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Abstract Biotransformation is a green and useful tool for
sustainable and selective chemical synthesis. However, it of-
ten suffers from the toxicity and inhibition from organic sub-
strates or products. Here, we established a hollow fiber mem-
brane bioreactor (HFMB)-based aqueous/organic biphasic
system, for the first time, to enhance the productivity of a
cascade biotransformation with strong substrate toxicity and
inhibition. The enantioselective trans-dihydroxylation of sty-
rene to (S)-1-phenyl-1,2-ethanediol, catalyzed by Escherichia
coli (SSP1) coexpressing styrene monooxygenase and an ep-
oxide hydrolase, was performed in HFMB with organic sol-
vent in the shell side and aqueous cell suspension in the lumen
side. Various organic solvents were investigated, and n-
hexadecane was found as the best for the HFMB-based bi-
phasic system. Comparing to other reported biphasic systems
assisted by HFMB, our system not only shield much of the
substrate toxicity but also deflate the product recovery burden
in downstream processing as the majority of styrene stayed in
organic phase while the diol product mostly remained in the
aqueous phase. The established HFMB-based biphasic system
enhanced the production titer to 143 mM, being 16-fold
higher than the aqueous system and 1.6-fold higher than the
traditional dispersive partitioning biphase system.
Furthermore, the combination of biphasic system with
HFMB prevents the foaming and emulsification, thus reduc-
ing the burden in downstream purification. HFMB-based
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biphasic system could serve as a suitable platform for enhanc-
ing the productivity of single-step or cascade biotransforma-
tion with toxic substrates to produce useful and valuable
chemicals.
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Introduction

Biotransformation is a useful and green tool to produce
chemicals, especially enantiopure compounds that are useful
and valuable intermediates for pharmaceutical manufacture
(Breuer et al. 2004; Connors et al. 1997; Gao et al. 2014; Li
et al. 2013; May and Padgette 1983; Raghavan and Rathore
2009; Reetz et al. 1997; Yang et al. 2014). Despite great
achievements in this field, many biotransformations still suffer
from the toxic and inhibitory effects of the organic substrates
and products, exhibiting unsatisfied productivities. To tackle
the inhibition and toxicity problems, solid-liquid biphasic sys-
tem using solid particle (e.g., resin) for adsorption and mild
delivery of organic substrate and product was developed for
biotransformations (Lau et al. 2002; Mei et al. 2009; Mirata
et al. 2009; Park et al. 2007; Roddick and Britz 1997; Wang
etal. 2011; Xue et al. 2010; Zhao et al. 2006). However, this
approach often suffers from low sorption capacities, specific-
ity, and diffusion coefficient (Praveen and Loh 2012, 2013b).
Another approach to prevent the toxicity and inhibition is to
use a traditional dispersive partitioning biphase (TDPB) sys-
tem, where an organic solvent or ionic liquid is used as the
second liquid phase to harbor the majority of the toxic sub-
strate and product (Cornmell et al. 2008; Gao et al. 2014;
Gong and Xu 2005; He et al. 2006; Kansal and Banerjee
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2009; Li et al. 2011). However, the second liquid phase in
TDPB system could potentially impair enzyme or cell mem-
brane integrity (Gao et al. 2014; Pfruender et al. 2004). In
addition, emulsion-promoting biosurfactant produced by the
microbial cells could cause foaming and emulsification and
thus incur extra burden in solvent reuse and product purifica-
tion (Brandenbusch et al. 2010; Collins et al. 2015; Praveen
and Loh 2012, 2013a, b, 2014). To solve these problems,
membrane-based biphasic system was applied, in which the
organic phase cannot directly contact biocatalyst. For exam-
ple, bioconversion of the poorly soluble toluene to toluene cis-
glycol employed membrane facility for solvent extraction of
the product, with the direct feeding of the substrate to aqueous
phase under a special “feedback control” design (Hack et al.
2000). A continuous system with the feeding of substrate to
the aqueous phase for the bioconversion of toluene to 3-
methylcatechol was reported with solvent extraction of the
product by using membrane devices (Hiisken et al. 2002).
Interestingly, biofilm was also used for an aqueous/organic
biphasic system in a membrane aerated bioreactor to enhance
the productivity of epoxidation of styrene (Halan et al. 2010).

Recently, hollow fiber membrane bioreactor (HFMB)-
based biphasic system was developed, where the aqueous
phase and the organic phase were thoroughly separated by
membranes and aqueous-organic phase interface was
immobilized in the membrane pores (Molinari et al.
1997; Praveen and Loh 2012, 2013a; b, 2014). Using this
system, the organic phase in the shell side could extract
the product from the aqueous phase containing microbial
cells in the lumen side without direct contacting cells
(Molinari et al. 1997; Praveen and Loh 2012, 2013a, b,
2014). HFMB-based biphasic system could provide with
independent flow rate, compact design, well-controlled
modular parameters, and high specific interfacial area
(Praveen and Loh 2012, 2013a), where the non-
dispersive operation could decrease the turbulent flow
and hence reduce foaming and emulsification (Praveen
and Loh 2013a, b, 2014). Furthermore, compact design
of HFMB-based biphasic system enables easier modeling,
optimization, scaling up, and continuous operation, where
the extra mass transfer resistance owing to the membrane
could be decreased by expanding the interfacial areas
(Praveen and Loh 2012). Thus, HFMB-based biphasic
system could provide with significant advantages over
TDPB system and other biphasic system using simple
membrane. So far, several applications were reported of
using HFMB-based biphasic systems. For instance, it was
used for phenol biodegradation in waste water pretreat-
ment (Praveen and Loh 2012, 2013a, b, 2014).
Bioconversion of a soluble and less toxic alcohol to an
aldehyde was performed in a HFMB-assisted extractive
system, where the reaction was conducted at the aqueous
phase in the bioreactor by feeding the alcohol substrate
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and the product was extracted into organic phase in
HFMB (Molinari et al. 1997).

We are interested in using HFMB-based biphasic system
for cascade biotransformations. Cascade biotransformations
enable multi-step conversions in one pot without the labor-
and time-consuming, yield-decreasing, waste-producing, and
costly purification of the intermediates (Breuer et al. 2004;
Buchholz et al. 2012; Chang et al. 2003a; Ladkau et al.
2014; Muschiol et al. 2015; Panke et al. 2004; Wu et al.
2014; Xu et al. 2009; Xu et al. 2011; Zhang et al. 2011,
2013). It could also provide with non-toxicity, mild reaction
conditions, and high chemo- and regio-selectivities (Breuer
et al. 2004; Buchholz et al. 2012; Panke et al. 2004; Wu
et al. 2014; Zhang et al. 2011), thus being a green and useful
tool for chemical synthesis (Liu and Li 2013; Liu et al. 2014;
Wau et al. 2016a, b; Zhou et al. 2016). Similar to the simple-
step biotransformations, many cascade biotransformations are
also hampered by substrate or product toxicity and inhibition.
For instance, dihydroxylation of styrene with recombinant
cells of Escherichia coli (SSP1) coexpressing styrene
monooxygenase (SMO) and Sphingomonas epoxide hydro-
lase (SpEH) to produce the useful and valuable (S)-vicinal diol
suffers from the toxicity of styrene. Here, we report the first
HFMB-based biphasic system for cascade biotransformation
to enhance the productivity. Different from other reported sys-
tems, the majority of the substrate was presented in organic
solvent in the shell side to avoid toxicity, the majority of the
product remained in aqueous phase of the lumen side for easy
product recovery, and the biotransformation was mainly per-
formed in HFMB (Fig. 1).

Materials and methods
Chemicals, media, and strain

Styrene (>99%), kanamycin disulfate (>98%), and isopropyl
(-D-1-thiogalactopyranoside (IPTG, >99%) were purchased
from Sigma, St. Louis, MO, USA. Tryptone and yeast extract
were purchased from Becton, Dickinson and Company (BD),
Franklin Lakes, NJ, USA. Unless stated otherwise, all the
inorganic salts for the medium preparations were purchased
from Sigma, St. Louis, MO, USA. 1-Octanol (>99%), 2-
undecanone (99%), ethyl acetate (99.8%), cyclohexane
(99.5%), and n-hexadecane(99%) were purchased from
Sigma. n-Octane (>99%) was purchased from Merck,
Darmstadt, Germany. Luria-Bertani (LB) medium was pre-
pared according to the reported recipe (Peschel et al. 1999).
Terrific broth (TB) medium (Atsumi et al. 2008) and M9 me-
dium (Karabika et al. 2009) were prepared according to the
references. Potassium phosphate buffer (KP buffer; pH 8.0;
200 mM) was prepared to consist of 32.7 g/L of K,HPO, and
1.63 g/L of KH,PO4. Recombinant E. coli (SSP1)
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Fig. 1 Schematics of HFMB-based aq./org. (aqueous/organic) biphasic system for biocatalytic trans-dihydroxylation of styrene to produce
(S)-1-phenyl-1,2-ethanediol with Escherichia coli (SSP1) cells coexpressing SMO and SpEH

coexpressing SMO and SpEH was constructed previously
with pRSFduet plasmid and T7 express competent E. coli cells
(Wu et al. 2014).

Analytical methods

The concentrations of styrene, (S)-1-phenyl-1,2-ethanediol,
and styrene oxide in aqueous samples were analyzed by using
a Waters HPLC on an Agilent Poroshell 120 EC-C18 column
(150 mm x 4.6 mm; 2.7 pum). UV detection 210 nm; flow rate
0.4 mL/min; eluent acetonitrile/water (60:40, v/v); and reten-
tion time 4.8 min for (S)-1-phenyl-1,2-ethanediol, 14.8 min
for styrene, and 8.2 min for styrene oxide.

The concentrations of styrene, (S)-1-phenyl-1,2-
ethanediol, and styrene oxide in organic phase were analyzed
by using a Perkin Elmer Clarus 600GC equipped with a flame
ionization detector on an Elite-5 capillary column
(30 m x 320 wm x 0.25 wm). Helium was used as the carrier
gas at a flow rate of 1.0 mL/min, and the detector temperature
was 250 °C. The column temperature was programmed from
120 to 300 °C at 30 °C/min and hold at 300 °C for 2 min. The
following are the retention times: 3.08 min for styrene,
3.72 min for styrene oxide, and 4.71 min for (S)-1-phenyl-
1,2-ethanediol.

Cell growth and specific trans-dihydroxylation activity
of E. coli (SSP1)

E. coli (SSP1) cells (preserved at —80 °C) were inoculated into
20 mL LB medium containing 50 pug/mL kanamycin.
Incubation was conducted at 37 °C and 250 rpm for 12 h in
125-mL tribaffled flask (SCHOTT, Elmsford, NY, USA). Two
milliliter cell culture was then introduced to 50 mL TB medi-
um containing 50 pg/mL kanamycin in a 250-mL tribaffled
flask (SCHOTT, Elmsford, NY, USA). Incubation was carried
out at 37 °C and 250 rpm for 2 h to reach an ODggg 0f 0.5-0.8,

followed by adding IPTG to a final concentration of 0.25 mM
for induction. The mixture was then incubated at 25 °C.
Samples at different time points were taken for the analysis
of the cell density and the specific activity. The cell growth
experiment was continued for 16 h to establish the time
courses of cell density and specific activity. For biotransfor-
mation with resting cells, E£. coli cells were harvested at late
exponential phase at 10 h and used as the fresh biocatalyst.

The specific activity for trans-dihydroxylation of styrene
was tested in 10 mL KP buffer (200 mM, pH 8.0) containing
1.0 g cell dry weight (CDW)/L, 5 mM styrene, and glucose
(2%, w/v) at 30 °C and 250 rpm for 15 min. Product formed
was analyzed by HPLC, and the analytical samples were pre-
pared as follows: 0.5 mL reaction solution was mixed with
0.5 mL ethanol containing 2 mM acetophenone as internal
standard. The mixture was centrifuged at 13,000xg for
5 min, and the supernatant was separated. The specific activity
was calculated in unit per gram CDW. One unit is defined as
1 umol product formed per minute.

Toxicity of the substrate and product on E. coli (SSP1)
cells

Freshly prepared E. coli (SSP1) cells were re-suspended to a
cell density of 10 g CDW/L in 30 mL KP buffer (200 mM,;
pH 8.0). The cell suspension was divided equally into three
125-mL flasks, and each flask (SCHOTT, Elmsford, NY,
USA) contains 10 mL cell suspension. Styrene and (S)-1-phe-
nyl-1,2-ethanediol were added into two different flasks to a
final concentration of 50 mM, respectively. The third flask
served as the control without the addition of substrate or prod-
uct. The mixtures in the three flasks were shaken at 30 °C and
250 rpm for 10 h, followed by washing with KP buffer
(200 mM; pH 8.0) to remove styrene and (S)-1-phenyl-1,2-
ethanediol.
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The cells were then examined for specific activity on the
trans-dihydroxylation of styrene by using the procedures de-
scribed above. The residual activity was defined as the ratio of
the specific activity of the pretreated cells to that of the control
cells.

The viability of the pretreated cells was checked via inoc-
ulation of diluted cell suspension onto the LB agar plate at
37 °C for 12 h, followed by counting the number of the col-
onies. The cell viability was defined as the ratio of the colony
number for the cells pretreated to the colony number for the
control cells.

Growth of E. coli (SSP1) on different organic solvents

E. coli (SSP1) cells were inoculated in seven 250-mL
tribaffled flasks (SCHOTT, Elmsford, NY, USA), each con-
taining M9 medium without glucose (20 mL), respectively. 1-
Octanol, 2-undecanone, ethyl acetate, cyclohexane, n-octane,
and n-hexadecane were added to the six tribaffled flasks, re-
spectively, with addition of each solvent at 0 h (0.02%, v/v),
6h (0.03%, v/v), and 12 h (0.05%, v/v). The seventh tribaffled
flask without adding any organic solvent served as the control.
The cells were grown in tribaffled flask at 30 °C and 250 rpm
for 24 h. ODggo of E. coli (SSP1) at 0, 12, and 24 h was
recorded.

Biocompatibility of different organic solvents with E. coli
(SSP1)

E. coli (SSP1) cells were inoculated in seven 250-mL
tribaffled flasks (SCHOTT, Elmsford, NY, USA) with each
one containing LB medium (20 mL). The cells in the LB
medium were grown in tribaffled flask at 30 °C and
250 rpm. When reaching the exponential phase (ODg( 1.0),
six tribaffled flasks were added with 1-octanol, 2-undecanone,
ethyl acetate, cyclohexane, n-octane, and n-hexadecane, re-
spectively, to reach a phase ratio of 10:1 (aq./organic, v/v).
The seventh tribaffled flask without adding any organic sol-
vent served as the control. The ODg for E. coli (SSP1) after
1 h cell growth was determined.

Determination of partitioning coefficient of styrene,
styrene oxide and (S)-1-phenyl-1,2-ethanediol
in organic/aqueous biphasic system

Styrene (11.5 uL), styrene oxide (11.4 uL), and (S)-1-phenyl-
1,2-ethanediol (13.8 pg) were added to KP buffer (1 mL,
200 mM, pH 8.0), respectively. One milliliter of 1-octanol,
2-undecanone, ethyl acetate, cyclohexane, n-octane, or n-
hexadecane was added separately to each of the KP buffer
(1 mL, 200 mM, pH 8.0) containing styrene, styrene oxide,
or (S)-1-phenyl-1,2-ethanediol to form different biphasic sys-
tems (l-octanol/aq., 2-undecanone/aq., ethyl acetate/aq.,
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cyclohexane/aq., n-octane/aq., or n-hexadecane/aq.), respec-
tively. The mixture was then shaken at 30 °C and 250 rpm for
3 h, and the concentrations of each component in the aqueous
phase and the organic phase were analyzed by HPLC and GC,
respectively. For HPLC analysis, 0.5 mL KP buffer was com-
bined with 0.5 mL ethanol containing 2 mM acetophenone as
internal standard, the mixture was centrifuged at 13,000xg for
1 min, and the supernatant was separated for the analysis. For
GC analysis, 50 uL organic solvent was mixed with 950 uL
dichloromethane. Partition coefficient was calculated as the
ratio of the solute concentration in organic phase to the solute
concentration in aqueous phase.

Trans-dihydroxylation of styrene with E. coli (SSP1)
in monophase

Freshly prepared E. coli (SSP1) cells were suspended to a
density of 10 g CDW/L in KP buffer (10 mL, 200 mM,
pH 8) containing 2% (w/v) glucose. Styrene in different
amount was added into 10 mL cell suspension to form mix-
tures with different concentrations of 5, 10, 20, and 50 mM,
respectively. The frans-dihydroxylation was carried out at
30 °C and 250 rpm. During the biotransformation, samples
were taken at different time points for monitoring the reaction.
The product concentration was analyzed by HPLC with the
sample prepared as given above.

Trans-dihydroxylation of styrene with E. coli (SSP1)
in TDPB system

Freshly prepared cell pellets of £. coli (SSP1) were suspended
to a density of 10 g CDW/L in 10 mL KP buffer (200 mM;
pH 8) containing 2% (w/v) glucose. Then, 10 mL organic
solvent (1-octanol, 2-undecanone, ethyl acetate, cyclohexane,
n-octane, or n-hexadecane) containing 1 M styrene was added
into 10 mL cell suspension to form a phase ratio of 1:1 (v/v).
The trans-dihydroxylation was carried out at 30 °C and
250 rpm. During the biotransformation, samples were taken
at different time points for analyzing the substrate and product
concentrations by HPLC and GC. Analytical samples were
prepared as previously described.

Trans-dihydroxylation of styrene with E. coli (SSP1)
in HFMB-based biphasic systems

Polypropylene was used to fabricate HFMB (Fig. 1) with the
inner fiber diameter 280 wm, average pore size 0.1 pum, fiber
thickness 30 um, and fiber length 50 cm (Praveen and Loh
2012, 2013a, 2014). The interfacial area of the organic phase
and aqueous phase were manipulated by adjusting fiber num-
bers within the shell of the HFMB. Before the biotransforma-
tion, deionized (DI) water was pumped through the lumen side
within the fibers in HFMB at flow rate of 5 mL/min for 12—
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18 h for wetting the membrane by using the peristaltic pump
(Masterflex). After wetting, DI water was drained out of the
lumen side and the organic solvent (i.e., cosolvent of the bi-
phasic system) was pumped through the shell side of the
HFMB at flow rate of 5 mL/min for 12-18 h by using
the peristaltic pump (Masterflex with PTFE tubing pump
head). HFMB was ready for use after draining the organic
solvent. For conducting the frans-dihydroxylation of styrene,
HFMB containing the appropriate fiber numbers within the
shell was used to give the specific interfacial area (i.e., the
ratio of interfacial area over cell density) of 0.3 and 0.15 m?*/
g CDW, respectively. Fifty milliliters cell suspension (5, 10, or
15 g CDW/L) in KP buffer (pH 8.0, 200 mM) and 50 mL
organic solvent containing substrate (0.1-1 M) were pumped
through the lumen side and shell side of the hollow fiber
membrane bioreactor by the corresponding peristaltic pumps,
respectively. The flow rates of the aqueous phase in lumen
side and organic phase in shell side were 15 mL/min.
During the trans-dihydroxylation of styrene, samples at both
organic and aqueous phases were taken with regular time in-
terval for monitoring the reaction by measuring the product
concentration. The concentration of (S)-1-phenyl-1,2-
ethanediol in the aqueous phase was analyzed by HPLC,
and concentration of the substrate in the organic phase was
analyzed by GC. The analytical samples were prepared as
described previously.
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Fig.2 a Time course of Escherichia coli (SSP1) cell growth and specific
activity for trans-dihydroxylation of styrene by E. coli (SSP1). Arrow
indicates induction by adding IPTG to the concentration of 0.25 mM. b
Product concentration at 24 h for the frans-dihydroxylation of styrene at
different concentrations with E. coli (SSP1) (10 g CDW/L) in KP buffer
(200 mM; pH 8.0) [glucose (1%, w/v) was added at 0 and 6 h,

Specific activity (U/g CDW)

Nucleotide sequence accession number

The DNA coding sequences of SMO and SpEH are available
in GenBank database with the accession numbers of
AF031161 and KX146840, respectively.

Results

Toxicity and inhibition of substrate and product on E. coli
(SSP1)-catalyzed frans-dihydroxylation of styrene

E. coli (SSP1) (Wu et al. 2014) containing SMO and SpEH
catalyzed frans-dihydroxylation of styrene to give (S)-1-phe-
nyl-1,2-ethanediol in 98% ee. The cell growth and specific
activity of E. coli (SSP1) are given in Fig. 2a. The specific
trans-dihydroxylation activity reached 71.8-88.0 U/g CDW
between the late exponential and the early stationary phases at
812 h. E. coli (SSP1) cells were harvested, and the fresh
resting cells were used as robust whole cell biocatalyst for
the oxidative cascade biotransformation. The inhibition of
the substrate was first examined by using different substrate
concentrations for the biotransformation. As shown in Fig. 2b,
increase of styrene concentration from 5 to 10 mM resulted in
the increase of the product titer from 5 to 8.75 mM. However,
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respectively] at 30 °C and 250 rpm. ¢ Viability of E. coli (SSP1) cells
after pretreatment with the substrate (50 mM) or diol product (50 mM) for
10 h. d Residual activity of E. coli (SSP1) cells after pretreatment with the
substrate (50 mM) or diol product (50 mM) for 10 h. Data are the mean
values with standard deviations of three replicates
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further increase of the substrate concentration to 50 mM gave
a drastic reduction in production titer to 0.79 mM.

The toxicity was then studied by adding styrene (50 mM)
(Park et al. 2006) and (S)-1-phenyl-1,2-ethanediol (50 mM),
respectively, to the fresh cell suspension (10 g CDW/L) of
E. coli (SSP1) in KP buffer (200 mM, pH 8.0) and incubating
at 30 °C and 250 rpm for 10 h. The cell viability was exam-
ined. As shown in Fig. 2c, only 5.8% of the cells were viable
after the pretreatment with styrene, while the survival ratio for
cells pretreated with (S)-1-phenyl-1,2-ethanediol was still up
to 43% (Fig. 2¢). Similarly, the residual activity dropped to 0.5
and 66% after the cells were pretreated with styrene and the
diol product, respectively (Fig. 2d). These results demonstrat-
ed clearly that styrene was very toxic to the cells and enzyme,
and (S)-1-phenyl-1,2-ethanediol was much less toxic than
styrene.

Selection of suitable organic solvent for the aq./org.
biphasic system for the trans-dihydroxylation of styrene

For establishing the aq./org. biphasic system, six different or-
ganic solvents (i.e., 1-octanol, 2-undecanone, cthyl acetate,
cyclohexane, n-octane, and n-hexadecane) were examined
for cell growth, biocompatibility, and partition coefficient
(Praveen and Loh 2012, 2013a, 2014).

To examine the possibility of growing the cells on the six
organic solvents, E. coli (SSP1) was inoculated in M9 medi-
um without glucose but with each of the organic solvents as
potential carbon source. ODg( after growth for 12 and 24 h
was recorded for assessing the biodegradability. E. coli (SSP1)
showed ODg( values of 0.09-0.24 at 12 h, which did not
exceed the ODg value of 0.24 for the control containing no

Table 1

organic solvent. Thus, E. coli (SSP1) cell could not grow on
any of the six solvents.

To estimate biocompatibility, E. coli (SSP1) was first cul-
tivated in LB medium, followed by adding the six organic
solvents to the cell culture broth, respectively. ODgoo of
E. coli (SSP1) was determined as 0.68, 0.63, 1.03, 1.04,
1.97, and 2.14 for the case of 1-octanol, ethyl acetate,
2-undecanone, cyclohexane, n-octane, and n-hexadecane, re-
spectively. The control without adding any solvent gave the
highest ODgqo value of 2.27. Therefore, n-hexadecane pre-
sented the highest biocompatibility among the six solvents.

Partition coefficients of styrene for 1-octanol, ethyl acetate,
2-undecanone, cyclohexane, n-octane, and n-hexadecane
were determined to be 173—1731 (Table 1). These high values
demonstrate that >99% of styrene was in the organic phase.
Similarly, partition coefficients for styrene epoxide ranged
from 58 to 289. Although these values are lower than those
for styrene, the majority (>98%) of the epoxide still stayed in
organic phase. On the other hand, partition coefficients of (S)-
1-phenyl-1,2-ethanediol were very low (<0.01) for cyclohex-
ane, n-octane, and n-hexadecane, suggesting >99% of the
product in the aqueous phase, thus facilitating the product
separation. As also shown in Fig. 2¢, d, the product was much
less toxic and inhibitory than the substrate. Thus, the presence
of product in the aqueous phase is less troublesome than the
substrate in aqueous solution.

Trans-dihydroxylation of styrene with E. coli (SSP1)
in TDPB systems using various organic solvents

The trans-dihydroxylation of styrene (50 mM) to produce (S)-
1-phenyl-1,2-ethanediol was conducted with E. coli (SSP1) in

Partition coefficient of styrene, styrene oxide, and (S)-1-phenyl-1,2-ethanediol in different org./aq. biphasic systems

OH
Biphasic system® @ ©/“O ©/?\/OH
1-Octanol/aq. 416+39 81+3 3.0+£0.2
Ethyl acetate/aq. 1731+76 289+ 6 33£0.2
2-Undecanone/aq. 244+ 15 267+ 12 0.7£0.0
Cyclohexane/aq. 173+6 87+ 1 <0.01
n-Octane/aq. 179+19 59+2 <0.01
n-Hexadecane/aq. 284+26 58%1 <0.01

? Partition coefficient refers to [solute conc. in org.]/[solute conc. in aq.] measured at a phase ratio of 1:1. KP buffer (pH 8.0, 200 mM) served as the
aqueous buffer. Data are the mean values with standard deviations of three replicates
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different TDPB systems containing each of the six solvents,
and the product titer (45 mM) from aq./n-hexadecane was the
highest, being 18-fold higher than the product titer (2.5 mM)
of the control in aqueous phase. TDPB systems of aq./1-
octanol and aq./ethyl acetate exhibited high partitioning coef-
ficients for styrene (Table 1) but gave very low product titers
of 2.39 and 2.07 mM, respectively, due to the low Log P
values. n-Octane and 2-undecanone demonstrated similar par-
tition coefficients, but aq./n-octane gave higher production
titer 39.9 mM than aq./2-undecanone (19.8 mM). Aq./cyclo-
hexane system gave 17.3 mM product. For all the TDPB sys-
tem, further increase of the substrate concentration did not
benefit the reaction proportionally (data not shown). Based
on these results, n-hexadecane was chosen as the organic sol-
vent to establish an HFMB-based aq./org. biphasic system for
the targeted cascade biotransformation.

Trans-dihydroxylation of styrene with E. coli (SSP1)
in HFMB-based biphasic systems using aq./cyclohexane
and aq./n-hexadecane

To establish the HFMB-based biphasic system, deionized (DI)
water and pure n-hexadecane were used for wetting the mem-
brane prior to the biotransformation, which was to create more
interfacial area within the highly porous membrane between
the aqueous and organic phases for the liquid-liquid mass
transportation. When wetting procedure was done, the aque-
ous phase of cell suspension and the organic phase of n-
hexadecane containing the substrate styrene were pumped
through the lumen side and shell side of the HFMB, respec-
tively (Fig. 1). As shown in Fig. 3, the trans-dihydroxylation
with E. coli (SSP1) in the HFMB-based aq./n-hexadecane
biphasic system gave product in 23.5, 44.3, 75.5, and
129 mM after 24 h biotransformation with styrene concentra-
tions of 0.1, 0.2, 0.5, and 1.0 M, respectively. The increase of
product titer with substrate concentration were also observed
for HFMB-based aq./cyclohexane system, where product ti-
ters 0f 20.2, 35.4, 65.7, and 88.4 mM were achieved with 0.1,
0.2, 0.5, and 1.0 M substrate, respectively. To evaluate the
performance of a less good organic phase in HFMB system,
the same reactions were carried out in aq./cyclohexane. As
shown in Fig. 3, aq./n-hexadecane system gave clearly better
results than aq./cyclohexane system in the presence of HFMB.

Comparison of trans-dihydroxylation of styrene
with E. coli (SSP1) in TDPB- and HFMB-based
aq./n-hexadecane biphasic systems

Figure 4 compares the HFMB-based biphasic system for
trans-dihydroxylation of styrene to TDPB system for the same
reaction. The HFMB-based reaction gave 1.6-fold higher
product titer (143 mM) than the titer (89.1 mM) achieved in
TDPB system. As shown in Fig. 4, the TDPB system gave the
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Fig.3 Product concentration at 24 h for frans-dihydroxylation of styrene
with Escherichia coli (SSP1) (10 g CDW/L) at different substrate
concentrations in HFMB-based biphasic system (specific interfacial
area was 0.3 m*/g CDW) consisting of KP buffer (200 mM; pH 8.0)
and n-hexadecane (white) or cyclohexane (gray) (phase ratio 1:1, v/v) at
30 °C. All concentrations and cell density were based on the volume of
KP buffer. Data are the mean values with standard deviations of three
replicates

product at slightly higher rate than HFMB system at the be-
ginning; at 5-6 h, the product concentration reached ca.
80 mM for both systems; however, the reaction barely
proceeded any more after 6 h for TDPB system, whereas the
HFMB system maintained a comparatively high reaction rate
in a long reaction period, giving 143 mM product at 35 h
(Fig. 4). This signified that the whole cell biocatalyst was
better protected from the toxicity and inhibition of styrene in
HFMB biphasic system.

Trans-dihydroxylation of styrene with E. coli (SSP1)
in HFMB-based aq./n-hexadecane system with different
interfacial areas and cell densities

In principle, the mass transport barrier could be overcome by
enlarging interfacial area. Thus, different interfacial areas
were examined for the HFMB-based biotransformation. As
shown in Fig. 5a, the final product concentration was only
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Fig. 4 Time courses for trans-dihydroxylation of styrene (1 M) with
Escherichia coli (SSP1) (10 g CDW/L) in TDPB and HFMB (specific
interfacial area was 0.3 m%/g CDW)-based biphasic system containing KP
buffer (200 mM; pH 8.0) and n-hexadecane (1:1, v/v) at 30 °C,
respectively. All concentrations and cell density were based on the
volume of KP buffer. Data are the mean values with standard deviations
of three replicates
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Fig. 5 Time course for trans-dihydroxylation of styrene (I M) with
Escherichia coli (SSP1) in HFMB-based KP buffer (200 mM; pH 8.0)/
n-hexadecane system (1:1, v/v) at 30 °C. a Using different specific
interfacial areas (cell density was 10 g CDW/L). b Using different cell
densities (specific interfacial area was 0.3 m%/g CDW). All concentrations
and cell densities were based on the volume of KP buffer. Data are the
mean values with standard deviations of three replicates

87.8 mM if the apparent interfacial area was 0.15 m*/g CDW,
while the final production titer was 144 mM when 0.3 m?/g
CDW apparent interfacial area was used. To bring down the
mass transportation barrier, membrane with higher porosity
was desired, and this explained why a sufficient wetting pro-
cedure on both the lumen and the shell sides was required.
Besides porosity which influenced the interfacial area, cell
density also played a role in the frans-dihydroxylation of sty-
rene with E. coli (SSP1). As shown in Fig. 5b, the product titer
reached 155 mM, when using the cell density of 15 g CDW/L.
This was almost 1.9-fold higher than the concentration
(83.6 mM) achieved with 5 g CDW/L cells. There is no big
difference of the product concentration and reaction rate when
10 or 15 g CDW/L was applied, indicating inefficient oxygen-
ations at much higher cell density.

Discussion

Whole-cell biocatalysis represents a practical way of produc-
ing fine chemicals, where the enzymes inside the cells can
show high stability and activity (Burton 2003; Duetz et al.
2001; Li et al. 2002; Pfruender et al. 2004; Schrewe et al.
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2013; Urlacher and Eiben 2006; Urlacher and Girhard 2012;
Wojaczynska and Wojaczynski 2010). For the trans-
dihydroxylation of styrene to (S)-1-phenyl-1,2-ethanediol
with E. coli (SSP1) cells expressing the SMO and SpEH
(Chang et al. 2003b, Jia et al. 2008; Liu et al. 2006; Wu
et al. 2013), the relaying of the cascade reaction between the
SMO and the SpEH is efficient in the intracellular microenvi-
ronment (Fig. 1). During this cascade biotransformation of
styrene, SMO-catalyzed epoxidation was the rate-limiting
step, and therefore, the protection for the enzyme and electron
transferring mechanism by using whole cell can benefit the
overall reaction of trans-dihydroxylation to produce (S)-1-
phenyl-1,2-ethanediol, a useful pharmaceutical precursor for
(R)-fluoxetine (Pandey et al. 2002), chiral ligand of
phosphoramidite (Gavrilov et al. 2011) and a useful auxiliary
for glycosylation (Kim et al. 2005).

However, whole-cell-based #rans-dihydroxylation of sty-
rene to (S)-vicinal diol (Fig. 1) was encountered with strong
substrate toxicity and inhibition, while the product appeared to
be much less toxic. This can be obviously seen in Fig. 2b—d,
where high substrate concentration dragged down the product
titer and significantly deteriorated the viability and activity of
the cells. Particularly, the sharp dropping of the product titer
was observed in Fig. 2b with substrate more than 10 mM, and
this could be caused by the deterioration of the membrane
integrity associated with the substrate toxicity, which
disrupted the electron transferring system and deactivated
the enzyme. Figure 2c, d also suggested the reduction of the
substrate toxicity and inhibition as the main task for enhancing
the productivity in such biotransformation.

To better protect the whole cell biocatalyst from the sub-
strate toxicity, TDPB-based aq./org. biphasic system was
established by adding the organic solvent with substrate laden
into the cell suspension to form biphasic system and start the
reaction. Although the TDPB system with organic solvent as
cosolvent had effectively enhanced the productivity of many
biotransformations, this TDPB system has inherent problems
such as the limited capacity for preventing the substrate tox-
icity, cell membrane integrity deterioration owing to the haz-
ardous effects from organic solvent (Gao et al. 2014;
Pfruender et al. 2004), and difficulties in the solvent reuse
and the product purification caused by emulsification and
foaming (Brandenbusch et al. 2010; Collins et al. 2015;
Praveen and Loh 2012, 2013a, b, 2014). To solve the prob-
lems associated with the TDPB system, an HFMB-based aq./
org. biphasic system is recommended, for the first time, to a
cascade biotransformation. Here, in this work, biphasic sys-
tems with different organic solvents were examined in HFMB
for the cascade biotransformation. For establishing the
HFMB-based biphasic system, the main criterions to select
the organic solvent are non-biodegradability, biocompatibility,
partition coefficient, and Log P value (Faber 1997; Lye and
Woodley 2000). Biodegradability shows the capability of the
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microbial cells in metabolizing the organic cosolvent, which
could complicate and even compete with biotransformation.
Therefore, the organic solvent should be recalcitrant to the
biodegradation. Biocompatibility demonstrates the adaptabil-
ity of the cells to the organic solvent since cells could be
fragile, vulnerable, or deactivated in solvent with lower bio-
compatibility. Higher biocompatibility was desired for choos-
ing an organic solvent for aq./org. biphasic system, where the
whole cell biocatalyst could be protected for better enzymatic
performance. Partition coefficient ([solute conc. in org.]/[sol-
ute conc. in aq.]) reflects the capability of the solvent in dis-
solving the toxic organic substrate. Solvent showing higher
partition coefficient could shield more toxicity as more solute
being harbored in the water-immiscible phase to separate the
concentrated toxic substrate from the biocatalyst.

While E. coli (SSP1) cannot grow on any of the organic
solvents used in this work, biocompatibility and partition coef-
ficient emerged as the main concerning factors for selecting
organic solvents. This is especially true for the TDPB biphasic
system, where the cells and the enzymes are exposed barely to
the solvents. As evidenced by TDPB systems of aq./1-octanol
and aq./ethyl acetate with high partition coefficient values
(Table 1), the product titers were 2.39 and 2.07 mM, probably
owing to the low biocompatibility of the solvents. Again, aq./n-
octane and aq./2-undecanone showed similar partition coeffi-
cient numbers but displayed different product titers of 39.9 and
19.8 mM, respectively. Based on the biocompatibility and par-
tition coefficient, n-hexadecane was chosen as the most desired
organic solvent for establishing HFMB-based biphasic system.

In addition, Log P value of the organic solvent is an im-
portant factor in constructing a HFMB-based biphasic system
as higher Log P value is favored for the wellness of the cells
and enzymes (Gao et al. 2014; Faber 1997; Lye and Woodley
2000). This is evidenced by the HFMB-based aq./org. biphas-
ic systems of using n-hexadecane and cyclohexane (Fig. 3),
respectively. The differences in product titers in Fig. 3 were
possibly owing to Log P values (8.9 for n-hexadecane and 2.5
for cyclohexane) and hence biocompatibility. In principle, the
HFMB can separate the organic solvent and aqueous phase
thoroughly, while in real practices, trace amount of leakage
due to the membrane damage or fouling might happen during
the operation. Under this situation, the capability of HFMB in
shielding the organic solvent toxicity could be hampered and
organic solvent with lower biocompatibility and Log P values
may cause potential risk to the biotransformation.

In the HFMB-based aq./n-hexadecane biphasic system, over
99% of the styrene was in the organic phase, leaving only a
trace amount of styrene in the aqueous phase. Because of the
low concentration, styrene in the aqueous phase could be quick-
ly converted to (S)-1-phenyl-1,2-ethanediol by E. coli (SSP1)
within HFMB. At the same time, styrene in n-hexadecane could
be continuously stripped into the aqueous phase for biotrans-
formation. The n-hexadecane phase in the HFMB played the

role of the substrate reservoir for the controlled and mild releas-
ing, which allowed biotransformation being carried out with
better catalytic performance (Fig. 1). With the presence of the
membrane, the organic solvent hardly contacted with the cells,
thus allowing a better protection for the whole cell biocatalyst
and higher product titer. As shown in Fig. 4, HFMB-based aq./
n-hexadecane biphasic system give 143 mM product concen-
tration at 35 h, being 1.6-fold higher than 89.1 mM obtained in
the TDPB-based aq./n-hexadecane biphasic system. Since all
reaction conditions (substrate concentration, cell density, and
reaction time) are the same for the biotransformation with
HFMB or TDPB biphasic system, HFMB biphasic system gave
thus also 1.6-fold higher productivity (space-time yield) than
TDPB biphasic system. As also shown in Fig. 4, TDPB-based
aq./n-hexadecane biphasic system gave a higher reaction rate at
the beginning. This is because that the two phases in the TDPB
system could be dispersed into each other during agitation,
forming emulsion and hence generating high interfacial area
for diffusion, which may be beneficial for the mass transfer
and helpful for the reaction at the beginning. In comparison,
the membrane, being the major difference between the TDPB
and HFMB systems, virtually formed a solid barrier for the
mass transportation, which could bring a lower reaction rate
at the beginning. There are combined toxicity/inhibition of sub-
strate, product, and solvent in each of the two systems. Since
the product concentrations in the initial 5-6 h are nearly the
same in both systems and the product exists mainly in the
aqueous phase, the product toxicity/inhibition should also be
nearly the same for both systems. While the reaction barely
proceeded any more after 6 h in TDPB system, the HFMB
system maintained a comparatively high reaction rate in a long
reaction period (Fig. 4). These results clearly suggested that
HFMB system could significantly reduce the combined
toxicity/inhibition effects of substrate and solvent by reducing
the contact of the substrate and solvent with the cells.
Nevertheless, this system could not reduce the toxicity/
inhibition of the water-soluble product. On the other hand, the
product toxicity/inhibition is much less significant than the sub-
strate toxicity/inhibition in the current biotransformation.

The concern on mass transferring in the HFMB system could
be solved by model manipulation (as shown in Fig. 5), where the
interfacial area as the key factor can be deliberately increased for
better reaction performances. Evidenced in Fig. Sa, final produc-
tion titer increased from 87.8 to 144 mM with an apparent inter-
facial area expanding from 0.15 to 0.3 m*g CDW. In addition,
HFMB could quench the turbulence and provide a complete
separation between aqueous and organic phases, avoiding the
emulsification haunted in the TDPB system.

The HFMB system is scalable, and the operation cost could
be brought down via modularization in apparatus setup
(Praveen and Loh 2012, 2013a, b, 2014). The complete sepa-
ration between the water phase and the organic phase in the
HFMB enables the continuous operation mode and the
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maintaining of high activity of the cells for the biotransforma-
tion. With the endurability of the fibers, the expenses on the
facility should not be a concern.

In summary, HFMB-based aq./org. biphasic system was
successfully established, for the first time, for a cascade bio-
transformation to enhance the productivity. E. coli (SSP1)
coexpressing SMO and SpEH was used in such a system for
trans-dihydroxylation of styrene to produce (S)-1-phenyl-1,2-
ethanediol with improved production concentration. Different
from other reported biphasic system using HFMB, the organic
solvent in the shell side of the HFMB harbors most of the
substrate while aqueous phase contains mostly the diol prod-
uct, which provides the advantages of both avoiding substrate
toxicity and mitigating the product recovery burden in down-
stream processing. Various organic solvents were tested re-
garding the partitioning coefficient, biodegradability, and bio-
compatibility for establishing the biphasic system, and -
hexadecane was chosen as the desired organic solvent for
engineering the HFMB-based aq./organic system. The
HFMB-based aq./n-hexadecane system enhanced the frans-
dihydroxylation production titer to 143 mM, which was 16-
fold higher than the product concentration (8.75 mM)
achieved by using only the aqueous phase, and 1.6-fold higher
than that (89.1 mM) in using TDPB-based aq./n-hexadecane
system. The combination of biphasic system with HFMB also
prevented foaming and emulsification, thus facilitating down-
stream purification. HFMB-based biphasic system could serve
as a suitable platform for conducting either single-step or cas-
cade biotransformation in an efficient and green way. Future
endeavor could be made on the investigation of the mass
transfer phenomenon of the HFMB-based biphasic system
and the use of the established system for growing cell bio-
transformation under continuous mode, with designed and
controlled enzymatic activity of the thriving cells.
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