51.3 12.0 48.0 92.3

Isooctane/buffer 3.9 42.5 15.0 45.5 83.4

n-nonane/buffer 4.7 34.9 18.0 42.7 74.5

Dodecane/buffer 6.6 30.3 20.0 41.0 69.5

[C4MIM][PF6]/buffer – 59.3 12.0 48.5 95.1

[C5MIM] [PF6]/buffer – 50.1 12.5 46.3 87.3

[C2MIM][Tf2N]/buffer – 42.6 13.0 41.6 72.4

[C4MIM][Tf2N]/buffer – 36.1 14.0 35.5 56.0

[PP14][Tf2N]/buffer – 25.9 15.0 30.1 44.6
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influences of cations and anions in different ILs on such 
a reaction. Clearly shown in Table  1, When the cation 
was [CnMIM]+, and the anion was [PF6]− or [Tf2N]− in 
the biphasic reaction system, the initial reaction rate 
and the maximum conversion and the residual sub-
strate e.e. decreased sharply with the length of the alkyl 
chain of the ILs’ cation (i.e. increasing n value), which 
could be ascribed to the increased viscosity and toxic-
ity of these ILs with the increased n value. It was noted 
that, when the cation was [C4MIM]+ and [Tf2N]-based 
IL gave much lower initial reaction rate, conversion and 
residual substrate e.e. than the IL with [PF6]−. Moreover, 
the two [Tf2N]-based ILs biphasic systems, the bio-oxi-
dation reaction efficiency changed as IL cation changed. 
The efficiency of the biocatlytic reaction was decelerated 
when the [PP14]+ replaced the [C4MIM]+ and the resid-
ual substrate e.e. was worst affected.

The best results were seen in [C4MIM][PF6]/buffer sys-
tem of the five investigated IL/buffer systems and seven 
organic solvents, where the initial reaction rate and the 
maximum conversion of the asymmetric oxidation of 
racemic MOPE reached 59.3  μmol/min and 48.5  %, 
respectively, with the residual substrate e.e. of 95.1 %.

Biocompatibility of organic solvents and ILs 
with Acetobacter sp. CCTCC M209061 cells
According to the existing studies [36, 37], the second 
phase has been found to be toxic to the biocatalysts, 
regardless of no matter organic solvents or ILs. Therefore, 

it is necessary to evaluate the biocompatibility of the used 
organic solvents and ILs by directly measuring the sugar 
metabolic activity retention (MAR, %) of Acetobacter sp. 
CCTCCM209061 cell, which generally depends on its 
tolerance to solvents and is taken as an easy indicator of 
cell viability [37, 38], after 24 h exposure to the two-phase 
systems involving various ILs and organic solvents, in the 
absence and presence of substrate. As shown in Fig. 1, the 
MAR value of the Acetobacter sp. CCTCCM209061 cells 
was lower in all the tested organic solvents and ILs bipha-
sic systems than that in aqueous system in the absence 
of MOPE, suggesting that the examined organic solvents 
and ILs were all toxic to Acetobacter sp. CCTCCM209061 
cells to some extent. The MAR value varied obviously in 
the investigated organic solvents and hydrophobic ILs, 
of which [C4MIM][PF6] exhibited the best biocompat-
ibility with the microbial cells and giving the highest 
MAR value of 92 %. Also, it was noteworthy that in the 
existence of MOPE (50  mmol/L) the MAR value of the 
microbial cells after incubation decreased clearly in all 
the tested systems as compared with that without MOPE, 
which possibly resulting from the toxicity of the substrate 
MOPE to Acetobacter sp. CCTCCM209061 cells. Of all 
reaction media, the highest MAR value of the micro-
bial cells (86 %) at the present of MOPE was observed in 
[C4MIM][PF6]/buffer system. This agreed with the fastest 
initial reaction rate, the maximum conversion achieved 
in the [C4MIM][PF6]-based biphasic system. Interest-
ingly noticed that, the MAR value with MOPE was 

Fig. 1  Effect of various organic solvents and ILs on glucose metabolic activity retention of Acetobacter sp. CCTCC M209061 cells. Reaction conditions: 
2 mL TEA-HCl buffer (100 mmol/L, pH 6.5); 0.3 g/mL immobilized beads (cell wet weight 0.048 g/mL); 3 mL organic solvent or IL; 50 mmol/L MOPE; 
30 °C; 200 rpm for 24 h; washed 3 times with deionized water; 10 g/L glucose incubated for 4 h; 30 °C
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reduced only 6  % relative to that without MOPE in the 
[C4MIM][PF6]/buffer system, which was much less than 
that (abound 25  %) in aqueous system, indicating that 
the [C4MIM][PF6]-based biphasic system could not only 
have the good biocompatibility to the Acetobacter sp. 
CCTCCM209061 cells, and also have excellent extraction 
to MOPE. As a result, the [C4MIM][PF6] was selected as 
the second phase in the biphasic system for the asymmet-
ric oxidation of racemic MOPE.

Effects of several key variables on the asymmetric 
oxidation of racemic MOPE with immobilized Acetobacter 
sp. CCTCCM209061 in biphasic system
The above-described results clearly showed that the 
[C4MIM][PF6]/buffer biphasic system was the potential 
reaction medium for the asymmetric oxidation of racemic 
MOPE catalyzed by immobilized Acetobacter sp. CCTCC 
M209061 cells. And consequently the biocatalytic process 
was systematically optimized in the existence of [C4MIM]
[PF6] to further improve the biotransformation with 
respect to the initial reaction rate, the maximum conver-
sion and the residual substrate e.e. on the basis of several 
crucial variables such as [C4MIM][PF6] content, reaction 
temperature, buffer pH, substrate concentrations.

It has been demonstrated that the amount of IL in a 
biphasic system affects significantly on the activity, enan-
tioselectivity and stability of enzymes and microbial cells 
[39, 40]. Therefore, it is necessary to investigate the effect 
of [C4MIM][PF6] content in the biphasic system. As 
depicted in Table  2, the content of the [C4MIM][PF6] in 
the IL/buffer biphasic system displayed significant influ-
ence on the biocatalytic reaction. The initial reaction rate 
increased drastically as the occupancy volume of [C4MIM]
[PF6] increased from 12 to 20 %, and the maximum con-
version as well as the residual substrate e.e. also went up 
to some extent. However, further increased the content of 
[C4MIM][PF6] resulted in a clear drop in the initial reac-
tion rate, the conversion and the residual substrate e.e. The 

increase in the initial reaction rate and the maximum con-
version with the raised [C4MIM][PF6] content up to 20 % 
may be accounted for the improved membrane permeabil-
ity, which led to the enhance of mass transfer of the sub-
strate and the product to and from the immobilized cells 
at a proper [C4MIM][PF6] content. However, the decline in 
the initial rate and the conversion at higher [C4MIM][PF6] 
content could due to the increased viscosity of the system, 
limiting the mass transfer, and the higher level of IL toxic-
ity to the cells. Therefore, the optimal [C4MIM][PF6] con-
tent was considered as 20 %.

Diverse pH values could not only influence the activ-
ity and the selectivity of the biocatalyst, but also the recy-
cle of the coenzyme existing in the microbial cells, which 
in turn affects the reaction rate distinctly [41]. Hence, 
the effects of various pHs (4.0-8.0) on the activities of 
immobilized Acetobacter sp. CCTCC M209061cells 
were examined for the asymmetric oxidation of racemic 
MOPE. As illustrated in Fig. 2, raising buffer pH from 4.0 
to 6.5 gave a rise to an increase in the initial rate and the 
maximum conversion, and there was almost no change in 
the residual substrate e.e. (>99 %). While further rising in 
buffer pH from 6.5 to 8.0 led to a clear drop in the ini-
tial rate and the maximum conversion. Thus, the optimal 
buffer pH was shown to be 6.5.

Reaction temperature can significantly affect the selec-
tivity and stability of the whole-cell catalyst, as well as the 
equilibrium of a reaction [42]. Therefore, it is necessary 
to examine the influences of different reaction tempera-
ture on the asymmetric oxidation process. As shown in 
Fig.  3, the oxidation reaction proceeded faster and the 
maximum conversion increased with raising temperature 
up from 20 to 30 °C. Further rise in temperature led to a 
clear drop in the initial reaction rate, the maximum con-
version as well as the residual substrate e.e., which could 
be attributed to the partial inactivation of the microbial 
cells. Thence, the optimal temperature for the reaction 
was considered to be 30 °C.

Table 2  Effect of  [C4MIM][PF6] concentration on the asymmetric oxidation of MOPE catalyzed by Acetobacter sp. CCTCC 
M209061 cells

Reaction conditions: 5 mL different ratio [C4MIM][PF6] and TEA-HCl buffer (100 mmol/L, pH 6.5); 0.3 g/mL immobilized cells; 80 mmol/L acetone; 50 mmol/L MOPE; 
30 °C; 200 rpm
a  The maximum conversion
b  The residue substrate e.e.

[C4MIM][PF6] concentration (%) Initial rate (μmol/min) Reaction time (h) Conversiona (%) e.e.b (%)

12 57.3 12.5 48.0 93.4

18 67.7 12.0 49.1 97.5

20 75.0 11.0 50.7 99.9

22 68.4 11.5 49.6 99.4

25 59.3 12.0 48.5 95.1

30 50.9 13.0 47.2 90.4
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Table  3 described the dramatic influence of substrate 
concentration on the reaction in [C4MIM][PF6]/buffer 
system. The initial reaction rate increased markedly 
from 89.2 to 97.8  μmol/min with the change of MOPE 
concentration from 55 to 65  mmol/L, while the maxi-
mum conversion showed a little decrease, and there was 
almost no change in the residual substrate e.e. (>99.9 %). 
Further increasing the substrate concentration from 65 
to 80  mmol/L resulted in a significant drop in the ini-
tial reaction rate, possibly due to the growing substrate 
inhibition on the immobilized Acetobacter sp. CCTCC 
M209061 cells. Consequently, the optimal substrate 
concentration in the [C4MIM][PF6]/buffer system was 
regarded as 65 mmol/L.

Effect of adding [ChCl][Gly] for enhancing the substrate 
concentration of MOPE in the biphasic system
Though hydrophobic ILs/buffer biphasic system could 
effectively alleviate the substrate or product inhibition, 
the initial reaction rate was lower than that in aqueous 
system that will prolong the reaction time [43, 44], which 
motivated us to find a new reagent to further improve the 
efficiency of asymmetric oxidation reaction. Existing stud-
ies showed that the addition of the water-miscible DES 
into an aqueous system was able to expedite the biocata-
lytic reaction [26, 45]. Therefore, it was of great interest 
to combine water-miscible DES with water-immiscible IL 
to seriously improve the efficiency of asymmetric oxida-
tion of racemic MOPE with the immobilized Acetobacter 
sp. CCTCC M209061cells. Based on our previous study 
[26], a kind of DES ([ChCl][Gly]) was appended in the 
biphasic system, which occupancy volume was 10 % of the 
buffer to ameliorate the catalytic oxidation process. When 
enhanced the concentration of MOPE regularly, the initial 
rate was increased constantly, until the substrate concen-
tration reached 80 mmol/L in the existence of [ChCl][Gly] 
[C4MIM][PF6]/buffer biphasic system. As shown in Table 4, 

Fig. 2  Effect of buffer pH on the asymmetric oxidation of MOPE in 
[C4MIM][PF6]/buffer biphasic system. Reaction conditions: 4 mL TEA-
HCl buffer (100 mmol/L, pH 4.0–8.0); 1 mL [C4MIM][PF6]; 50 mmol/L 
MOPE; 0.3 g/mL immobilized beads; 80 mmol/L acetone; 30 °C; 
200 rpm

Fig. 3  Effect of temperature on the asymmetric oxidation of MOPE 
in [C4MIM][PF6]/buffer biphasic system. Reaction conditions: [C4MIM]
[PF6]/buffer biphasic system: 4 mL TEA-HCl buffer (100 mmol/L, pH 
6.5), 1 mL [C4MIM][PF6]; 50 mmol/L MOPE; 0.3 g/mL immobilized 
beads; 80 mmol/L acetone; 20–45 °C; 200 rpm

Table 3  Effect of substrate concentration on the asymmetric oxidation of MOPE in [C4MIM][PF6]/buffer biphasic system

Reaction conditions: 4 mL TEA-HCl buffer (100 mmol/L, pH 6.5); 0.3 g/mL immobilized cells; 122 mmol/L acetone; 1 mL [C4MIM][PF6]; 55–80 mmol/L MOPE; 30 °C; 
220 rpm
a  The maximum conversion
b  The residue substrate e.e.

Substrate concentration (mmol/L) Initial reaction rate (μmol/min) Reaction time (h) Conversiona (%) e.e.b (%)

55.0 89.2 11.0 51.8 99.9

60.0 93.6 10.5 51.1 99.9

65.0 97.8 10.0 50.5 99.9

70.0 95.9 11.0 49.4 98.6

75.0 84.5 12.0 48.8 96.4

80.0 74.1 13.0 47.5 91.5
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the maximum conversion and the residual substrate e.e. 
were 51.3 and  >99.9  %, respectively. Compared with the 
[C4MIM][PF6]/buffer system, the introduction of [ChCl]
[Gly] to the reaction system was improved the substrate 
concentration from 65 to 80 mmol/L, shortening the reac-
tion from 10 h to 7 h with a higher initial rate (97.8 μmol/
min VS 124.0  μmol/min). The influence of [ChCl][Gly] 
might result mostly by the improved cell membrane per-
meability, which expedited the mass transfer, thus giving 
rise to a higher initial reaction rate, reducing the toxic and 
inhibitory effects of the substrate as well as the product and 
limiting the reverse reaction [45]. As shown in the Fig. 4, 
when the concentration of racemic MOPE was 80 mmol/L, 
the asymmetric oxidation with the immobilized cells were 
evaluated in [C4MIM][PF6]/buffer system and [C4MIM]
[PF6]/[ChCl][Gly]-containing buffer system, respec-
tively. Compared with the reaction without [ChCl][Gly] 
in the biphasic system, the initial rate (74.1  μmol/min vs 
124.0 μmol/min) and the maximum conversion (47.5 % vs 
51.3 %) was increased rapidly, and the reaction process was 
curtate for 6 h in the [C4MIM][PF6]/[ChCl][Gly]-contain-
ing buffer system, which encouraged us to the further study 
about the operational stability of the immobilized Aceto-
bacter sp. CCTCC M209061 cells and preparative scale 
biocatalytic asymmetric oxidation of racemic MOPE by the 
immobilized Acetobacter sp. CCTCC M209061 cells in the 
[C4MIM][PF6]/[ChCl][Gly]-containing buffer system. 

Operational stability of immobilized Acetobacter sp. CCTCC 
M209061 cells
To evaluate the operational stability of the immobilized 
Acetobacter sp. CCTCC M209061 cells, the batch reuse 
of the immobilized cells was investigated in the various 
reaction systems under the optimized reaction condi-
tions. Between each cycle of the reaction, the immobilized 
cells were recovered by filtration, washed with water, 
and then reused in the next run. As shown in Fig. 5, the 

immobilized cells showed superior retention of activity in 
[C4MIM][PF6]/[ChCl][Gly]-containing buffer system com-
pared to that in aqueous system and [C4MIM][PF6]/buffer 
system, the relative activity remained around 72.0 % after 9 
batches, which revealed a favourable application prospect.

Preparative scale biocatalytic oxidation of MOPE in various 
reaction systems
To test the applicability of the biocatalytic asymmetric 
oxidation of MOPE to obtain (S)-MOPE using immo-
bilized Acetobacter sp.CCTCC M209061 cells in vari-
ous reaction systems, the bio-oxidation on 500  mL 
preparative scale was carried out. The reaction process 

Table 4  Effect of substrate concentration on the asymmetric oxidation of MOPE in C4MIM·PF6/[ChCl][Gly]- buffer biphasic 
system

Reaction conditions: 4 mL TEA-HCl buffer (100 mmol/L, pH 6.5); 0.3 g/mL immobilized cells; 122 mmol/L acetone; 1 mL [C4MIM][PF6]; 70–95 mmol/L MOPE; 30 °C; 
220 rpm
a  The maximum conversion
b  The residue substrate e.e.

Substrate concentration (mmol/L) Initial reaction rate (μmol/min) Reaction time (h) Conversiona (%) e.e.b (%)

70.0 90.6 9.0 51.8 99.9

75.0 94.9 8.5 51.1 99.9

80.0 124.0 7.0 51.3 99.9

85.0 107.2 10.0 49.4 98.6

90.0 95.8 11.0 48.8 96.4

95.0 85.4 12.0 47.5 91.5

Fig. 4  Biocatalytic process of the asymmetric oxidation of MOPE with 
Acetobacter sp. CCTCC M209061 strain in different reaction systems. 
Reaction conditions: (1) [C4MIM][PF6]/buffer biphasic system: 4 mL 
TEA-HCl buffer (100 mmol/L, pH 6.5); 1 mL [C4MIM][PF6]; 80 mmol/L 
MOPE; 0.3 g/mL immobilized beads; 122 mmol/L acetone; 30 °C; 
220 rpm. (2) [C4MIM][PF6]/[ChCl][Gly]-buffer biphasic system:3.6 mL 
TEA-HCl buffer (100 mmol/L, pH 6.5); 1 mL [C4MIM][PF6]; 0.4 mL [ChCl]
[Gly]; 80 mmol/L MOPE, 0.3 g/mL immobilized beads; 122 mmol/L 
acetone; 30 °C; 220 rpm
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was monitored by GC analysis, and the reactants were 
extracted from the reaction mixture with isopropyl ether 
when no (R)-MOPE was detected. The initial reaction 
rate (111.3  μmol/min) and the maximum conversion 
(50.2  %) of the asymmetric oxidation in the [C4MIM]
[PF6]/[ChCl][Gly]-containing buffer biphasic system was 
slightly lower than that in 5-mL scale after reaction for 
7 h, but the residual substrate e.e. still above 99.9 %. Obvi-
ously, the reaction efficiency of the asymmetric oxidation 
of racemic MOPE in the [C4MIM][PF6]/[ChCl][Gly]-
containing buffer biphasic system was much higher than 

that in aqueous system and [C4MIM][PF6]/buffer system 
(shown in Table 5). Hence, the immobilized Acetobacter 
sp. CCTCC M209061 cell-catalyzed asymmetric oxida-
tion of racemic MOPE on a preparative scale [C4MIM]
[PF6]/[ChCl][Gly]-containing buffer biphasic system was 
promising and competitive.

Conclusion
The biocatalytic resolution of racemic MOPE to get 
enantiopure (S)-MOPE was successfully performed with 
high conversion and enantioselectivity through asym-
metric oxidation of MOPE catalyzed by Acetobacter 
sp. CCTCC M209061 cells in a two-phase system. The 
examined water-immiscible ILs and organic solvents as 
the second phase of a two-phase system manifested sig-
nificant but different effects on the microbial cell-based 
oxidation reaction. Of all these solvents, the IL [C4MIM]
[PF6] showed better biocompatibility with the microbial 
cells and presented the best biotransformation results. 
Furthermore, the reaction efficiency of the biocatalytic 
oxidation of MOPE was further enhanced by adding the 
DES [ChCl][Gly] to the [C4MIM][PF6]-based biphasic 
system. The immobilized cells indicated excellent opera-
tional stability in the reaction system. Also, the biocata-
lytic process was feasible up to a 500-mL preparative 
scale. Obviously, the efficient biocatalytic asymmetric 
oxidation of MOPE in the biphasic system involving 
[C4MIM][PF6] and [ChCl][Gly] was promising.

Methods
Biological and chemical materials
The strain of Acetobacter sp. CCTCC M209061 used in 
the experiment was isolated from Chinese kefir grains by 
our research group and conserved in our laboratory [10].

Racemic MOPE (98  % purity) was purchased from 
Alfa Aesar (USA). 4′-Methoxyacetophenone (99  %) and 
n-tetradecane (>99  %) were purchased from TCI (Japan). 

Fig. 5  Operational stability of immobilized Acetobaceter sp. CCTCC 
M209061 cells in various reaction systems. Reaction conditions: (1) 
aqueous buffer system: 500 mL TEA-HCl buffer (100 mmol/L, pH 6.5); 
30 mmol/L MOPE; 0.3 g/mL immobilized beads; 70 mmol/L acetone; 
30 °C; 180 rpm. (2) [C4MIM][PF6]/buffer biphasic system: 400 mL TEA-
HCl buffer (100 mmol/L, pH 6.5), 100 mL [C4MIM][PF6]; 65 mmol/L 
MOPE; 0.3 g/mL immobilized beads; 122 mmol/L acetone; 30 °C; 
220 rpm. (3) [C4MIM][PF6]/[ChCl][Gly]-containing buffer biphasic 
system:360 mL TEA-HCl buffer (100 mmol/L, pH 6.5); 100 mL [C4MIM]
[PF6]; 40 mL [ChCl][Gly]; 80 mmol/L MOPE; 0.3 g/mL immobilized 
beads; 122 mmol/L acetone; 30 °C; 220 rpm

Table 5  Preparative scale oxidation of racemic MOPE catalyzed by Acetobacter sp. CCTCC M209061 cells in various reac-
tion systems

Reaction conditions: (1) aqueous buffer system: 500 mL TEA-HCl buffer (100 mmol/L, pH 6.5); 30 mmol/L MOPE, 0.3 g/mL immobilized beads; 70 mmol/L acetone; 
30 °C; 180 rpm. (2) [C4MIM][PF6]/buffer system: 400 mL TEA-HCl buffer (100 mmol/L, pH 6.5), 100 mL [C4MIM][PF6]; 65 mmol/L MOPE; 0.3 g/mL immobilized beads; 
122 mmol/L acetone; 30 °C; 220 rpm. (3) [C4MIM][PF6]/[ChCl][Gly]-containing buffer system: 360 mL TEA-HCl buffer (100 mmol/L, pH 6.5); 100 mL [C4MIM][PF6]; 40 mL 
[ChCl][Gly]; 80 mmol/L MOPE; 0.3 g/mL immobilized beads; 122 mmol/L acetone; 30 °C; 220 rpm
a  The maximum conversion
b  The residual substrate e.e.

Reaction media Optimal substrate  
concentration (mmol/L)

Initial rate  
(μmol/min)

Reaction  
time (h)

Conversiona  
(%)

e.e.b (%)

Buffer 30.0 95.0 9.0 45.6 85.0

C4MIM·PF6/buffer 65.0 90.3 10.0 49.2 97.9

C4MIM·PF6/[ChCl][Gly]-containing 
buffer

80.0 113.3 7.0 50.2 99.9
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The five ILs used in this work, 1-butyl-3-methylimidazo-
lium hexafluorophoshpate ([C4MIM][PF6]), 1-pentyl-3- 
methylimidazolium hexafluorophoshpate ([C5MIM][PF6]), 
 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl) 
imide ([C2MIM][Tf2N]), 1-butyl-3-methylimidazolium 
bis(trifluoromethanesulfonyl)imide ([C4MIM][Tf2N]), 
 N-butyl-N-methylpiperidinium bis(trifluoromethanesulfon 
yl)imide ([PP14][Tf2N]) were purchased from Lanzhou Insti-
tute of Chemical Physics (China) with a purity of >98 %. All 
other reagents and solvents were of analytical grade and 
used without further purification.

Cultivation and immobilization of Acetobacter sp. CCTCC 
M209061 cells
Acetobacter sp. CCTCC M209061 was cultivated accord-
ing to our previous described methods [46]. The wet cells 
of Acetobacter sp. CCTCC M209061 were immobilized 
before used in the asymmetric oxidation, and the immo-
bilization via chitosan entrapment and cross-linked by 
glyoxal and tetrasodium pyrophosphate mixing solution 
[26]. In a short, a homogenous cell/chitosan suspension 
was prepared at 25 °C by adding 6 g of fresh cells suspen-
sion (3 g wet cells in 3 mL water) into 47 mL of a homo-
geneous aqueous chitosan solution [3  %, w/v; prepared 
by dissolving chitosan in acetate buffer (pH 4.2)], heating 
and ultrasonic processing (20 kHz, 30 min). The suspen-
sion was added dropwise by a syringe into the cross-
linking solution, which was mixed by 4  % (w/v) glyoxal 
solution and an equal volume of 3  % (w/v) tetrasodium 
pyrophosphate solution (pH 8.0). The immobilized beads 
were placed at room temperature for 30 min to harden. 
Then the beads were transferred to 0.05 % glutaraldehyde 
for reinforcement treatment [47, 48]. Collect the immo-
bilized cells and washed the immobilized cells with steri-
lized water to remove the residual solution. The capacity 
of Acetobacter sp. CCTCC M209061 cells (based on cell 
wet mass) on the beads was 15  % (w/w). The resulting 
beads were stored in triethanolamine (TEA)-HCl buffer 
(100 mmol/L, pH 6.5) at 4 °C for later use.

General procedure for biocatalytic asymmetric oxidation 
of MOPE
In a typical experiment, a system (5.0  mL) consisted of 
1.5  mL organic solvent (containing 5.04  mmol/L n-tet-
radecane as an internal standard) or hydrophobic IL and 
3.5 mL TEA–HCl buffer (100 mmol/L, pH 6.5) added to a 
10 mL Erlenmeyer flask capped with a septum. And then 
0.3 g/mL immobilized cells as well as 80 mmol/L acetone 
(the concentration was based on the reaction system) 
were added to the system. The reaction mixture was pre-
incubated at an appropriate temperature and shaking 
rare for 15 min and then was initiated by adding MOPE 
(precalculated concentration, based on the volume of the 

entire solvent system) to the reaction system. Samples 
(50 μL) from organic phase or IL phase were taken regu-
larly. The samples from organic phase can be tested for 
GC analysis directly, and product and residual substrate 
should be extracted from the samples of IL phase with 
100  μL isopropyl (2 ×  50  μL) containing 5.04  mmol/L 
n-tetradecane (internal standard). The details of the reac-
tion were specified for each case.

Metabolic activity retention measurement
The metabolic activity retention (MAR, %) of immobi-
lized Acetobacter sp. CCTCC M209061 cells was defined 
as the ratio of the consumed glucose amount by the 
immobilized cells pretreated in various media to that by 
the immobilized cells pretreated in aqueous buffer (as 
the control) [49, 50]. The MAR of immobilized Aceto-
bacter sp. CCTCC M209061 cells was tested after 24  h 
exposure in various systems consisting of 3  mL differ-
ent organic solvents or hydrophobic ILs and 2 mL TEA-
HCl buffer (100 mmol/L, pH 6.5), or in 5 mL TEA-HCl 
buffer (100  mmol/L, pH 6.5) system in the presence or 
in the absence of substrate (50  mmol/L MOPE, based 
on the volume of the entire solvent system), respectively. 
The immobilized Acetobacter sp. CCTCC M209061 cells 
were added to each system with the final concentration 
being 0.3 g/mL, and then incubated (30 °C, 200 rpm) for 
24  h. After the incubation, the immobilized cells were 
collected by filtration, washed three times with distilled 
water, transferred to glucose solution (10 mL, 10.0 g/L), 
and then incubated at 30 °C and 200 rpm for 4 h. The glu-
cose concentration in the medium was then assayed by 
HPLC.

Analytical methods
The product and the residual substrate were analyzed by 
GC (Shimadzu GC 2010) as reported previously [26]. The 
retention times for n-tetradecane, MOAP, (R)-MOPE and 
(S)-MOPE were 3.3, 4.4, 5.4 and 5.6  min, respectively. 
The glucose concentration was assayed by high-perfor-
mance liquid chromatography (HPLC) as described pre-
viously [14]. The average error for these determinations 
were  <1.0  %. All reported data are averages of experi-
ments performed at least in duplicate.
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HCl; [C4MIM][PF6]: 1-Butyl-3-methylimidazolium hexafluorophoshpate; [C5MIM]
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[ChCl][Gly]: A kind of deep eutectic solvent prepared by choline chloride and 
glycerol.
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