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ersion of furfural to furfuryl
alcohol by Bacillus coagulans NL01†

Yuxiu Yan,ab Chongyang Bu,c Qin He,c Zhaojuan Zhenga and Jia Ouyang *ac

Bio-catalysis is an attractive alternative to replace chemical methods due to its high selectivity and mild

reaction conditions. Furfural is an important bio-based platform compound generated from biomass.

Herein, the bio-catalytic reduction of furfural (FAL) to furfuryl alcohol (FOL) was performed by using

a furfural tolerant strain, Bacillus coagulans NL01. An efficient co-substrate was explored and a high

conversion and selectivity of FAL to FOL was reported over this bio-catalytic system using glucose as

co-substrate. As the bioconversion occurred over 42 mM FAL, 20 g L�1 glucose and 9 mg mL�1 at 50 �C,
a high conversion and selectivity was obtained by 3 h reaction. This transformation rate of FAL was the

highest compared with other reactions. Furthermore, about 98 mM FOL was produced from FAL within

24 h by a fed-batch strategy with a conversion of 92% and selectivity of 96%. These results indicate that

this bio-catalytic reduction of FAL has high potential for application to upgrading of FAL and B.

coagulans NL01 is a promising biocatalyst for the synthesis of FOL. In addition, this bio-catalytic

reduction shows a high potential application for catalytic upgrading of FAL from biomass.
1. Introduction

Lignocellulosic biomass represents a vast renewable resource
on earth, and is made of cellulose, hemicelluloses, and lignin.
Recently, in order to realize sustainable development, plenty of
government and industry attention has focussed on funda-
mental research and process development for the production of
fuels and ne chemicals from biomass.1 FAL is an important
industrial bio-based compound from lignocellulosic biomass.
Aer treatment with mineral acid at high temperature, the
hemicelluloses are readily hydrolyzed into pentose and the
pentose is dehydrated to FAL.2 In this context, great effort has
been devoted to the production and application of FAL and its
derivatives.1 To date, FAL has been considered as one of the
“Top 10 + 4” bio-based chemicals by the U.S. Department of
Energy.3 It can be used as the starting material to produce FOL,
furoic acid (FA), furan, tetrahydrofuran, 2-methyltetrahy-
drofuran and related resins.4

Among FAL derivatives, FOL is the hydrogenation product of
FAL through the reduction of the C]O bond in FAL. Recently it
has gained an increase interest as a potential important
building block for the production of various lysine, vitamin C,
lubricants, dispersing agents and plasticizers.5 FOL is mainly
t Processing and Utilization of Forest
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produced by chemical reduction of FAL in either direct hydro-
genation by H2 or catalytic transfer hydrogenation (CTH)
processes (Scheme 1).6 By contrast, the direct hydrogenation of
FAL by H2 has been widely commercialized using copper chro-
mite catalysts. This method exhibited a high selectivity in the
liquid phase process at high temperature (130–200 �C) and high
H2 pressure.5 However, its main drawbacks are the toxicity of
Cu–Cr catalysts. Although many other catalysts were designed
and considered as alternatives for this method, an acceptable
activity and selectivity of these catalysts still remains an issue.7

On the other hand, CTH of FAL into FOL is a recently developed
method. It is mainly performed over metal catalysts and
different hydrogen donors were used as alterative for H2.6 Due
Scheme 1 Chemical conversion of FAL into FOL (catalysts represent
noble metal and non-noble metals; T ¼ 130–200 �C; high H2 pressure
about 2.0 MPa).
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to avoid the use of explosive H2, this method seemed to be safer
of FAL into FOL. But most reported CTH methods demon-
strated a high metal loading and low selectivity.6 Recently,
magnetic g-Fe2O3@HAP catalyst was applied to promote this
CTH with iso-propanol as the hydrogen donors. High FOL yield
of 92% was achieved aer 10 h at 180 �C.6 Thereaer, CTH
showed a potential for the reduction of FAL. But its kinetic
studies revealed that CTH of FAL was sensitive to the reaction
temperature and a high temperature in the process.

Biochemical catalysis for production of chemicals from
biomass presents a promising alternative for conventional
chemical routes. In contrast to chemical process, it has many
advantages over chemical catalysis, such as mild reaction
conditions, high productivity and environmental friendliness.
Microbial degradation of FAL has been widely studied and re-
ported as inhibitor produced during pre-treatment process of
biomass.8 Some strains, including Pseudomonas putida,
Saccharomyces cerevisiae, Amorphotheca resinae and so on, had
been found that could metabolize FAL by reduction and
oxidation reaction.2 Moreover, the reduction of furans to
correspond furan alcohol has been demonstrated for S. cer-
evisiae, Pichia stipites, and B. coagulans under anaerobic condi-
tion.9 It provides the basis for the production of FOL by
biotransformation (Scheme 2). Reduction of FAL into FOL with
whole cells began to gained considerable interest. Liu et al.
described that S. cerevisiae 307-12-F40 could convert 100% FAL
into FOL at 30 mM.10 A methanogenic archaea, Methanococcus
sp. was found that the end product of FAL metabolism was FOL
in the bio-detoxication.11 He et al. reported chemical-
enzymatic conversion of biomass-derived xylose to FOL by
sequential acid catalyzed dehydration and bio-reduction.12 A
recombination of E. coli CCZU-A13 harboring a NADH-
dependent reductase (SsCR) was attempted to convert FAL to
FOL.13 Although culturing cells of some microorganisms were
reported to be FAL-tolerant, their transformation efficacies were
low. Overall, the proof-of-concept of the bio-reduction is
promising and further technical development and investigation
would be desirable.

Moderately thermophilic Bacillus coagulans are ideal organ-
isms for the industrial manufacture of lactic acid from biomass.
Our group ever found that Bacillus coagulans GKN316 could
effectively convert several aldehyde inhibitors to the less toxic
corresponding alcohols in situ.9 To continue our interest in
biotransformation of FAL by this strain, herein we reported the
whole-cell bio-reduction of FAL to FOL by employing B. coagu-
lans NL01. Various parameters affecting bio-reduction reaction
Scheme 2 Biotransformation of FAL to FOL.

This journal is © The Royal Society of Chemistry 2018
were investigated and the catalytic performances were evaluated
in the FOL synthesis. Besides, a fed-batch strategy was applied
for improving FOL production.

2. Experimental
2.1. Strains and materials

B. coagulans NL01 was isolated from soil samples in hot spring
environments and used in this study.14

FAL (99%), FOL (99%) and FA (99%) were purchased from
Sigma chemicals. The chemicals used in microbiological
culture media were purchased from Sinochem or Fluka Chem-
ical. Corn steep liquor was from Shandong Kangyuan Biotech-
nology Co. (Heze, China).

2.2. Fermentation experiments

B. coagulans NL01 were rstly pre-cultivated at 50 �C and
150 rpm for 12 h under aerobic condition. The used medium
contained the following (in grams per liter): glucose 20; yeast
extract 2; corn steep 2.5; NH4Cl 1; MgSO4 0.2 and CaCO3 10.
Aer preculture, 10% seed culture was inoculated to the fresh
above medium supplemented with FAL (0–52 mM) for fermen-
tation. Fermentation experiments were performed in 150 mL
shake asks containing 50 mL of the culture mediums at 50 �C
and 150 rpm for 60 h. During the fermentation, samples were
taken periodically for analysis. All experiments were performed
at least in duplicate and the values were expressed as the means
� standard deviations.

2.3. Cultivation of B. coagulans NL01 cells

B. coagulans NL01 were rstly pre-cultivated at 50 �C and
150 rpm for 12 h under aerobic condition. Then, 10% culture
seed was inoculated into the fresh above medium. Aer incu-
bation at 50 �C and 150 rpm for 12 h, the cells were harvested by
centrifugation (8000g, 3 min and 4 �C) and washed twice with
phosphate buffer (200 mM, pH 7.0).

2.4. General procedure for bio-reduction of FAL to FOL

Typically, 9 mg B. coagulans NL01 were added in 25 mL phos-
phate buffer (200 mM, pH 7.0) containing 42 mM FAL and 20 g
L�1 co-substrate glucose. The bio-reduction experiments were
conducted in a thermostatic shaker at 50 �C and 150 rpm and
aliquots were withdrawn from the reaction mixtures at a speci-
ed time intervals for analysis. The conversion was dened as
the percentage of the consumed FAL amount compared to the
initial amount of FAL. The selectivity of FOL was dened as the
ratio of FOL amount to the consumed FAL amount (in mmol).
All of experiments were performed at least in duplicate and the
values were expressed as the means � standard deviations.

Various parameters (substrate, co-substrate, cell, tempera-
ture, time etc.) were investigated based on the above typical
experiment of bio-reduction. To assess the impact of the co-
substrate type, 10 g L�1 glucose, ethanol, maltose, sucrose or
glycerol were added into reaction mixtures as co-substrate,
respectively. The optimization of FAL concentration was
carried out in 0–52 mM. The optimum cell concentration and
RSC Adv., 2018, 8, 26720–26727 | 26721
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Fig. 2 HPLC analysis of culture samples of B. coagulans in the pres-
ence of FAL after 60 h fermentation. (a) Samples for HPLC analysis was
taken at the time of 0 h; (b) samples for HPLC analysis was taken at the
time of 60 h fermentation; (c) FAL and its derivatives standard samples;
FA (1.978 min); FOL (2.847 min); FAL (3.310 min).
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co-substrate concentration was determined at 5–21 g L�1 cells
and 5–50 g L�1 glucose respectively. Aer 24 h reaction, the
conversion and selectivity were measured under the selected
collocations and standard conditions. Additionally, the optimal
temperature was determined with the temperature ranging
from 35 to 55 �C for 24 h reaction. Fed-batch experiments were
performed by adding the FAL at 3 h and 9 h.

2.5. Analytic methods

For monitoring bacterial growth, the turbidity measurements of
cells were measured at 600 nm (OD600) by UV-visible spectro-
photometer (Spectrum lab 752s). Cell amount was measured
according to dry cellular weight. Cell samples were collected,
washed by water twice, and dried at 105 �C for 6 h to gain the
constant weight. FAL and FOL concentration were analyzed on
a Zorbax Eclipse XDB-C18 column (4.6 mm � 250 mm, 5 mm) by
using a reversed-phase HPLC (Agilent 1260 system) equipped
with a DAD detector set at 220 nm. The column was set at 25 �C
and the mobile phase was a mixture of acetonitrile/water
(50 : 50, v/v) at ow rate of 1 mL min�1.

2.6. Statistical analysis

Statistical analyses were performed using SPSS statistics 20.0.
The differences of the corresponding values between exposed
groups were tested by one-way analysis of variance (ANOVA). p <
0.05 was regarded as statistically signicant.

3. Results and discussion
3.1. Characteristic of B. coagulans strain NL01

Recently, there is the growing interest in developing B. coagu-
lans as an ideal platform microorganism for biological conver-
sion of biomass.9 Prior reports have identied that some B.
coagulans could detoxify some aldehyde inhibitors during
fermentation in situ by aldehyde reduction.9,15 Thus in this study
the tolerance of B. coagulans NL01 toward FAL were rstly
investigated under anaerobic condition. As shown in Fig. 1, B.
coagulans NL01 demonstrated a good growth in the presence of
#21 mM of FAL. An obvious inhibitory effect was observed at
Fig. 1 Effect of FAL concentration on cell viability. Cell viability was
measured by turbidity measurements at 600 nm (OD600) after 60 h
fermentation.

26722 | RSC Adv., 2018, 8, 26720–26727
31 mM FAL and further increasing the FAL concentration
resulted in complete cell death. According to previous reports,
many microorganisms are inhibited by FAL at concentration of
1–12 mM.11 Bacillus spp. IFA 119 showed 78% growth inhibition
by 10 mMFAL.16 Delgenes et al. found that 21mM FAL inhibited
S. stipitis growth by 99%.17 The growth of E. coli LY01 was
inhibited by 50% in the presence of 25mM FAL.18 By contrast, B.
coagulans NL01 revealed a higher FAL tolerance than most
microorganisms in the anaerobic condition.

As previously reported, the tolerance mechanism of micro-
organisms for FAL mainly includes two kinds: completely
metabolize or only transform into a less toxic form by reduction
or oxidization.2 Therefore, the fate of the FAL by B. coagulans
NL01 was investigated by HPLC analysis. The result showed that
all of FAL was transformed primarily into most of FOL and
a small portion FA aer fermentation (Fig. 2). Table 1 presents
the bioconversion of FAL into FOL during fermentation. It was
found that FAL eliminated gradually and FOL appeared in the
culture medium along with the time. When the initial FAL
concentration is below 33 mM, the FAL could be completely
disappeared by 24 h (Table 1, entry 3) fermentation. Moreover,
a FOL concentration of 27 mM was achieved at the initial FAL
concentration of 33 mM aer 36 h fermentation. When the
initial concentration of FAL was up to 52 mM, the FAL
concentration remained throughout fermentation (Table 1
entry 5), indicating the death of the cells. It is consistent with
the result of cell growth (Fig. 1). In our previous study, a similar
reductive transformation of FAL was observed in B. coagulans
GKN316. Our observations conrmed that B. coagulans NL01
might have a tolerance mechanism of FAL similar to some
ethanologenic strains, either S. cerevisiae or Z. mobilis, which
could reduce aldehydes to the less toxic corresponding alco-
hols.18–21 More importantly, its higher FAL tolerance and
This journal is © The Royal Society of Chemistry 2018
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Table 1 Bioconversion of FAL during fermentation with B. coagulans NL01a

Entry
Initial FAL
[mM]

t
[h]

FAL
[mM]

FOL
[mM]

t
[h]

FAL
[mM]

FOL
[mM]

t
[h]

FAL
[mM]

FOL
[mM]

t
[h]

FAL
[mM]

FOL
[mM]

1 14.7 � 0.1 12 1.8 � 0.23 9.1 � 0.04 24 0.0 11.1 � 0.1 36 0.0 10.8 � 0.1 60 0.0 10.6 � 0.2
2 22.2 � 0.1 12 3.2 � 0.1 18.0 � 0.2 24 0.0 19.7 � 0.1 36 0.0 19.2 � 0.1 60 0.0 19.1 � 0.1
3 33.3 � 0.1 12 31.5 � 0.1 1.5 � 0.1 24 4.1 � 0.1 25.9 � 0.1 36 0.0 27.2 � 0.2 60 0.0 27.1 � 0.2
4 40.6 � 0.1 12 37.5 � 0.1 1.4 � 0.1 24 14.1 � 0.3 24.0 � 0.2 36 1.6 � 0.1 35.9 � 0.0 60 0.0 35.6 � 0.2
5 52.1 � 0.0 12 53.6 � 0.1 0.0 24 53.6 � 0.1 0.0 36 52.0 � 0.2 0.0 60 49.8 � 0.1 0.0

a Reaction conditions: 10–52 mM FAL were added into 50 mL culture medium, 150 rpm, 50 �C; aer microbial cells were anaerobic incubated for
60 h under the above conditions.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

10
:4

6:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
selectivity of FOL (highest 91%) suggest that B. coagulans NL01
may play a biocatalyst role in the FAL to FOL biotransformation.
3.2. The co-substrate requirement of B. coagulans NL01

Bio-reduction of FAL to FOL is a typical redox reaction. Earlier,
the reduction of furan in microorganisms has been found to be
both NADPH- and NADH- coupled, which indicated that bio-
reduction process must be cofactor dependent and hydrogen
donor is needed.17 Likewise, the reported bio-catalytic reduction
of furans also needed the addition of glucose as co-substrate to
regenerate the enzyme cofactor.2 Therefore, in order to realize
highly efficient bio-reduction, whole cell catalysis was consid-
ered for the FOL production and the requirement of co-
substrate to promote bio-reduction as hydrogen donors was
studied.

As shown in Fig. 3, FOL was produced with a low FAL
conversion of 36% aer 24 h without co-substrate. The result
indicated that coupling the reduction of oxidized cofactors to
the oxidation of a co-substrate was needed for redox cofactor
recycle in cells. Thus some common sugars and alcohols were
studied as co-substrate and the results were summarized in
Fig. 3. It was observed that the conversion of FAL and the
selectivity of FOL were greatly affected by the co-substrate type.
The result of co-substrate consumption showed that both
Fig. 3 Effect of co-substrate on reduction of furfural by whole cell
catalytic of B. coagulans NL01. Conditions: 42 mM FAL, 10 g L�1 co-
substrate, 9 mg (dry weight) per mL microbial cells, 25 mL phosphate
buffer (200 mM pH 7.0), 150 rpm, 50 �C; anaerobic reaction for 24 h
under the above conditions, with different letters representing signif-
icant differences between the treatment means (p < 0.05).

This journal is © The Royal Society of Chemistry 2018
glucose and ethanol consumed quickly along with the degra-
dation of FAL (data not shown). A maximal FAL conversion of
94% was achieved using glucose as co-substrate. Meanwhile,
a high selectivity (85%) was simultaneously observed. In
addition, despite that the conversion of FAL was only 80%, the
highest selectivity (91%) was found using ethanol as co-
substrate. The higher selectivity revealed that ethanol was
more suitable for the reductase coenzyme regeneration. But to
our understanding, glucose not only could regenerate effi-
ciently reduced cofactors (e.g., NAD(P)H) and make the
reduction reaction readily, but also could contribute to hold
the cell status and activity as a broad-spectral carbon source.
Meanwhile, the cells were easily inhibited by ethanol due to its
polarity.22 Therefore, glucose was the best co-substrate for bio-
reduction of FAL to FOL by B. coagulans NL01 and the highest
FOL concentration (32 mM) was achieved using glucose as co-
substrate. As for other sugars and alcohol, there was no
obvious difference in conversion of FAL compared to the
control. But the selectivity of FOL varied signicantly. Both
sucrose and glycerol had signicant improvement for the
selectivity of FOL, while the lowest selectivity was observed at
12% using maltose as co-substrate.
3.3. Effect of substrate and co-substrate concentration on
reduction of FAL to FOL

Compared with conventional chemical catalysts, the disadvan-
tage of biocatalyst is lower substrate tolerance. As described
above, FAL is an toxic compound toward the cell growth of B.
coagulans NL01. Thus the inuence of FAL on FOL biosynthesis
was studied (Fig. 4). Although the cell growth was almost
completely inhibited in the presence of 52 mM FAL (Fig. 1),
a bio-reduction system seemed to demonstrate a better
substrate tolerance than the fermentation process. Effect of
initial concentration of FAL exerted no signicant change on
the conversion when FAL concentrations were less than 52 mM.
But when the FAL concentration was over 52 mM, the conver-
sion and selectivity of FAL began to decrease considerably,
which suggested that FAL inhibition occurs at this substrate
concentration. A conversion of 82% and selectivity of 73% was
obtained at 52 mM FAL and a further increase in FAL concen-
tration led to a quick decrease of FOL production. It meant that
the related enzyme activity was completely inhibited. Therefore,
considering the effect of FAL on the cell growth, 42 mM FAL was
chosen for the next study.
RSC Adv., 2018, 8, 26720–26727 | 26723
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Fig. 4 Effect of substrate concentration on reduction of furfural by
whole cell catalytic of B. coagulans NL01. Conditions: 0–200mM FAL,
10 g L�1 glucose, 9 mg (dry weight) per mL microbial cells, 25 mL
phosphate buffer (200mMpH 7.0), 150 rpm, 50 �C; anaerobic reaction
for 24 h under the above conditions, with different letters representing
significant differences between the treatment means (p < 0.05).
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As described above, glucose is a preferred co-substrate
toward bioreduction system. The amount of glucose is critical
for efficient synthesis of FOL from FAL. As shown in Fig. 5,
satisfactory conversions (>98%) and selectivities (>90%) were
obtained when initial glucose concentration was over 15 g L�1.
In the presence of 15 g L�1 glucose, the conversion and selec-
tivity were 99% and 93% respectively. Meanwhile, it was found
that glucose is completely consumed and transformed into
lactic acid under the anaerobic condition. When the addition of
glucose reached 30 g L�1, the accumulation of glucose occurred
and the amount of lactic acid reached the maximum. It indi-
cated that 15–20 g L�1 glucose might be a suitable amount for
the bio-reduction of 42 mM FAL by B. coagulans NL01. In
a previous study on HMF bio-reduction by Meyerozyma guil-
liermondii SC1103, an assumption was proposed that supple-
mentation of excess co-substrate might favor to enhance HMF-
tolerance of cells and a high glucose concentration could
Fig. 5 Effect of co-substrate concentration on reduction of furfural by
whole cell catalytic of B. coagulans NL01. Conditions: 42 mM FAL, 5–
50 g L�1 glucose, 9 mg (dry weight) per mL microbial cells, 25 mL
phosphate buffer (200mMpH 7.0), 150 rpm, 50 �C; anaerobic reaction
for 24 h under the above conditions, with different letters representing
significant differences between the treatment means (p < 0.05).

26724 | RSC Adv., 2018, 8, 26720–26727
improve the bio-catalytic reduction of HMF.1 Therefore, the
reduction of FAL at 40 mM and 100 mM were conducted in the
presence of 10 and 30 g L�1 glucose (Fig. S1†). Unfortunately,
when the concentration of FAL was 100 mM, poor results were
obtained and no obvious improvements were observed at
higher concentration of glucose.
3.4. Effect of key reaction conditions on the bio-reduction of
FAL

Fig. 6 showed the effect of the cell dosage on FOL synthesis.
Despite that the higher cell loading could accelerate the reac-
tion rate due to the presence of more enzymes, the cell dosage of
5–21 mg mL�1 exerted no signicant effect on FAL conversion.
The highest FAL conversion reached 97% aer 24 h with 9 mg
mL�1 of cell dosage. In addition, the cell loading showed
obvious effect on the catalyst selectivity. 83% selectivity was
observed with the use of 5 mg mL�1 of cell dosage and then
increased to 90% with 9 mg mL�1 of cell dosage. Upon further
increasing the cell loading, FOL selectivity began to decrease
slowly. During most studies on biodegradation of furanic
compounds, it was found that the oxidation or reduction of
furanic aldehydes was quite commonly observed and the
reduction reaction of FAL and HMF was oen reversible.23 FOL
could be oxidized to FAL again by alcohol dehydrogenase or
aldehyde oxidase, and then to FA consequently by aldehyde
oxidase from the cells.24 In this study, the decline of selectivity
and more FA produced at higher cell loading suggested that B.
coagulans NL01 might also have a metabolic pathway for FAL to
FA. Therefore, we reasoned that the decrease of FOL selectivity
might be owed to the proceeding oxidization of produced FOL
to FA along the degradation pathway for FAL by B. coagulans
NL01 as the cell loading was excess. Fig. 7 shows the effect of pH
value on the reduction of FAL. B. coagulans NL01 cells exhibited
good catalytic performances within the pH range 6.5–7.5. The
maximal conversions of 99% were achieved aer a reaction time
of 24 h. In addition excellent selectivities (87%) were observed.
Fig. 6 Effect of cell concentration on reduction of furfural by whole
cell catalytic of B. coagulans NL01. Conditions: 42 mM FAL, 20 g L�1

glucose, 5–21 mg (dry weight) per mL microbial cells, 25 mL phos-
phate buffer (200 mM pH 7.0), 150 rpm, 50 �C; anaerobic reaction for
24 h under the above conditions, with different letters representing
significant differences between the treatment means (p < 0.05).

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Effect of pH on reduction of furfural by whole cell catalytic of B.
coagulans NL01. Conditions: 42 mM FAL, 20 g L�1 glucose, 9 mg (dry
weight) per mL microbial cells, 25 mL phosphate buffer (200 mM pH
5.5–8.0), 150 rpm, 50 �C; anaerobic reaction for 24 h under the above
conditions, with different letters representing significant differences
between the treatment means (p < 0.05).
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The effect of the reaction temperature on FOL synthesis
was shown in Fig. 8. Fig. 8a showed the inuence of the
reaction temperature on the bio-reduction of FAL. It was
found that FAL was consumed completely aer 24 h reaction
when the temperature varied from 35 to 50 �C and the
Fig. 8 Effect of temperature on reduction of furfural by whole cell
catalytic of B. coagulans NL01. (a) The conversion of FAL; (b) the
selectivity of FOL. Conditions: 42 mM FAL, 20 g L�1 glucose, 9 mg (dry
weight) per mL microbial cells, 25 mL phosphate buffer (200 mM pH
7.0), 150 rpm, 35–55 �C; anaerobic reaction for 24 h under the above
conditions.

This journal is © The Royal Society of Chemistry 2018
decrease of conversion at a higher temperature might be due
to the thermal inactivation of the cells. Moreover, the actual
reaction time was reduced signicantly by increasing the
temperature at 35–50 �C (e.g., 24 h at 35 �C vs. 6 h at 45 �C or
3 h at 50 �C). A complete conversion was observed aer 6 h
reaction at 45 �C and the conversion of 96% was achieved
aer 3 h reaction at 50 �C. The effect of temperature on FOL
selectivity was similar with the conversion (Fig. 8b). The high
selectivity (>85%) were obtained within 3–6 h at 45 �C and
50 �C. Furthermore, although the conversion of FAL
remained high, a longer time reaction resulted to the
decrease of the FOL selectivity at 45 �C and 50 �C possible due
to excess metabolism of FAL and by-product formed. Hence,
a maximum selectivity of 87% was achieved at 50 �C and 6 h
reaction. Recently, Mo-doped Co–B amorphous catalyst was
reported that exhibited excellent activity and nearly 100%
selectivity to FOL at 100 �C under 1.0 MPa.25 Compared with
these metals and amorphous alloys catalysts,7 a similar high
efficient conversion of FAL into FOL was obtained even under
a mile temperature (50 �C) using whole cells of B. coagulans
NL01 as bio-reduction catalyst. The results obtained in this
work were compared with selected literature results. As
shown in Table 2, B. coagulans NL01 gave the highest
biotransformation rates of FAL ever reported. FAL was
hydrogenated to FOL with high temperature and low reaction
rate using SBA-15Cu as catalyst. The efficiency of CTH of FAL
to FOL remained low although the method appeared to be
environmentally. Although Saccharomyces cerevisiae
culturing cells were reported to be FAL-tolerant, their trans-
formation efficacies were very poor.
3.5. Production of FOL by a fed-batch strategy

Under the established conditions above, in the presence of 20 g
L�1 glucose, 42 mM FAL could be converted into 35 mM FOL at
50 �C with the cells of 9 mg mL�1 aer 6 h. Meanwhile, FAL
conversion and FOL selectivity reached 97% and 87% respec-
tively. However, inhibition of FAL towards microbial cells still
limits the level of FOL production. Fed-batch strategy is
considered as an efficient approach for getting a high concen-
tration of product. On the other hand, in addition to substrate
inhibition and toxicity, the product also affects the biocatalytic
reduction reactions.26 Therefore, fed-batch experiment was
performed to evaluate the highest amount of FOL with the cells
of 9 mg mL�1. Reaction was initiated with 40 mM FAL and FAL
was added to 40 mM at 3 h and 9 h respectively when the FAL
concentration reached almost zero (Fig. 9). During the rst 12 h,
reaction rate was almost linear and about 90 mM FAL was
converted to about 87 mM FOL. But thereaer, the consump-
tion rate of FAL decreased continuously until at 24 h. This
decline in productivity might be attributed to FOL accumula-
tion, active enzyme depletion, or a combination of these
factors.27 Although the rate of FOL production decreased over
time with the accumulation of FOL, the 24 h bio-reduction by B.
coagulans cells still produced 98.4 mM FOL at 50 �C from
112 mM FAL. The conversion of FAL and the selectivity toward
the desired product reached 92% and 96%, respectively.
RSC Adv., 2018, 8, 26720–26727 | 26725
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Table 2 FAL reduction catalyzed by various catalysts

Catalysts Reaction temperature [�C] Productivitya [g L�1 h�1] References

SBA-15Cu 170 0.22 (1 h) 5
g-Fe2O3@HAP 180 0.01 (10 h) 6
Zymomonas mobilis 30 0.06 (48 h) 15
Clostridium acetobutylicum ATCC 824 35 0.13 (12 h) 28
Escherichia coli CCZU-K14 30 0.80 (24 h) 29
Escherichia coli KO11 37 0.10 (8 h) 30
S. cerevisiae 354 30 1.00 (6 h) 31
Issatchenkia occidentalis CCTCC M 206097 30 0.0003 (48 h) 32
B. coagulans NL01 50 1.29 (3 h) This work

a The productivity is dened as the ratio of consumed FAL to the corresponding reaction time.

Fig. 9 FOL production in a fed-batch culture of B. coagulans NL01.
Conditions: 40 mM FAL, 20 g L�1 glucose, 9 mg (dry weight) per mL
microbial cells, 25 mL phosphate buffer (200 mM pH 7.0), 150 rpm,
50 �C. After FAL was almost used up, 0.925 mmol FAL were
supplemented.
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4. Conclusions

Herein, we have demonstrated that FOL can be selectively
produced from the bio-reduction of FAL by using highly FAL-
tolerant B. coagulans NL01 cells. The presence of co-substrate
glucose is required for the bio-reduction of FAL to FOL.
Optimal conditions were 42 mM FAL, 15–20 g L�1 glucose,
9 mg mL�1, at 50 �C and 6 h. A satisfactory conversion of 97%
and selectivity of 87% was obtained under optimized condi-
tions. Fed-batch strategy may be a promising approach for
improving FOL production. The cells were able to efficiently
transform FAL to FOL by a fed-batch process with good
selectivity and up to 98 mM FOL was synthesized in 24 h,
which corresponding to 92% conversion and 96% selectivity.
These results mean that B. coagulans NL01 can be considered
as a promising biocatalyst for FOL production. Compared to
other systems for FOL production, this developed bio-
reduction system has three main advantages: low tempera-
ture condition, atmospheric pressure and no extra hydrogen.
Thus it offers a potential strategy for ambient pressure
hydrogenation of FAL to FOL and other catalytic reduction
reaction.
26726 | RSC Adv., 2018, 8, 26720–26727
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