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Abstract 

Background: Bear bile powder is a valuable medicinal material characterized by high content of tauroursodeoxy-
cholic acid (TUDCA) at a certain ratio to taurochenodeoxycholic acid (TCDCA). We had created an engineered E. coli 
harboring two-step bidirectional oxidative and reductive enzyme-catalyzing pathway that could rapidly convert 
TCDCA to TUDCA at a specific percentage in shake flasks.

Results: We reported here the large-scale production of TUDCA containing products by balancing the bidirectional 
reactions through optimizing fermentation process of the engineered E. coli in fermenters. The fermentation medium 
was firstly optimized based on M9 medium using response surface methodology, leading to a glycerol and yeast 
extract modified M9-GY medium benefits for both cell growth and product conversion efficiency. Then isopropylthio-
β-galactoside induction and fed-stock stage was successively optimized. Finally, a special deep-tank static process was 
developed to promote the conversion from TCDCA to TUDCA. Applying the optimal condition, fermentation was per-
formed by separately supplementing 30 g refined chicken bile powder and 35 g crude chicken bile powder as sub-
strates, resulting in 29.35 ± 2.83 g and 30.78 ± 3.04 g powder products containing 35.85 ± 3.85% and 27.14 ± 4.23% 
of TUDCA at a ratio of 1.49 ± 0.14 and 1.55 ± 0.19 to TCDCA, respectively, after purification and evaporation of the 
fermentation broth. The recovery yield was 92.84 ± 4.21% and 91.83 ± 2.56%, respectively.

Conclusion: This study provided a practical and environment friendly industrialized process for producing artificial 
substitute of bear bile powder from cheap and readily available chicken bile powder using engineered E. coli micro-
bial cell factory. It also put forward an interesting deep-tank static process to promote the enzyme-catalyzing reac-
tions toward target compounds in synthetic biology-based fermentation.
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Background
Synthetic biology is a powerful strategy for produc-
ing valuable natural products from inexpensive starting 
materials. The basic work of this strategy is to integrate 
a heterologous pathway in a microbial host cell where 
balancing the multiple enzyme-catalyzed reactions of 
the recreated pathway is essential for high production 
of committed products. A number of technologies have 
been developed to balance the metabolic flux includ-
ing structure gene selection and codon optimization [1], 
gene transcriptional level controlled by varied strength 
promoters or gene dosage [1, 2], enzyme co-location 
through fusion protein or co-expressing with synthetic 
protein scaffolds [3, 4], and microbial co-culture consor-
tium [5, 6]. Fermentation optimization also play impor-
tant role in promoting the titer, yield and productivity of 
target compounds [2].

Bear bile powder is precious traditional medicinal 
material. It has been used as anti-convulsant drugs for 
curing hepatic and biliary disorders and other diseases in 
Asia area for thousands of years [7–9]. Modern pharma-
cological studies revealed it has a wide range of activities 
such as anti-inflammatory [10], anti-liver fibrosis [11], 
neuroprotective [12], and antioxidant [13], which made 
its application widely spread around the world [8]. Bear 
bile powder is the dried gallbladder bile collected from 
the endangered Ursidae species like black bear (Sele-
narctos thibetanus) and brown bear (Ursus arctos) [7, 8]. 
Currently, bear bile powder for medicinal usage is pre-
dominantly from the drainage bear bile extracted from 
farmed bears with “Free-dripping Fistula Technique” 
by implanting a duct or making an artificial fistula in 
the liver of the bears, which is extremely inhumane and 
would kill them due to chronic infections or liver cancer 
[8]. The high value of bear bile but the cruel collection 
method prompted researchers to find alternatives based 
on its therapeutic effects and the specific chemical char-
acteristics [8].

Bile acids, a group of steroids with C-17 side chains, 
are the main bioactive ingredients of bear bile espe-
cially ursodesoxycholic acid (UDCA) or its physiologi-
cally active form tauroursodesoxycholic acid (TUDCA) 
and taurochenodeoxycholic acid (TCDCA). The high 
content of UDCA or TUDCA is generally considered as 
the special profile of bear bile and used to distinguish it 
from other animal bile [7, 14]. The ratio of TUDCA to 
TCDCA ranged from 0.82 to 1.76 (average 1.1 ± 0.3) in 
eight batches of commercial bear bile powder samples 
[14], which could be regarded as the distinct character of 
bear bile. The authentication and standard quality work 
from 20 batches of drainage bear bile powder samples in 
our lab revealed that the average content of TUDCA was 
26.5%, the ratio of TUDCA to TCDCA was from 1.0 to 

1.5 and the content of TUDCA and TCDCA was from 41 
to 59% [15].

Till now, UDCA and TUDCA synthesized through 
chemical synthesis are the only acceptable substitutes 
of bear bile [16–18], from the pharmacological point of 
view. Biotransformation using whole-cell biocatalysts or 
chemo-enzymes have also attracted researchers for its 
mild, steerable and environment-friendly properties [19, 
20]. Both chemical synthesis and current biotransforma-
tion approaches required pure and rare compounds as 
precursors, substrates, or cofactors [16–20], thus limited 
in industrial application.

Bacterial 7α-hydroxysteroid dehydrogenase 
(7α-HSDH) and 7β-hydroxysteroid dehydrogenase 
(7β-HSDH) have both oxidative and reductive activities 
and can interconvert TCDCA and TUDCA coupling with 
NADPH or NADH as co-factors [20, 21] (Fig. 1). Utiliz-
ing the property of 7α-HSDH and 7β-HSDH, we had cre-
ated an engineered Escherichia coli with 7α-HSDH and 
7β-HSDH genes which could convert a certain propor-
tion of TCDCA to TUDCA via tauro-7-keto lithocholic 
acid (T-7-KLCA) intermediate using chicken bile powder 
as substrates [22]. The oxidative and reductive activities 
of 7α-HSDH and 7β-HSDH are affected by temperature, 
available oxygen, pH value of the media, and the fer-
mentation time in shake flasks [22–24]. Here, in order to 
make the engineered E. coli work feasible for industrial 
application, we performed process optimization to bal-
ance the bidirectional reactions converting TCDCA to 
TUDCA and to improve the production as well. Medium 
composition was optimized with response surface meth-
odology (RSM), a useful tool reducing the number of 
experiments without neglecting the interactions among 
the parameters [25, 26], and a special deep-tank static 
process was developed.

Employing the optimized condition, we carried out 
fermentation in stirred-tank fermenter using refined 
chicken powder and crude chicken bile powder as sub-
strates and prepared the fermentation broth into powder 
products consisting of nearly equal content of TUDCA 
to natural bear bile acid powder. To our knowledge, this 
is the first report applying engineered whole-cell factory 
to make products in large scale containing TUDCA at a 
certain ratio to TCDCA as in the rare bear bile powder 
medicinal material.

Results
Evaluation of experimental design of Box–Behnken Design 
of RSM
The results of 29 runs from Box–Behnken Design (BBD) 
experiments to study the effects of the four independ-
ent factors, glucose (factor A), glycerol (factor B), tryp-
tone (factor C), and yeast extract (factor D), on the cell 
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density  (OD600) and conversion efficiency of TUDCA 
were loaded into Design-Expert 8.0.6.1 software for 
regression analysis (Table 1). The maximum experimen-
tal value of  OD600 was 13.29 and 22.96% for conversion 
efficiency based on RSM. The regression analysis data 
were fitted to a quadratic model and the second order 
regression equations obtained on  OD600 (1) and conver-
sion efficiency (2) were actual models as following:

Here, Y represented  OD600. The statistical significance 
of Eq.  (1) was estimated by F-value and the ANOVA 
for response surface quadratic model (Additional file  1: 
Table S2). The F-value of model was 6.55 which implied 
the model for  OD600 was significant. The low probability 
P value of model was 0.0006 which mean there was only 
0.06% chance that the F-value of model may occur large 
owing to noise. The “Lack of Fit F-value” of 0.45 implied 
the Lack of Fit is not significant relative to the pure error. 
There was 85.90% chance that a “Lack of Fit F-value” this 
large could occur due to noise. The  R2 value of 0.8676 
gives 86.76% variability in the response of  OD600, and 
about 13.24% total variation cannot be explained by 
the model. The value of adequate precision was 9.489, a 
ratio greater than 4, which showed that the polynomial 

(1)

Y = 10.59+ 2.23 ∗ A− 0.21 ∗ B+ 0.48

∗ C+ 1.43 ∗ D− 0.23 ∗ A ∗ B

+ 1.17 ∗ A ∗ C+ 0.66 ∗ A ∗ D+ 0.58

∗ B ∗ C+ 0.22 ∗ B ∗ D− 0.52 ∗ C ∗D

− 1.52 ∗ A ∗ A+ 0.42 ∗ B ∗ B− 0.18

∗ C ∗ C− 1.23 ∗ D ∗ D

quadratic model was of an adequate signal, and could 
be used to navigate the design space. According to the 
principle that the smaller the P-value, the more signifi-
cant the corresponding coefficient, it could be seen from 
Additional file 1: Table S2 that two linear coefficient (fac-
tors A and D) and two quadratic coefficients (A^2 and 
D^2) were highly significant, indicating that glucose and 
yeast extract played important roles in the cell growth.

In Eq.  (2), Y was the conversion efficiency. The statis-
tical significance of Eq.  (10) was estimated by F-value 
and ANOVA as given in Additional file 1: Table S3. The 
F-value of the model for conversion efficiency was 8.72, 
indicating this model was significant. The probabil-
ity P-value of the model and the Lack of Fit was 0.0001. 
The  R2 value of 0.8971 gives 89.71% variability in the 
response of conversion efficiency, and about 10.29% total 
variation cannot be explained by the model. The value 
of adequate precision was 10.624. The P-value of factor 
A in the model was below 0.0001, suggesting that factor 
A (glucose) was extremely significant correlated with the 
conversion efficiency but the other three factors were not 
significant (P-value > 0.05) (Additional file 1: Table S3).

(2)

Y = 4.912− 7.07 ∗ A+ 0.81 ∗ B− 0.32

∗ C+ 1.04 ∗ D− 2.61 ∗ A ∗ B

+ 1.71 ∗ A ∗ C− 2.50 ∗ A ∗ D

− 0.075 ∗ B ∗ C− 0.53 ∗ B ∗ D

+ 0.95 ∗ C ∗ D+ 6.81 ∗ A ∗ A

− 1.34 ∗ B ∗ B+ 1.16 ∗ C ∗ C+ 1.48 ∗ D ∗ D

Fig. 1 Reaction catalyzed by 7α-HSDH and 7β-HSDH
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Results of Box–Behnken Design for medium composition 
optimization
The 3D graphs of response surface representation intui-
tively showed the relation between the response and 
experimental levels of each variable, which was helpful 
to analyze the kind of interaction among variables to 
deduce the optimum medium composition. As shown 
in Fig.  2a, b, and Additional file  1: Table  S2, factors A 
and D had a greater impact on  OD600 than B and C did. 
Both were positively correlated with  OD600; whereas 
factor A had a negative significant effect on conver-
sion efficiency (Additional file  1: Table  S3; Fig.  2c, d). 
Meanwhile, the maximal  OD600 and conversion effi-
ciency was predicted for the optimized medium by set-
ting three stars for conversion efficiency and one star 
for  OD600 due to the conversion of TUDCA was the 

primary goal of the study. A total of 55 solutions indi-
cating the suggested medium composition were given 
and the top ten was listed in Table 2. The selected one 
composed of 28.43 mL/L of glycerol and 20 g/L of yeast 
extract without glucose and tryptone (Table  2). This 
solution was chosen together with the original ingre-
dients of M9 minimal medium (6.78  g/L of  Na2HPO4, 
3  g/L of  KH2PO4, 0.5 of g/L of NaCl, 1  g/L of  NH4Cl, 
2  mM of  MgSO4, 0.1  mM of  CaCl2) as the optimized 
medium for further study to verify the results of BBD 
and determine the accuracy of the model.

On experimentation using the optimized medium, the 
observed response of  OD600 and TUDCA conversion 
efficiency were 7.21 and 19.74%, respectively, very close 
to the corresponding predicted values, 7.45 and 22.72%, 

Table 1 Experimental designs and the results of the Box–Behnken Design

The highest responses of  OD600 and conversion efficiency were highlighted in italics

Std Run Factors Responses

A-glucose
(g/L)

B-glycerol
(mL/L)

C-tryptone
(g/L)

D-yeast extract
(g/L)

OD600 Conversion 
efficiency (%)

22 1 10 30 10 0 8.36 1.41

14 2 10 30 0 10 10.25 0.17

9 3 0 15 10 0 4.37 12.54

5 4 10 15 0 0 5.64 1.37

23 5 10 0 10 20 10.91 1.11

8 6 10 15 20 20 10.91 3.26

2 7 20 0 10 10 12.04 0.19

28 8 10 15 10 10 11.44 0.00

4 9 20 30 10 10 10.43 0.03

13 10 10 0 0 10 10.81 0.58

29 11 10 15 10 10 12.50 0.00

26 12 10 15 10 10 9.74 0.00

11 13 0 15 10 20 6.25 22.96

12 14 20 15 10 20 13.29 0.45

1 15 0 0 10 10 7.28 3.13

21 16 10 0 10 0 9.51 0.03

25 17 10 15 10 10 8.65 0.01

16 18 10 30 20 10 12.66 0.31

3 19 0 30 10 10 6.61 13.42

27 20 10 15 10 10 10.62 0.00

10 21 20 15 10 0 8.76 0.02

17 22 0 15 0 10 8.50 20.25

19 23 0 15 20 10 6.05 13.58

18 24 20 15 0 10 9.54 0.11

7 25 10 15 0 20 10.21 0.29

15 26 10 0 20 10 10.92 1.02

6 27 10 15 20 0 8.40 0.55

20 28 20 15 20 10 11.76 0.27

24 29 10 30 10 20 10.64 0.38
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respectively (Table 2) and much higher than the control 
(PBS-M9 medium), 2.15 and 1.70%, respectively. These 
results proved that the developed model was accurate 

and the optimized medium was efficient and work-
able for improvement of both cell density and TUDCA 
formation.

Fig. 2 Results of response surface methodology for  OD600 and TUDCA conversion efficiency. a, b Results of RSM for  OD600. c, d Results of RSM for 
conversion efficiency

Table 2 Solutions given by Box–Behnken Design for medium composition

The top 10 of 55 solutions were listed and the selected one was highlighted in italics

Solution no. Suggested concentration (g/L) Expected Desirability

Glucose Glycerol Tryptone Yeast extract OD600 Conversion 
efficiency

1 0.00 28.43 0.00 20.00 7.45 22.7% 0.23

2 0.01 27.87 0.00 20.00 7.44 22.7% 0.23

3 0.00 26.99 0.00 20.0 7.41 22.65 0.23

4 0.00 30.00 0.00 19.37 7.55 22.45 0.22

5 0.00 24.17 0.00 19.98 7.36 22.44 0.22

6 0.17 29.84 0.01 20.0 7.57 22.30 0.22

7 0.20 30.00 0.00 20.0 7.58 22.23 0.22

8 0.00 30.00 0.00 18.70 7.60 22.13 0.22

9 0.00 21.04 0.04 19.97 7.34 22.09 0.22

10 0.00 30.00 2.40 20.00 7.42 22.00 0.22
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Results of IPTG induction optimization for TUDCA 
formation
IPTG induction was optimized using the optimized 
medium mentioned above in shake flasks. The addition 
time points of IPTG and substrates were firstly explored 
by adding 1.0  mmol/L of IPTG. By addition of IPTG 
after sub-culturing the bacteria for 4 h (logarithmic pro-
phase) and supplementing substrates 3 h later, the high-
est TUDCA titer and conversion efficiency, respective 
3.57 ± 0.05 g/L and 44.20 ± 0.01% (Fig. 3a), was obtained. 
The concentration of TUDCA was similar to this result 
when supplying substrates 4  h later but was less when 
delaying substrate addition time to 5 h (Fig. 3a). The later 
IPTG addition time 5.5  h and 7.5  h, corresponding to 
logarithmic metaphase and logarithmic late stage, led to 
less TUDCA than earlier IPTG addition, no matter which 
substrate addition time was combined, correspondingly. 
These results indicated that it was better for TUDCA 
conversion to add IPTG at the logarithmic prophase (4 h) 
and load substrate 3–4 h later when using the optimized 
medium.

IPTG concentration was then explored using the 
optimal addition time. When IPTG increased from 
0.1 mmol/L to 1.0 mmol/L, the titer of TUDCA and con-
version efficiency increased firstly then reduced (Fig. 3b). 
The highest TUDCA titer was 3.61 ± 0.23  g/L and the 

highest conversion efficiency was 48.63 ± 3.16% when 
0.3  mmol/L of IPTG was supplemented, indicating that 
0.3 mmol/L of IPTG was better for TUDCA formation.

Effect of feedstock composition and feeding process 
on the biotransformation
Feedstock containing 20–200  mL/L of glycerol and 
40–60 g/L of yeast extract was firstly fed during the fer-
mentation process. As a result, the  OD600 value of E. 
coli BL-pα1β2 strain was up to 13 ± 2 at platform stage. 
When feedstock containing glycerol and yeast extract 
supplemented with 10  mL/L of trace element solution 
(TES) was used, the  OD600 sharply increased to 120 ± 10. 
Yet, the TUDCA conversion was less than those using 
 Na2HPO4 or  (NH4)2HPO4 as displayed in their typical 
HPLC profiles (Fig.  4b). Then, the trace elements were 
supplemented in the initial media to do fermentation 
without feeding step and similar result was got (Fig. 4c). 
That was high bacterial density but low TUDCA con-
centration. These results demonstrated that trace ele-
ments were beneficial to cell growth while  Na2HPO4 and 
 (NH4)2HPO4 were conducive to TUDCA formation. It 
also indicated that feeding step might be unnecessary in 
this study. Therefore, trace elements and the feeding step 
were omitted in subsequent experiments. Instead, 3 g/L 
of  (NH4)2HPO4 was added in the optimized medium 
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Fig. 3 Results of IPTG induction optimization for TUDCA conversion. a Results of IPTG and substrate addition time. b Results of IPTG concentration. 
A red asterisk above the column indicated the optimal conditions

(See figure on next page.)
Fig. 4 Typical HPLC profiles of bile acids from fermentation optimization experiments. a Reference standards of TUDCA, T-7-KLCA, and TCDCA. b, 
c Results of feedstock optimization. d Results of M9-GY medium compared with the optimized medium. e Results of 12 h static process following 
3.5 h stirring fermentation compared with 3.5 h stirring fermentation alone. f Results of separating cells from fermentation broth on TUDCA 
conversion during the static process
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forming the M9-GY medium for the next batch fer-
mentation, considering both the effect of  Na2HPO4 and 
 (NH4)2HPO4 on TUDCA formation and the original 
salt ingredients of M9 minimal medium. The  OD600 and 
TUDCA conversion efficiency using M9-GY medium 
were 11.32 and 24.79%. Both were higher than that using 
the optimized medium, 7.21 and 19.74%, respectively. 
This result indicated that M9-GY medium was more 
favorable for both cell growth and TUDCA conversion 
efficiency than the optimized medium. Meanwhile, by 
comparing Fig. 4c, d, it could be seen that more TUDCA 
was produced using the optimized medium without TES 
and feeding step, which demonstrated that TES and feed-
ing step was unfavorable for the yield of TUDCA in this 
study.

Results of deep-tank static process optimization
Using the M9-GY medium, we firstly did the fermenta-
tion in fermenters referred to the optimal fermentation 
time obtained in shake flasks where the optimal condi-
tions was keeping the fermentation at 25 °C for 3–12 h in 
PBS-M9 media [22] but didn’t get good results (Table 3, 
No. 2–4). The occasional finding that keeping fermenta-
tion broth still for 12 h after 3.5 h stirring fermentation 
promoted TUDCA conversion (Fig.  4e) inspired us to 
explore a deep-tank static process following the batch fer-
mentation program. As shown in Fig. 5a, among the four 
groups, 6 h stirring fermentation (the agitation process) 
then keeping static (the static process) for 23 h led to the 
highest TUDCA titer and conversion efficiency, 1.54 g/L 
and 54.54%, respectively. 3  h-agitation and 26  h-static 
(3 h–26 h combination) yielded 1.06 g/L of TUDCA with 
51.68% conversion efficiency. The 17 h-12 h combination 
had the lowest TUDCA content with the lowest conver-
sion efficiency, 0.14  g/L and 13.37%, respectively. These 
results suggested that the duration of both agitation and 
static processes had significant influence on the TUDCA 
biotransformation.

Further studies with 15 different “agitation and static 
processes” combinations revealed the ideal ratio of 
TUDCA to TCDCA did not appear by mixing fermenta-
tion alone (Table  3, No. 2–4) or by static process alone 
(Table 3, No. 5–13). The best results, TUDCA conversion 
efficiency above 45%, were obtained from those combina-
tions of 3.5  h and 6.5  h of stirring fermentation— with 
varied duration of static process (Table 3, No. 14–25, 29, 
31). These results indicated that agitation process ranging 
from 3.5 h to 6.5 h and static process extending from 10 
to 44.5 h was benefit for TUDCA formation.

Considering the economic costs, we conducted tem-
perature optimization for static process by setting 3.5 h 
for agitation fermentation coupled with 12 h static pro-
cess (3.5 h-12 h combination) when refined chicken bile 

powder was used as substrate and 5 h agitation fermen-
tation with 12  h static process (5  h-12  h combination) 
when crude chicken bile powder was used as substrate. 
As shown, when using refined chicken bile powder, keep-
ing static process at 25 °C resulted in the highest TUDCA 
titer and conversion efficiency, 1.12  g/L and 43.13%, 
respectively. The ratio of TUDCA to TCDCA was 1.12. 
Keeping at 4 °C, 16 °C, and 37 °C led to less TUDCA and 
lower conversion efficiency, below 1.95  g/L and 28.62%, 
respectively (Fig. 5b). The ratios of TUDCA to TCDCA 
in these groups were less than 0.44. This result suggested 
25  °C was the optimal temperature for static process 
using refined chicken bile powder as substrate. When 
using crude chicken bile powder and holding static pro-
cess at 4  °C, 16  °C, 25  °C, and 37  °C, the TUDCA con-
centration was respective 1.47 g/L, 1.50 g/L, 1.39 g/L, and 
1.46 g/L and TUDCA conversion efficiency was 50.77%, 
51.80%, 51.65%, and 50.20%, respectively (Fig.  5c). The 
ratios of TUDCA to TCDCA ranged from 1.01 to 1.17, 
all above 1.0. This result indicated that the temperature of 
static process had little effect on TUDCA formation for 
crude chicken bile powder substrate and 25 °C might be 
the best choice in view of convenience.

Taken together, it suggested that coupling with 
12 h-static process at 25 °C would help convert TCDCA 
to ideal ratio of TUDCA through fermentation of the 
engineered E. coli BL-pα1β2 strain, either using refined 
chicken bile powder or using crude chicken bile powder 
as substrates.

Effect of dissolved oxygen on TUDCA production in static 
process
The result that coupling with a deep-tank static pro-
cess significantly promoted the biotransformation 
from TCDCA to TUDCA interested us in explor-
ing the possible explanation. The observation that 
the indicator value of the dissolved oxygen electrode 
increased from 30 to more than 70 after keeping still 
overnight gave a hint that it might be connected to 
the dissolved oxygen. To verify this speculation, 2 mL 
of fermentation broth was separately transferred into 
2  mL, 15  mL, and 50  mL of tubes and kept at 25  °C 
overnight in 11 different “agitation and static pro-
cesses” combinations to analyze the TUDCA pro-
duction. As shown in Table  3, four combinations, 
3.5  h–13  h (No. 14–16), 3.5  h–18.5  h (No. 17–19), 
3.5 h–44.5 h (No. 20–22), and 6.5 h–10 h (No. 23–25), 
had relatively high TUDCA conversion efficiency. 
Among these combinations, TUDCA conversion var-
ied with the volume of tubes but the difference was 
not significant. For example, the TUDCA conversion 
efficiency of 3.5 h–13 h group was 49.58%, 50.76%, and 
52.70% when keeping the broth static in 2 mL, 15 mL, 
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and 50  mL tubes, respectively (Table  3, No. 14–16). 
Meanwhile, the TUDCA conversion efficiency varying 
with tube volumes in different combinations was irreg-
ular. For instance, in 3.5  h–13  h group, the TUDCA 
conversion increased from 49.58 to 52.70% with the 
tube volume changed from 2 to 50  mL, whereas in 
3.5 h–18.5 h group, the TUDCA conversion decreased 
from 49.49 to 47.10% with the tube volume changed 

from 2 to 50 mL. These results indicated that dissolved 
oxygen might influence the biotransformation via a 
complicated mechanism.

Results of separating cells from fermentation broth 
for TUDCA conversion
As shown in Fig.  4f, TUDCA in fermentation broth 
without centrifugation was slightly higher than that in 

Table 3 Results of agitation fermentation coupled with static process

▲These samples were directly taken from fermenters without static process. TUDCA conversion efficiency above 45.00% was highlighted in italics

No. Time agitation 
process-static process

Tube volume 
(mL)

TUDCA (g/L) T-7-KLCA (g/L) TCDCA (g/L) Ratio of TUDCA 
to TCDCA

TUDCA 
conversion 
efficiency (%)

1 0 h–0 h ▲ 0.00 0.00 1.10 0.00 0.00

2 3.5 h–0 h ▲ 0.04 0.00 1.06 0.04 3.55

3 6.5 h–0 h ▲ 0.07 0.01 1.00 0.07 6.05

4 16.5 h–0 h ▲ 0.18 0.04 0.89 0.20 15.94

5 0 h–16.5 h 2 0.15 0.02 0.93 0.16 13.23

6 15 0.27 0.04 0.79 0.34 24.24

7 50 0.26 0.01 0.83 0.31 23.30

8 0 h–22 h 2 0.19 0.05 0.86 0.22 17.22

9 15 0.30 0.03 0.78 0.40 27.73

10 50 0.28 0.06 0.76 0.36 25.21

11 0 h–48 h 2 0.19 0.05 0.86 0.22 17.01

12 15 0.30 0.06 0.74 0.41 27.22

13 50 0.21 0.16 0.73 0.28 18.92

14 3.5 h–13 h 2 0.54 0.03 0.52 1.05 49.58

15 15 0.56 0.04 0.50 1.11 50.76

16 50 0.58 0.04 0.48 1.20 52.70

17 3.5 h–18.5 h 2 0.54 0.06 0.49 1.10 49.49

18 15 0.53 0.07 0.50 1.05 47.94

19 50 0.52 0.07 0.51 1.02 47.10

20 3.5 h–44.5 h 2 0.50 0.09 0.51 0.98 45.52

21 15 0.51 0.09 0.50 1.02 46.42

22 50 0.51 0.10 0.49 1.05 46.60

23 6.5 h–10 h 2 0.52 0.07 0.51 1.02 47.41

24 15 0.51 0.06 0.52 0.98 46.74

25 50 0.52 0.06 0.52 1.00 47.20

26 6.5 h–15.5 h 2 0.42 0.07 0.61 0.69 38.25

27 15 0.41 0.08 0.61 0.67 37.36

28 50 0.43 0.06 0.60 0.71 39.25

29 6.5 h–41.5 h 2 0.50 0.09 0.51 0.96 45.19

30 15 0.49 0.09 0.52 0.94 44.38

31 50 0.51 0.09 0.50 1.03 46.66

32 16.5 h–5.5 h 2 0.19 0.06 0.85 0.22 17.25

33 15 0.20 0.07 0.83 0.24 17.83

34 50 0.24 0.09 0.76 0.32 22.28

35 16.5 h–31.5 h 2 0.22 0.09 0.80 0.27 19.62

36 15 0.32 0.09 0.69 0.47 29.21

37 50 0.32 0.09 0.69 0.46 28.94
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supernatant and that in fermentation broth centrifuged 
but left with cell pellets, while TCDCA in the control 
sample was a little lower than that in the other two sam-
ples. This result indicated that separating cells from the 
broth had a little effect on TUDCA conversion. Never-
theless, compared with the sample without static pro-
cess (Table  3, No. 2–4), TUDCA in the three samples 
including the supernatant separated from cells was all 
increased obviously, demonstrating that there were active 
7α-HSDH and 7β-HSDH enzymes released from the 
cells into the broth after a period stirring fermentation 
and these enzymes catalyzed the reaction from TCDCA 
to TUDCA during the static process. It also implied that 
separation of cells from fermentation broth was not nec-
essary to promote TUDCA conversion.

Preparation and chemical analysis of products 
via the optimized fermentation process
Utilizing M9-GY media and the optimized stirring fer-
mentation coupled with the deep-tank static process, 
three batches of refined chicken bile powder (30  g) and 

crude chicken bile powder (35 g) were separately added 
as substrates to do biotransformation and preparation, 
yielding 29.35 ± 2.83 g and 30.78 ± 3.04 g of dry powder 
products (Table 4; Additional file 1: Fig. S4), respectively. 
When using refined chicken bile powder as substrate, the 
content of TUDCA was 35.85 ± 3.85% compared with 
24.10 ± 2.65% of TCDCA (Table 4), a ratio of 1.49 ± 0.14, 
in the prepared powder products. Five principal bile 
acids took 74.85 ± 6.94% in the products in contrast to 
72.80% in substrates (Table 4). When using crude chicken 
bile powder as substrate, the percentage of TUDCA was 
27.14 ± 4.23% and that of TCDCA was 17.48 ± 1.68% 
(Table  4), a ratio of 1.55 ± 0.19. The proportion of five 
principal bile acids was 66.79 ± 6.96% compared with 
58.30% in crude chicken bile powder (Table  4). Both 
the percentage of TUDCA and TCDCA and the ratio of 
these two bile acids were similar to that in drainage bear 
bile powder in market. The typical HPLC profiles of sub-
strates and corresponding products were exhibited in 
Fig.  6. Considering the more complicated preparation 
process of refined chicken bile powder than that of crude 

0

20

40

60

80

0

1

2

3

4

0h-29h 3h-26h 6h-23h 17h-12h

Co
nv

er
sio

n
effi

ci
en

cy
(%

)

Co
nc
en

tr
a�

on
(g
/L
)

agita�on process-sta�c process

Crude chicken bile powderas substrate

TUDCA
TCDCA
Conversion efficiency

a

0

20

40

60

80

0

2

4

6

8

4 16 25 37

Co
nv

er
sio

n
effi

ci
en

cy
(%

)

Co
nc
en

tr
a�

on
(g
/L
)

Temperature of sta�c process ( )

Refined chicken bile powderas substrate

TUDCA
TCDCA
T-7-KLCA
Conversion efficiency

b

40

45

50

55

60

0

1

2

3

4

4 16 25 37

Co
nv

er
sio

n
effi

ci
en

cy
(%

)

Co
nc
en

tr
a�

on
(g
/L
)

Temperature of sta�c process ( )

Crudechickenbile powderas substrate

TUDCA
TCDCA
T-7-KLCA
Conversion efficiency

c

Fig. 5 Results of deep-tank static process optimization. a Duration optimization of agitation and static processes. b Temperature optimization using 
refined chicken bile powder as substrate. c Temperature optimization using crude chicken bile powder as substrate
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Fig. 6 Typical HPLC profiles of bile acids in prepared products and corresponding substrates. a Reference standards. b Refined chicken bile powder 
(RCBP). c Products from RCBP. d Crude chicken bile powder (CCBP). e Products from CCBP. Compound 1: tauroursocholic acid (TUCA). Compound 
2: tauroursodeoxycholic acid (TUDCA). Compound 3: taurocholic acid (TCA). Compound 4: tauro-7-keto lithocholic acid (T-7-KLCA). Compound 5: 
taurochenodeoxycholic acid (TCDCA)
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chicken bile powder, it should be better using crude 
chicken bile powder as substrate for the preparation of 
TUDCA biotransformation products.

The moisture and endotoxin of the prepared products 
were measured. As shown, moisture content of the pre-
pared products from refined chicken bile powder was 
4.68 ± 1.11 and that from crude chicken bile powder was 

2.26 ± 0.28 (Table 4; Fig. 7). The endotoxin of all the sam-
ples was lower than 0.015  EU/mL (Table  4) calculated 
according to the standard curve of endotoxin (Additional 
file 1: Fig. S3).

Amino acids in the prepared products were also moni-
tored. Except for taurine, the other five amino acids from 
the prepared products, leucine, valine, proline, alanine, 
and alanine-d4, were present at a much higher level than 
that from drainage bear bile powder (Fig.  8). Besides, 
all products had a considerable amount of phenylala-
nine. The level of these amino acids in products pro-
duced from refined chicken bile powder was higher than 
the corresponding one produced from crude chicken 
bile powder, possibly due to amino acids were enriched 
in refined chicken bile powder. Interestingly, when the 
coupled static process was set at 37 °C, there was nearly 
equal amount of taurine in the products from refined 
chicken bile powder to that in drainage bear bile pow-
der (Fig. 8). This result indicated that keeping the static 
process at 37 °C was not conductive to the production of 
TUDCA but benefit for the formation of taurine which 
was the main amino acid component in drainage bear 
bile powder.
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Fig. 8 Typical mass chromatogram of amino acids in prepared products from chicken bile powder. a Amino acids in products from refined chicken 
bile powder. b Amino acids in products from crude chicken bile powder. c Amino acids in products from RCBP when static process at 37 °C. d 
Amino acids in natural bear bile powder sample
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Discussion
An efficient Large-scale fermentation process is impor-
tant for industrial application of synthetic biology 
approach to produce value-added natural products. In 
previous work, we recreated a two-enzyme catalyzing 
biosynthetic pathway of TUDCA in E. coli which has the 
potential to produce bear bile powder substitute from 
cheap and readily available chicken bile powder contrib-
uting to the bidirectional oxidative and reductive reac-
tions of 7α-HSDH and 7β-HSDH [22]. In that work, we 
used a phosphate buffer solution modified M9 minimal 
medium (PBS-M9) and a two-step fermentation proce-
dure to concentrate bacteria to high density and promote 
the TUDCA production in shake flasks [22]. Replacing 
two-step fermentation with one-step method is essential 
to decrease the cost for chemical production in indus-
trial scale [27]. The challenges of one-step fermentation 
is to improve the cell growth and the production of target 
compounds as well [27, 28]. In order to increase the lac-
tic acid production in one-step fed-batch fermentation, 
Fu et al. used as high as 100 g/L of glucose in the initial 
media and fed glucose as feedstock during the fermenta-
tion process as well [28]. Since first fermentation using 
PBS-M9 medium in the fermenter got low cell density 
 (OD600 equal to 2.15) and low TUDCA conversion effi-
ciency (1.70%), we then tried several rich media including 
LB, 2-YT, and SOC but failed to get appropriate TUDCA 
conversion (Data not shown).

Taking the advantage of interactive analysis of RSM, we 
then tried to optimize the carbon and nitrogen sources 
favorable for bacterial growth including glucose, glycerol, 
tryptone, and yeast extract [29, 30] based on M9 medium 
using cell density and product conversion efficiency as 
two responses. RSM is one of the most popular methods 
applied in biotechnology for fermentation optimizations 
[31–33]. It provides an alternative way to analyze systems 
where the mathematical relationship between the parame-
ters and the responses are unknown and to reflect the com-
plex nonlinear relationships between independent variables 
and responses of the system [34]. By using this method, an 
optimal medium composed of glycerol and yeast extract 
was predicted (Table  2) and experimentally verified with 
improved TUDCA production (Fig.  4d), which indicated 
that optimizing medium components with RSM was flex-
ible to balance the cell growth and the metabolic flux for 
the recreated multi-gene pathway in host cells.

Phosphate is involved in many biochemical reactions 
and plays an important role in microbial growth and 
product synthesis [35–37]. Phosphate scarcity is often 
applied to limit cell growth and improve heterologous 
protein expression in microbial production processes 
[36, 38]. It means low phosphate would result in low cell 
density but high catalytic capability of individual cell 

if heterologous enzymes were aimed to express in the 
microbial cells. Yet, high cell density cultivation is usu-
ally required for high yield of target compounds from 
fermentation of microorganisms engineered with recon-
structed heterologous biosynthetic pathway [39, 40]. In 
this study, feeding 10  g/L of  Na2HPO4 or  (NH4)2HPO4 
improved TUDCA conversion (Fig. 4b) and supplemen-
tation of 3 g/L of  (NH4)2HPO4 in the medium increased 
both TUDCA conversion (Fig. 4d) and cell density, indi-
cating that high production can be obtained by adjust-
ing the phosphate concentration to equilibrate the cell 
growth and the catalytic ability of individual cell during 
the fermentation process.

The result that a period static process following 
3.5  h–6.5  h stirring fermentation promoted TUDCA 
conversion was an interesting finding in present 
study (Table  3, Fig.  4f ). Most likely, the heterologous 
expressed 7α-HSDH and 7β-HSDH released into the 
media contributed to the improvement of TUDCA 
conversion from TCDCA during static process, as indi-
cated in Results (Fig. 4f ). Both 7α-HSDH and 7β-HSDH 
used in the construction were not secretory proteins 
[22–24]. Their release into the fermentation broth 
was possibly due to bacterial autolysis caused by the 
unfavorable growth conditions [41] during the static 
process, as indicated by the increase of the dissolved 
oxygen value from 30 to about 70. Moreover, the con-
version efficiency was still above 45% after keeping the 
broth static for more than 40  h following mixing fer-
mentation (Table  3, No. 14–34). It could be inferred 
that the 7α-HSDH and 7β-HSDH released into the 
broth kept its oxidative or reductive activity as long as 
44.5  h. This observation was different from our work 
in shake flasks where the dominant catalytic activity 
of “β2” was first reductive then turned to oxidation at 
around 12 h [22]. As for the effect of dissolved oxygen 
on TUDCA conversion during static process, it was 
probably that dissolved oxygen affected the enzyme 
activities since both 7α-HSDH and 7β-HSDH were oxy-
gen-dependent enzymes [22–24].

It should be mentioned that the chicken bile powder 
used in this study is abundant in TCDCA but not in 
pure TCDCA. There are other compositions like TCA 
which was also transformed to tauroursocholic acid 
(TUCA) during the fermentation. The pharmacological 
evaluation of these products is in progress.

Conclusion
In summary, through optimizing the fermentation 
medium by RSM and developing a special deep-
tank static process, we achieved 29.35 ± 2.83  g and 
30.78 ± 3.04  g of dry powder products respectively 
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from 30  g of refined chicken bile powder and 35  g of 
crude chicken bile powder. These products contained 
35.85 ± 3.85% and 27.14 ± 4.23% of TUDCA at a ratio 
of 1.49 ± 0.14 and 1.55 ± 0.19 to TCDCA, a similar 
proportion to the medicinal material drainage bear 
bile powder. This study provided a practical and envi-
ronment friendly industrialized process for produc-
ing artificial substitute of bear bile powder from cheap 
and readily available chicken bile powder using micro-
bial cell factory (Additional file  1: Fig. S5). It also put 
forward a new strategy to advance enzyme-catalyzing 
reactions in fermentation by coupling with deep-tank 
static process.

Materials and methods
Bacterial strains and chemical regents
The engineered E. coli BL21star™ (DE3) strain BL-pα1β2 
used in this study was created in our lab [22] and kept 
under − 80  °C freezer. Crude chicken bile powder (con-
taining 45.11 ± 0.3% of TCDCA) and refined chicken 
bile powder (containing 64.78 ± 0.3% of TCDCA) were 
kindly provided by Shanghai Kaibao Pharmaceutica Co. 
Ltd., China. Resin D101 was purchased from Wuhan 
Weiqiboxin Biotechnology Co. Ltd., China. All the other 
chemicals in this study were from Sinopharm Chemical 
Reagent Co. Ltd., China.

Medium optimization by response surface methodology 
(RSM)
Box–Behnken Design (BBD) of RSM was applied to do 
medium optimization experiment based on the inor-
ganic salt composition of M9 minimal medium in shake 
flasks with the aim to improve the cell density and 
TUDCA conversion efficiency. Four independent factors, 
glucose, glycerol, tryptone, and yeast extract, respec-
tively designed as factor A, B, C, and D, were investi-
gated at three different levels. Factors A, C, and D were 
divided into 0, 10, 20 g/L grades and B was divided into 
0, 15, 30 mL/L grades with five repetitions at the central 
point using cell density  (OD600) of the finally broth and 
TUDCA conversion efficiency as two responses (Table 1). 
The media used for optimization experiment were named 
as designed media.

The conversion efficiency in this study was indicated as 
the TUDCA yield calculating according to the Eq. (3) as 
follows:

To get the response data from the BBD, fermenta-
tion of E. coli BL-pα1β2 was carried out in shake flasks 

(3)

The conversion efficiency

=
Total amount of TUDCA generated

(

g
)

Total amount of TCDCA added
(

g
) × 100%.

applying the procedure described above. The experimen-
tal response data were then supplied to Design-Expert 
8.0.6.1 software and fitted with a second-order polyno-
mial Eq. (4) as follows:

where, Y is the predicted response  (OD600 and conver-
sion efficiency in this study),  b0 is the model constant,  bi, 
 bii and  bij are the linear coefficients, the squared coeffi-
cients, and the interaction coefficients, respectively.

Fermentation procedure in shake flasks
One-step fermentation modified from Ref. [22] of recom-
binant E. coli was performed. Briefly, a single colony of 
E. coli BL-pα1β2 was inoculated in liquid LB media sup-
plemented with 100  mg/L of ampicillin and cultured at 
37 °C, 225 rpm on a horizontal shaker overnight. The pre-
cultured bacteria were sub-cultured in 40 mL of designed 
media (for medium optimization) or PBS-M9 medium 
(for control) [22] at a proportion of 1:50 in 250 mL flasks 
and grew at 37 °C, 225 rpm for 4–5 h until  OD600 reached 
0.6–0.8. Protein expression was induced by addition of 
0.3  mmol/L of isopropylthio-β-galactoside (IPTG). Sev-
eral hours later, certain amount of chicken bile powder 
was added as substrate and cell culture further grew at 
25  °C, 225 rpm for another 6 h. All cultivation in shake 
flasks was performed in triplicate except where noted.

IPTG induction optimization
IPTG induction was studied in shake flasks with one-step 
fermentation as described above. To do that, the growth 
curve of the E. coli BL-pα1β2 strain was established. IPTG 
and substrate addition time was firstly studied through 
orthogonal experiments. 1.0 mmol/L of IPTG was added 
after sub-culturing the bacteria for 4 h, 5.5 h, and 7.5 h 
(corresponding to logarithmic prophase, logarithmic 
metaphase and logarithmic late stage in the bacterium 
growth curve Additional file  1: Fig. S1) and substrate 
addition time was set the following 3  h, 4  h, and 5  h, 
designed as 1–9 Std as listed in Additional file 1: Table S1. 
Then, using the optimal IPTG addition time, IPTG con-
centration was optimized by separately supplementing 
0.1, 0.3, 0.6, 0.8 and 1.0 mmol/L of IPTG in the media.

Data analysis
Design-Expert 8.0.6.1 software was used for the regres-
sion analysis of the experimental data obtained and 
statistical parameters were examined with analysis of var-
iance (ANOVA). The fit quality of the polynomial model 
equation was evaluated by the determination coefficient 

(4)
Y = b0 + b1A + b2B + b3C + b4D + b11A

2

+ b22B
2
+ b33C

2
+ b44D

2
+ b12AB

+ b13AC + b14AD + b23BC + b24BD + b34CD
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and the significance of the model, an optimum value of 
parameter, was assessed with the determination coeffi-
cient and correlation coefficient. The statistical testing of 
the model was by F-value and P-value.

Bacterial cultivation in stirred-tank fermenter
A single colony of E. coli BL-pα1β2 was inoculated in 
3 mL of liquid LB media and cultured at 37 °C, 225 rpm 
for 12–14  h. Then, 3  mL of bacterial culture was trans-
ferred into flask containing 150 mL of 2-YT media (5 g/L 
of NaCl, 16 g/L of tryptone, 10 g/L of yeast extract) sup-
plemented with 100  mg/L of ampicillin and continued 
culturing at 37 °C, 225 rpm for another 12–14 h. All the 
cultures were inoculated into the 5 L-stirred tank fer-
menter (Biotech-5BG, Shanghai Baoxin Bioengineering 
Equipment, Shanghai, China) containing 3 L of M9-GY 
media. Throughout the fermentation, the agitation was 
at 600 rpm and the airflow was at 2 L/min. In the batch 
phase, temperature was set at 37  °C and the pH value 
was kept at 7 by automatic addition of ammonia hydrox-
ide and phosphoric acid. After culturing the bacteria for 
3.5–4.5  h and  OD600 reaching 2.5–4.0 (corresponding 
to logarithmic prophase of the bacterial growth curve, 
Additional file 1: Fig. S2), 0.3 mmol/L of IPTG was added 
to start protein-induced phase. During this stage, the 
temperature and pH value was hold at 30  °C and 6.5, 
respectively. Then, after 3  h, chicken bile powder was 
loaded as substrates to start the product formation phase 
extending 3–17  h accordingly. The temperature of this 
period was set at 25 °C and pH value was 6.5.

Feedstock and feeding process optimization
One liter of feedstock containing 90 mL/L of glycerol and 
60 g/L of yeast extract was firstly fed at 1.5 mL/min when 
dissolved oxygen was rebounded which means glycerol 
depletion and exponential growth phase began. Then 
6  mmol/L of  MgSO4, 10  g/L of  (NH4)2HPO4, 10  g/L of 
 Na2HPO4 and 10  mL/L of trace element solution (TES) 
was separately added with glycerol and yeast extract 
as feedstock to explore their effect on cell growth and 
TUDCA formation. Trace element solution consisted 
in 0.5 g/L of  CaCl2, 0.18 g/L of  ZnSO4·7H2O, 0.1 g/L of 
 MnSO4·H2O, 10.05 g/L of  Na2-EDTA, 8.35 g/L of  FeCl3, 
0.16 g/L of  CuSO4·5H2O, 0.18 g/L of  CoCl2·6H2O.

Deep-tank static process optimization
A deep-tank static process coupled with stirring fermen-
tation was exploited to promote the TUDCA biotransfor-
mation. To do that, BL-pα1β2 was cultivated in M9-GY 
media in the 5L-stirred-tank bioreactor as described 
above. The agitation process and the static process was 
firstly optimized by sampling the broth 0 h, 3 h, 6 h, and 
17  h later by addition of 30  g/L of refined chicken bile 

powder as substrates and kept at 25  °C for 29  h, 26  h, 
23  h, and 12  h, respectively, consisting of four different 
experimental groups. Group 1 represented that keeping 
the fermentation broth static for 29 h immediately after 
substrate was supplied and mixed well (0 h–29 h). Group 
2 indicated the agitation process was6  h then turn to 
static process for 23 h (3 h–26 h). Accordingly, group 3 
and group 4 were 6 h agitation fermentation coupled with 
23 h static process (6 h–23 h) and 17 h agitation fermen-
tation with 12 h static process, separately. Then, 11 com-
binations of agitation and static processes (as listed in 
the second column of Table 3) were further studied using 
2  mL, 15  mL, and 50  mL tubes as the containers. The 
application of varied volume tubes was aimed to study 
the effect of dissolved oxygen on the TUDCA production 
as well, as described in literature, the oxygen availability 
in the culture could be controlled by varying the amount 
of headspace of cultures inside a fixed-volume containers 
[1, 42]. After that, the optimal combination of agitation 
and static processes was adopted to optimize the tem-
perature of static process by setting at 4 °C, 16 °C, 25 °C, 
and 37 °C using 30 g/L of refined chicken bile powder or 
35 g/L of crude chicken bile powder as substrates. Opti-
mization experiments using fermenters were performed 
only once for each condition.

Experiment of separating cells from fermentation broth 
for TUDCA conversion
In order to investigate how static process promoted 
TUDCA formation, 2  mL of fermentation broth after 
6.5  h stirring fermentation was separately transferred 
into three centrifuge tubes. One tube of broth served as 
control. The other two tubes of broth were centrifuged 
at 5, 000 rpm to pellet the cells. Supernatant of one tube 
was separated from the cells by transferring into a new 
tube and that of the other was remained in the tube with 
the cell pellets. All the three tubes containing fermenta-
tion broth were allowed to stand still overnight before 
supplied to HPLC analyze as described above.

Preparation of powder products from fermentation broth
Crude chicken bile powder and refined chicken bile pow-
der were respectively used as substrates for large-scale 
fermentation each in triplicates. After fermentation, the 
broth was collected and centrifuged at 8000  rpm for 
20 min to get the supernatant which was passed through 
pre-treated isometric resin D101 [43]. The impurities on 
D101 resin were firstly removed by deionized water until 
the eluent was colorless. Then the resin was washed with 
95% ethanol to get the eluent until colorless. The eluent 
was concentrated through rotary evaporation at 50  °C 
and then filtered through 0.45  μm organic filters. The 
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filtrate was evaporated by keeping in water bath at 50 °C 
to form extractum and then dried to constant weight in 
vacuum drying oven at 50 °C. After that, the dried solid 
was taken out and crushed into powder. The bile acid 
recovery yield in this study indicated to the main five bile 
acid yield calculated according to the Eq. (5) as follows:

Bile acid analysis
The bile acids in the fermentation broth were monitored 
with HPLC and LC-mass spectroscopy. Before supplied 
to the machine, the fermentation broth was firstly centri-
fuged at 12,000 rpm for 1 min and the supernatant was 
transferred into new tube. For fermentation optimiza-
tion experiments, the supernatant was directly filtered 
through a 0.22 μm filter and supplied to the ThermoUl-
tiMate3000 HPLC machine. For the prepared products, 
5-time the volume of supernatant of n-butyl alcohol was 
firstly added to extract bile acids followed by drying with 
nitrogen blowing. Then, methanol, one tenth the volume 
of supernatant, was added to resolve the dried bile acids 
and filtered through a 0.22  μm filter before supplied to 
HPLC or LC–MS machine.

The titer of individual bile acid was determined accord-
ing to the curve of each authentic standard (Fig.  6a). 
The substrate concentration was expressed as the initial 
TCDCA concentration in the media. Conversion effi-
ciency was expressed by the percentage of the concentra-
tion of TUDCA to the initial TCDCA concentration in 
the media.

(5)

The recovery yield

=
Total amount of five bile acids in the prepared powder

(

g
)

Total amout of five bile acids in fermentation broth
(

g
)

× 100%

(6)

The content of five bile acids in the prepared powder (%)

=
Amount of one certain bile acid in the prepared powder

(

g
)

Amount of the prepared powder
(

g
)

× 100%

(7)

The content of T− 7− KLCA in five bile acids (% )

=
Amount of T− 7− KLCA in the prepared powder

(

g
)

Total amount of the five bile acids in the prepared powder
(

g
)

× 100%

(8)

The content of TUDCA and TCDCA in five bile acids (%)

=
Total amount of TUDCA and TCDCA in the prepared powder

(

g
)

Total amount of five bile acids in the prepared powder
(

g
)

× 100%

(9)

The content of total five bile acids in the perpared powder (%)

=
Total amount of five bile acids in the prepared powder

(

g
)

Amount of the prepared powder
(

g
)

× 100%.

HPLC and LC–MS conditions
ThermoUltiMate3000 HPLC machine equipped 
with Waters XBridgeTM C18 column (5  μm, 
4.6  mm × 150  mm) and Corona Ultra Detector (CAD) 
was used to analyze the bile acids in the broth from the 
fermentation optimization experiments. The mobile 
phase was acetonitrile and water (contain 0.3% formic 
acid with 5  mmol/L ammonium acetate) at a flow rate 
of 1.0  mL/min and column temperature 40  °C. HPLC 
gradient elution program was total 45  min with ace-
tonitrile proportion from 20 to 90% [44]. Samples were 
filtered through a 0.22 μm filter and 10 μL of the filtrate 
was directly supplied to the HPLC machine. To quanti-
tative analyze the bile acids from the prepared prod-
ucts, an Agilent Poroshell 120 EC-C18 column (2.7 μm, 
4.6  mm × 150  mm) was used and the flow rate was 
0.6 mL/min using n-butanol extract as the injection sam-
ple. All the other conditions were the same as described 
above.

Waters ACQUITYUPLCZQ2000 system (Waters Cor-
poration, Milford, USA) was used to do LC–MS assay 
equipped with Waters AcquityUPLCBEH C18 column 
(1.7  μm, 100  mm × 1.0  mm) using methanol and 0.1% 
acetic acid containing 5  mmol/L of ammonium acetate 
as gradient elution at a flow rate of 0.6 mL/min [45]. The 
column temperature was 45  °C and the mass spectrom-
eter was operated in the ESI negative mode. The capillary 
voltage was 2.8  kV and the cone voltage was 55  V. The 
source temperature was set to 120  °C, and the desolva-
tion temperature was 350  °C, while the desolvation gas 
flow was set to 600 L/h, and the cone gas flow was 50 L/h 
[44]. The injection volume was 5 μL.

Endotoxin and moisture assay of prepared powder 
products
Endotoxin was tested using Chromogenic End-point 
TachypleusAmebocyte Lysate (Xiamen Bioendo Technol-
ogy Co. Ltd., China) according to the instructions. The 
moisture content was calculated according to the Eq. (10) 
as follows:

The value of m2 to m5 was obtained as described below. 
Weighing bottles were dried in bake oven at the 105  °C 
for an hour and then put in dryer. Half an hour later, 
weighed and recorded it as m1. Repeated the above oper-
ations again and recorded the second weight as m2. If the 
difference between m1 and m2 is not more than 0.3 mg 
then we considered it as constant weight. Repeated the 
above operations until all weighing bottles were constant 
weight. When all weighing bottles were constant weight, 
weighed all the prepared powder samples about 300 mg 

(10)Moisture content =
(m3−m2)

(m5−m2)
∗ 100%
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and respectively recorded the weights of the weighing 
bottles with samples in it as m3. Then the weighing bot-
tles with samples were treated in the same way as for the 
empty bottles. Half an hour later, weighed the samples as 
m4 and then put them in bake oven at 105 °C for 1 h and 
then put in dryer for half an hour. After that, weighed 
the samples and recorded them as m5. The difference 
between the m4 and m5 should no more than 0.3 mg, or 
else repeated the above operations.

Additional file

Additional file 1: Table S1. Orthogonal experimental design of IPTG 
induction. Table S2. Analysis variance (ANOVA) results of the Box–
Behnken Design for OD600. Table S3. ANOVA results of the Box–Behnken 
Design for conversion efficiency. Fig. S1. Growth curve of E. coli BL‐pα1β2 
strain in shake flask. Fig. S2. Growth curve of E. coli BL‐pα1β2 strain in 5 
L‐stirred tank fermenter. Fig. S3. Standard curve of endotoxin. Fig. S4. The 
morphology of chicken bile powder and the corresponding products. Fig. 
S5. Engineered E. coli factory for potential substitute of bear bile powder.

Authors’ contributions
YPX did the experiments, analyzed the data and drafted the manuscript. 
LY analyzed the compounds and revised the HPLC and MS analysis parts in 
Methods and Results sections. SJZ designed the project, organized the data 
and major contributed in writing the manuscript. ZTW helped design the 
project and modified the manuscript. All authors read and approved the final 
manuscript.

Acknowledgements
We greatly appreciate Professor Zhibi Hu and Mrs Jiyan Zhou, Shanghai 
University of Traditional Chinese Medicine, for their valuable comments and 
suggestions, and the company of Shanghai Kaibao Pharmaceutica Co. Ltd., 
China for providing chicken bile and the standard reference of bile acids.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
All data generated or analysed during this study are included in this published 
article and its additional files.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding
This work was supported by the National Science and Technology (S&T) Major 
Special Projects (2017ZX09309006) and National Natural Science Foundation 
of China (No. 81673540).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 1 November 2018   Accepted: 29 January 2019

References
 1. Zhao S, Jones JA, Lachance DM, Bhan N, Khalidi O, Venkataraman S, et al. 

Improvement of catechin production in Escherichia coli through combi-
natorial metabolic engineering. Metab Eng. 2015;28:43–53.

 2. Jones JA, Vernacchio VR, Lachance DM, Lebovich M, Fu L, Shirke AN, et al. 
ePathOptimize: a combinatorial approach for transcriptional balancing of 
metabolic pathways. Sci Rep. 2015;5:11301.

 3. Dueber JE, Wu GC, Malmirchegini GR, Moon TS, Petzold CJ, Ullal AV, et al. 
Synthetic protein scaffolds provide modular control over metabolic flux. 
Nat Biotechnol. 2009;27:753–9.

 4. Dai Z, Liu Y, Huang L, Zhang X. Production of miltiradiene by meta-
bolically engineered Saccharomyces cerevisiae. Biotechnol Bioeng. 
2012;109:2845–53.

 5. Jones JA, Vernacchio VR, Sinkoe AL, Collins SM, Ibrahim MHA, Lachance 
DM, et al. Experimental and computational optimization of an Escherichia 
coli co-culture for the efficient production of flavonoids. Metab Eng. 
2016;35:55–63.

 6. Zhou K, Qiao K, Edgar S, Stephanopoulos G. Distributing a metabolic 
pathway among a microbial consortium enhances production of natural 
products. Nat Biotechnol. 2015;33:377–83.

 7. Li S, Tan HY, Wang N, Hong M, Li L, Cheung F, et al. Substitutes for bear 
bile for the treatment of liver diseases: research progress and future 
perspective. Evid Based Complement Altern Med. 2016;2016:1–10.

 8. Feng Y, Siu K, Wang N, Ng K-M, Tsao S-W, Nagamatsu T, et al. Bear bile: 
dilemma of traditional medicinal use and animal protection. J Ethnobiol 
Ethnomed. 2009;5:2.

 9. Hofmann AF, Hagey LR. Bile acids: chemistry, pathochemistry, biology, 
pathobiology, and therapeutics. Cell Mol Life Sci. 2008;65:2461–83.

 10. Kim SJ, Ko W-K, Jo M-J, Arai Y, Choi H, Kumar H, et al. Anti-inflammatory 
effect of tauroursodeoxycholic acid in RAW 264.7 macrophages, bone 
marrow-derived macrophages, BV2 microglial cells, and spinal cord 
injury. Sci Rep. 2018;8:3176.

 11. Matloub AA, Salama AH, Aglan HA, AbouSamra MM, ElSouda SSM, 
Ahmed HH. Exploiting bilosomes for delivering bioactive polysaccharide 
isolated from Enteromorpha intestinalis for hacking hepatocellular carci-
noma. Drug Dev Ind Pharm. 2018;44:523–34.

 12. Fonseca I, Gordino G, Moreira S, Nunes MJ, Azevedo C, Gama MJ, et al. 
Tauroursodeoxycholic acid protects against mitochondrial dysfunction 
and cell death via mitophagy in human neuroblastoma cells. Mol Neuro-
biol. 2017;54:6107–19.

 13. Rosa AI, Fonseca I, Nunes MJ, Moreira S, Rodrigues E, Carvalho AN, et al. 
Novel insights into the antioxidant role of tauroursodeoxycholic acid in 
experimental models of Parkinson’s disease. Biochim Biophys Acta Mol 
Basis Dis. 2017;295:77–87.

 14. Qiao X, Song W, Lin XH, Wang Q, Bo T, Guo DA, et al. Rapid chemical 
analysis of bear bile: 5 minute separation and quantitation of bile acids 
using UHPLC-qTOF-MS. Anal Methods. 2014;6:596–601.

 15. Wang J, Xiong A-Z, Cheng R-R, Yang L, Wang Z-T, Liu S-Y. Systematical 
analysis of multiple components in drainage bear bile powder from dif-
ferent sources (In Chinese). China J Chin Mater Medica. 2018;43:2326–32.

 16. Momose T, Tsubaki T, Iida T, Nambara T. An improved synthesis of taurine- 
and glycine-conjugated bile acids. Lipids. 1997;32:775–8.

 17. Májer F, Salomon JJ, Sharma R, Etzbach SV, Najib MNM, Keaveny R, et al. 
New fluorescent bile acids: synthesis, chemical characterization, and dis-
astereoselective uptake by Caco-2 cells of 3-deoxy 3-NBD-amino deoxy-
cholic and ursodeoxycholic acid. Bioorg Med Chem. 2012;20:1767–8.

 18. Dosa PI, Ward T, Castro RE, Rodrigues CMP, Steer CJ. Synthesis and evalu-
ation of water-soluble prodrugs of ursodeoxycholic acid (UDCA), an 
anti-apoptotic bile acid. ChemMedChem. 2013;8:1002–11.

 19. Braun M, Sun B, Anselment B, Weuster-Botz D. Novel whole-cell 
biocatalysts with recombinant hydroxysteroid dehydrogenases for the 
asymmetric reduction of dehydrocholic acid. Appl Microbiol Biotechnol. 
2012;95:1457–68.

 20. Liu L, Braun M, Gebhardt G, Weuster-Botz D, Gross R, Schmid RD. 
One-step synthesis of 12-ketoursodeoxycholic acid from dehydro-
cholic acid using a multienzymatic system. Appl Microbiol Biotechnol. 
2013;97:633–9.

 21. Zheng MM, Wang RF, Li CX, Xu JH. Two-step enzymatic synthesis of 
ursodeoxycholic acid with a new 7β-hydroxysteroid dehydrogenase from 
Ruminococcus torques. Process Biochem. 2015;50:598–604.

https://doi.org/10.1186/s12934-019-1076-2


Page 19 of 19Xu et al. Microb Cell Fact           (2019) 18:34 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

 22. Shi J, Wang J, Yu LL, Yang LL, Zhao S, Wang Z. Rapidly directional biotrans-
formation of tauroursodeoxycholic acid through engineered Escherichia 
coli. J Ind Microbiol Biotechnol. 2017;44:1–10.

 23. Ferrandi EE, Bertolesi GM, Polentini F, Negri A, Riva S, Monti D. In search 
of sustainable chemical processes: cloning, recombinant expression, 
and functional characterization of the 7α- and 7β-hydroxysteroid 
dehydrogenases from Clostridium absonum. Appl Microbiol Biotechnol. 
2012;95:1221–33.

 24. Lee J-Y, Arai H, Nakamura Y, Fukiya S, Wada M, Yokota A. Contribution 
of the 7β-hydroxysteroid dehydrogenase from Ruminococcus gnavus 
N53 to ursodeoxycholic acid formation in the human colon. J Lipid Res. 
2013;54:3062–9.

 25. Salihu A, Alam MZ, Abdulkarim MI, Salleh HM. Optimization of lipase pro-
duction by Candida cylindracea in palm oil mill effluent based medium 
using statistical experimental design. J Mol Catal B Enzym. 2011;69:66–73.

 26. Lo C-F, Yu C-Y, Kuan I-C, Lee S-L. Optimization of lipase production by 
Burkholderia sp. using response surface methodology. Int J Mol Sci. 
2012;13:14889–97.

 27. Wang P, Zeng W, Xu S, Du G, Zhou J, Chen J. Current challenges facing 
one-step production of l-ascorbic acid. Biotechnol Adv. 2018;36:1882–99.

 28. Fu Y, Yin L, Zhu H, Jiang R. High-efficiency L-lactic acid production by 
Rhizopus oryzae using a novel modified one-step fermentation strategy. 
Bioresour Technol. 2016;218:410–7.

 29. Paliy O, Gunasekera TS. Growth of E. coli BL21 in minimal media with dif-
ferent gluconeogenic carbon sources and salt contents. Appl Microbiol 
Biotechnol. 2007;73:1169–72.

 30. Mazzucotelli CA, Agüero MV, del Rosario Moreira M, Ansorena MR. 
Optimization of medium components and physicochemical param-
eters to simultaneously enhance microbial growth and production of 
lypolitic enzymes by Stenotrophomonas sp. Biotechnol Appl Biochem. 
2016;63:407–18.

 31. Xu Y, Li Y, Xu S, Liu Y, Wang X, Tang J. Improvement of xylanase production 
by Aspergillus niger XY-1 using response surface methodology for opti-
mizing the medium composition. J Zhejiang Univ Sci B. 2008;9:558–66.

 32. Gao H, Liu M, Liu J, Dai H, Zhou X, Liu X, et al. Medium optimiza-
tion for the production of avermectin B1a by Streptomyces avermitilis 
14-12A using response surface methodology. Bioresour Technol. 
2009;100:4012–6.

 33. Joshi VK, Chauhan A, Devi S, Kumar V. Application of response surface 
methodology in optimization of lactic acid fermentation of radish: effect 
of addition of salt, additives and growth stimulators. J Food Sci Technol. 
2015;52:4935–44.

 34. Witek-Krowiak A, Chojnacka K, Podstawczyk D, Dawiec A, Pokomeda 
K. Application of response surface methodology and artificial neural 
network methods in modelling and optimization of biosorption process. 
Bioresour Technol. 2014;160:150–60.

 35. Kang T, Lu H, Zheng W. Precise control strategy of phosphate to enhance 
the cell growth and the efficiency of product synthesis in Escherichia coli. 
Sci Technol Food Ind. 2016;37(1):184–9 (in Chinese).

 36. Schuhmacher T, Löffler M, Hurler T, Takors R. Phosphate limited fed-batch 
processes: impact on carbon usage and energy metabolism in Escheri-
chia coli. J Biotechnol. 2014;190:96–104.

 37. Marzan L, Shimizu K. Metabolic regulation of Escherichia coli and its 
phoB and phoR genes knockout mutants under phosphate and nitrogen 
limitations as well as at acidic condition. Microb Cell Fact. 2011;10:39.

 38. Kazemi Seresht A, Palmqvist EA, Olsson L. The impact of phosphate 
scarcity on pharmaceutical protein production in S. cerevisiae: Link-
ing transcriptomic insights to phenotypic responses. Microb Cell Fact. 
2011;10:1–15.

 39. Nevoigt E. Progress in Metabolic Engineering of Saccharomyces cerevisiae. 
Microbiol Mol Biol Rev. 2008;72:379–412.

 40. Jones JA, Toparlak TD, Koffas MAG. Metabolic pathway balancing and its 
role in the production of biofuels and chemicals. Curr Opin Biotechnol. 
2015;33:52–9.

 41. Leduc M, van Heijenoort J. Autolysis of Escherichia coli. J Bacteriol. 
1980;142:52–9.

 42. Chemler JA, Lock LT, Koffas M, Tzanakakis ES. Standardized biosynthesis 
of flavan-3-ols with effects on pancreatic beta-cell insulin secretion. Appl 
Microbiol Biotechnol. 2007;77:797–807.

 43. Yao LY, Zhu YX, Liu CQ, Jiao RH, Lu YH, Tan RX. Preparative separation and 
purification of fumigaclavine C from fermented mycelia of Aspergillus 
fumigatus CY018 by macroporous adsorption resin. J Chromatogr B. 
2015;989:122–8.

 44. Niu X, Xu Y, Yang Q, Tang X, Yang L, Wang Z. Analytical methods for 
characterization of bile acids and its application in quality control of cow-
bezoar and bear bile powder. Am J Appl Chem. 2014;2:96–104.

 45. Yang L, Xiong A, He Y, Wang Z, Wang C, Wang Z, et al. Bile acids meta-
bonomic study on the CCl 4- and α-naphthylisothiocyanate-induced 
animal models: quantitative analysis of 22 bile acids by Ultraperformance 
Liquid Chromatography-Mass Spectrometry. Chem Res Toxicol. 
2008;21:2280–8.


	Large-scale production of tauroursodeoxycholic acid products through fermentation optimization of engineered Escherichia coli cell factory
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results
	Evaluation of experimental design of Box–Behnken Design of RSM
	Results of Box–Behnken Design for medium composition optimization
	Results of IPTG induction optimization for TUDCA formation
	Effect of feedstock composition and feeding process on the biotransformation
	Results of deep-tank static process optimization
	Effect of dissolved oxygen on TUDCA production in static process
	Results of separating cells from fermentation broth for TUDCA conversion
	Preparation and chemical analysis of products via the optimized fermentation process

	Discussion
	Conclusion
	Materials and methods
	Bacterial strains and chemical regents
	Medium optimization by response surface methodology (RSM)
	Fermentation procedure in shake flasks
	IPTG induction optimization
	Data analysis
	Bacterial cultivation in stirred-tank fermenter
	Feedstock and feeding process optimization
	Deep-tank static process optimization
	Experiment of separating cells from fermentation broth for TUDCA conversion
	Preparation of powder products from fermentation broth
	Bile acid analysis
	HPLC and LC–MS conditions
	Endotoxin and moisture assay of prepared powder products

	Authors’ contributions
	References




