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Introduction

Microbial sterol bioconversion is a powerful 
approach for the production of key steroidal inter-
mediates, such as 9-hydroxy-androstenedione 
(9-OH-AD), androstadienedione (ADD) and andro-
stenedione (AD). These steroid metabolites are 
valuable starting materials for the preparation of 
steroidal pharmaceuticals which are widely used as 
anti-tumor, anti-inflammatory, anti-microbial, an-
ti-viral, and anti-fungal drugs, etc.1 AD and ADD 
are required for the commercial production of corti-
costeroids, mineralocorticoids, oral contraceptives, 
and other pharmaceutical steroids. 9-OH-AD is an 
important precursor for manufacturing glucocorti-
coid drugs bearing a halogen in position 9a.2–4 
However, microbial sterol bioconversions are typi-
cally low-efficiency reactions, largely owing to the 
poor water solubility of sterol, resulting in a major 
bottleneck that impedes the development of practi-
cal applications. Many approaches have been taken 
to improve the solubility and bioavailability of ste-
rols to the bacteria and increase the efficiency of 
microbial sterol bioconversion, including the use of 
the cyclodextrin (CD) complexation technique5 and 

applications of two-phase systems with an organic 
solvent6 or silicone oil.7 However, the use of organ-
ic solvents with microbial systems is disadvanta-
geous, given that organic solvents are frequently 
toxic to microbial cells and pose environmental 
hazards.5 Silicon oil also inhibits microbial cell 
growth,7 thus also making it a suboptimal choice for 
the production of steroid metabolites.

CDs have a doughnut-shaped molecular struc-
ture, with a hydrophilic outer surface and a hydro-
phobic cavity.8 CDs and their derivatives can form 
host-guest complexes with hydrophobic compounds 
in their internal cavities. The hydrophilic outer sur-
face of inclusion complexes increases the bioavail-
ability of hydrophobic compounds to microorgan-
isms.9 Hydroxypropyl-b-cyclodextrin (HP-b-CD), a 
CD derivative, has a greater capacity for complex 
formation than CD, and it has been recently used 
for the bioconversion of phytosterol to ADD and 
AD.5,10

Recently, it was demonstrated that the bacterial 
strain Mycobacterium neoaurum NwIB-yV can be 
used in transforming phytosterol to 9-OH-AD.11 
The production of 9-OH-AD and the associated 
space-time yield reached 7.33 g L–1 and 1.22 g L–1 d–1, 
respectively, from 15 g L–1 phytosterol in an aque-
ous system using growing M. neoaurum NwIB-yV 
cells, indicating a high potential for industrial appli-
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cations. However, the presence of silicon oil intro-
duces difficulties in downstream processing and 
purification, beyond its cell growth limiting effect.7 
In addition, this process was based on the biocon-
version of sterols in growing cultures, where low 
cell densities and high complexity limited substrate 
(phytosterol) concentration and process productivi-
ty. The use of resting cell bioconversion with a pre-
viously grown population of cells provides an effi-
cient method for running bioprocesses at high cell 
density.12

In terms of potential industrial applications, a 
great demand exists for the development of novel 
high-efficiency bioconversion processes producing 
9-OH-AD or other steroid metabolites. In this work, 
we studied the effects of substrate solubilization 
with HP-b-CD and the use of resting cell biocon-
version on the conversion of a high concentration of 
phytosterol to 9-OH-AD. Bioconversion process 
optimization and recycling capacity for cost sav-
ings, especially that of HP-b-CD, were discussed.

Materials and methods

Strains and medium

Mycobacterium neoaurum NwIB-yV (genetic 
final type: KstD inactivated; KshA1 and ChoM2 
augmented; ATCC 25795 derivant) was developed 
by Yao et al. and produces 9-OH-AD as the major 
product from phytosterol.11

M. neoaurum NwIB-yV was activated in medi-
um MYC/01 as seed culture (H2O 1 L, glycerol 20 
g, citric acid 2 g, ammonium ferric citrate 0.05 g, 
K2HPO4· 3H2O 0.5 g, MgSO4· 7H2O 0.5g, NH4NO3 
2.0 g, pH value 7.5).13 The growth medium MYC/03 
was prepared by dissolving 20 g of glucose, 2 g of 
citric acid, 0.05 g of ammonium ferric citrate, 0.5 g 
of K2HPO4· 3H2O, 0.5 g of MgSO4· 7H2O, and 1 g 
of corn steep powder in 1 L of H2O and adjusting 
the pH value to 8.

Reagents

A mixture of phytosterol containing b-sitoster-
ol, campesterol, stigmasterol, and brassicasterol 
(47.5: 26.4: 17.7: 3.6, by weight, respectively) was 
purchased from Davi Biochemistry, Inc. (Huzhou, 
China). The steroid metabolites 9-OH-AD, ADD 
and AD were obtained from Sigma (St. Louis, MO, 
USA). HP-b-CD was purchased from RSC Chemi-
cal Industries Co. Ltd. (Kunshan, China). Corn 
steep powder was obtained from Xiwang Group Co. 
Ltd. (Binzhou, China). Other chemicals were ana-
lytical reagents.

Cell culture, harvesting 
and resting cell bioconversion

After activation of the culture of M. neoaurum 
NwIB-yV in MYC/01 medium (50 mL in 250 mL 
shake flasks) for 2 days at 30 °C and 200 rpm, 10 % 
(v/v) culture broths were inoculated in 300 mL cell 
growth medium MYC/03 in 1000-mL shake flasks 
containing 0.1 g L–1 phytosterol. After 3 days of 
growth at 30 °C and 200 rpm, the cells were harvest-
ed by centrifugation, washed 2 times with 20  mM 
phosphate buffer (PB, pH value 8), and stored as a 
wet cell paste at –20 ºC until used for bioconversion.

The model bioconversion process with resting M. 
neoaurum NwIB-yV cell was performed in 15 mL PB 
(20 mM, pH value 8) under non-sterile conditions, 
containing 15 g L–1 cell dry mass (CDM) and 50 g L–1 
phytosterol at a 1:1 molar ratio of HP-b-CD/phytoster-
ol in a 250-mL flask at 30 °C and 200 rpm. The bio-
conversion of phytosterol was performed in triplicate.

The optimization procedure was performed 
as described below. Different HP-b-CD/phytosterol 
molar ratios (2:1, 1:1 and 1:2) were investigated to 
determine the optimal HP-b-CD concentration; dif-
ferent phytosterol concentrations (0, 0.01, 0.05, 0.1, 
0.5 and 1 g L–1) were added to the cell growth me-
dium MYC/03 as an inducer to obtain the highest 
resting cell activity; multilevel analyses of resting 
cells and phytosterol concentration were investi
gated to maximize the 9-OH-AD space-time yield.

After optimization, the bioconversions were per-
formed under aerobic conditions in a 5-L bioreactor 
(Shanghai BaoXing Bio-Engineering Equipment Co. 
Ltd., China; equipped with a 6-blade turbine impel-
ler) at 30 °C in 2-L reaction volumes containing an 
optimal resting cell density and phytosterol concen-
tration (1:1 HP-b-CD/phytosterol molar ratio). Dis-
solved oxygen was maintained at 30 % air saturation 
by automatically varying the agitation speed. The 
aeration rate was set at 2 L min–1 air.

After bioconversion, M. neoaurum NwIB-yV 
cells were harvested by centrifugation, washed 2 times 
with PB and recycled for subsequent bioconversion 
reactions. Supernatants were extracted with ethyl ace-
tate to recover the product. HP-b-CD solution (aque-
ous phase) was evaporated to remove residual ethyl 
acetate and then used for subsequent bioconversion.

Steroids analysis

Thin layer chromatography was used to moni-
tor the resting cell bioconversion process. Samples 
of reaction broth (0.1 mL) were extracted with 
0.4  mL of ethyl acetate for 5 minutes in Eppen-
dorf centrifuge tubes, and centrifuged at 8600 g for 
5 minutes. Subsequently, 0.01 mL of the ethyl ace-
tate fraction was applied to HSGF254 plates (Qing-
dao Marine Chemical Factory, China), developed in 
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petroleum ether (60–90 °C)/ethyl acetate (6:4, v/v), 
and visualized with 20 % sulfuric acid solution by 
heating at 110 °C for 15 minutes.

Ethyl acetate fractions were also prepared for 
analysis by high-performance liquid chromatography 
(HPLC) by evaporating 0.1 mL of ethyl acetate frac-
tions and dissolving them in 0.8 mL of methanol. Ste-
roid metabolites were analyzed by HPLC (Agilent 
Technologies, Inc., Santa Clara, CA, USA) on a Hy-
persil ODS2-column (5 μm, 4.6 × 250 mm; Elite, Chi-
na) at 40 °C, with UV detection at 254 nm. The flow 
rate of the mobile phase composed of methanol/water 
(70:30, v/v) was 1 mL min–1. The retention times of 
9-OH-AD, ADD and AD were 3.9, 4.4 and 5.2 min-
utes, respectively. Peaks were compared to those of 
9-OHAD, ADD, AD internal standard to quantitate 
product formation during phytosterol bioconversion.

Results and discussion

HP-β-CD solubilization and 
HP-β-CD/phytosterol molar ratio optimization

Due to the hydrophobic characteristic of phy-
tosterol, the solubility is low in aqueous solutions, 
which results in a poor availability of the substrate. 
During the resting cell bioconversion process, 
9-OH-AD production was very low in the absence 
of HP-b-CD, with a peak 9-OH-AD production of 
only 3.2 g L–1 (Fig. 1). Induction of HP-b-CD had 
been shown to be the most effective means of en-
hancing sterol bioconversion at suitable molar ra-
tios in growing cell cultures.5,9,14 In this study, 
9-OH-AD production was greatly improved follow-
ing phytosterol solubilization with HP-b-CD. Fig. 1 
shows the effect of varying the HP-b-CD/phyto
sterol molar ratio on the time course of 9-OH-AD 

production with resting cell bioconversion reac-
tions. Maximum production was achieved using an 
HP-b-CD/phytosterol molar ratio of 1:1. Use of a 
higher HP-b-CD/phytosterol molar ratio (2:1) re-
sulted in a lower reaction rate, which may be at-
tributed to a corresponding decrease in the concen-
tration of free phytosterol. At a limiting HP-b-CD 
concentration (1:2 HP-b-CD/phytosterol molar ratio 
or no HP-b-CD), product degradation usually can 
be detected because of the nucleus degradation. It 
was obvious that the formation of the CD-steroids 
inclusion complex inhibited the degradation of ste-
rols nucleus. This result was in agreement with a 
study by Khomutov et al., who showed that incor-
poration of 9-OH-AD into 9-OH-AD-MCD (meth-
ylated-b-cyclodextrin) inclusion complexes protect-
ed it from enzymatic degradation.15

Optimization of concentrations 
of phytosterol inducers in cell culture

In addition to phytosterol solubilization, the re-
action rates in resting cell bioconversion also de-
pend upon cellular enzymatic activities. In contrast 
to bioconversion performed with actively growing 
cells, a distinguishing feature of resting cell biocon-
version is that the optimization of cell culture and 
resting cell bioconversion processes can be per-
formed individually. In addition, 4 groups of cata-
bolic enzymes involved in sterol bioconversion are 
inducible, such as the ω-oxidase reaction and a 
methyl-crotonyl-CoA carboxylase system. Sitoster-
ol or campesterol can be used as inducers.16

In this work, various phytosterol concentrations 
were added to 1-L flasks containing 300 mL of cell 
growth medium MYC/03 to establish optimal induc-
tion conditions. As shown in Table 1, the specific cel-
lular activity (YP/X) increased with increasing inducer 

F i g .  1 	–	 Effects of HP-b-CD/phytosterol molar ratios on rest-
ing cell bioconversion with 50 g L–1 phytosterol and 
15 g L–1 CDM

Ta b l e  1 	–	Effect of phytosterol concentration as inducer on 
cells activity. M. neoaurum NwIB-yV cells were harvested on day 
3 and used for resting cell bioconversion using 15 g L–1 CDM, 
50 g L–1 phytosterol, and a 1:1 molar ratio of HP-b-CD/phytosterol.

Phytosterol 
(g L–1)

Xa 
(CDM g L–1)

YP/X
b 

(g g–1 CDM)
YP

c 
(g L–1)

0 4.7±0.2 1.2±0.1 5.6±0.1

0.01 4.6±0.1 1.5±0.1 6.9±0.1

0.05 4.5±0.2 1.6±0.1 7.2±0.1

0.1 4.4±0.1 1.7±0.1 7.5±0.1

0.5 4.1±0.2 1.8±0.1 7.4±0.1

1 4.0±0.1 1.8±0.1 7.2±0.1
aX (Cell dry mass, CDM): Harvested cell biomass
bYP/X (Specific cellular activity): g 9-OH-AD per g harvested 
cell biomass
cYP (Total cellular activity): g 9-OH-AD per g harvested cell 
biomass per liter. YP = YP/X ·  X
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concentrations. However, due to the phytosterol inhi-
bition to microorganisms, the harvested cell biomass 
(X) decreased. After considering the tradeoff between 
these opposing effects, the total cellular activity (YP) 
was used to select the most effective inducer concen-
tration. We found that YP was highest (7.5 g L–1) us-
ing cells grown in the presence of 0.1 g L–1 phytos-
terol inducer, in contrast to the YP of 5.6 g L–1 observed 
when cells were grown in inducer-free medium.

Optimizing operation parameter 
of resting cell bioconversion

Initially, we varied the molarity and pH value 
of PB and found that a concentration of 20 mM PB 
and a pH value of 8 were optimal for bioconversion 
reactions (Supplementary Fig. S1 and Fig. S2). The 

phytosterol levels and cells densities were then in-
vestigated in the resting cell bioconversion system. 
To maximize the space-time yield, multilevel analy-
ses of these two factors were performed, as shown 
in Table 2. Space-time yields increased with the in-
creasing cell densities and phytosterol concentra-
tions. The highest space-time yield of 9.4 g L–1 d–1 
was obtained using 70 g L–1 phytosterol and a CDM 
of 30 g L–1 However, in cases where the phytosterol 
exceeded 90 g L–1 and the CDM exceeded 37.5 g L–1, 
the space-time yield decreased due to the substrate 
inhibition effect17 and poor oxygen transfer rates.

Ta b l e  2 	–	Multilevel analysis of M. neoaurum NwIB-yV cell 
densities and phytosterol concentrations on space-
time yields using the same HP-b-CD/phytosterol 
molar ratio (1:1)

CDM 
(g L–1)

Phytosterol (g L–1)

50 70 90

space-time yield (g L–1 d–1)*

7.5 5.2±0.2 5.3±0.3 5.2±0.2

15 6.4±0.2 7.2±0.3 4.9±0.2

22.5 8.4±0.1 9.3±0.1 3.7±0.2

30 8.7±0.1 9.4±0.2 3.3±0.2

37.5 8.5±0.2 6.4±0.2 2.2±0.1
*Space-time yield was calculated when 9-OH-AD production 
reached maximum levels

The dissolved oxygen level displays a crucial 
role in bioconversion reactions performed with a 
high substrate concentration and cell density.17 In 
the typical shake-flask experiment, the oxygen-sup-
ply conditions are determined by the system volume 
and the rotational speed. After adjusting the oxygen 
supply, the reaction rates showed strong correla-
tions between changes in system volume and the 
rotational speed of the shaker (Supplementary Fig. 
S3 and Fig. S4).

Resting cell bioconversion in the 5-L bioreactor

In a 5-L stirred bioreactor, the supply of oxy-
gen is determined by the agitation speed and aera-
tion rate. During a resting cell bioconversion with 
M. neoaurum NwIB-yV cells performed for 4 days, 
9-OH-AD production reached 36.4 g L–1, with a 
space-time yield of 9.1 g L–1 d–1 (Table 3) and with 
trace residual phytosterol when using 70 g L–1 phy-
tosterol and 30 g L–1 CDM.

In addition to the previous study conducted by 
Yao et al.,11 the productions of steroid metabolites 
using different reaction systems are summarized in 
Table 3. CD based systems, especially those using 

F i g .  S 1  –	Effects of PB pH value on 9-OH-AD production 
using 15 g L–1 CDM, 50 g L–1 phytosterol, and a 
1:1 molar ratio of HP-b-CD/phytosterol

F i g .  S 2 	 –	Effects of PB concentration on 9-OH-AD produc-
tion using 15 g L–1 CDM, 50 g L–1 phytosterol, and 
a 1:1 molar ratio of HP-b-CD/phytosterol
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the CD derivatives HP-b-CD and MCD, have been 
widely applied in sterol bioconversion1 and have a 
higher reaction rate than that observed with other 
systems. Zhang et al. achieved, under an optimized 
molar ratio of HP-b-CD/phytosterol, a space-time 
yield of 1.19 g L–1 d–1 AD.5 In the presence of MCD, 
a space-time yield of 2.53 g L–1 d–1 AD was achieved 
by Andryushina et al.14 However, in a dimethyl for-
mamide containing system, only 0.36 g L–1 d–1 of 
9-OH-AD was obtained using sitosterol as sole sub-
strate.18 Low process productivity and limited sub-
strate concentrations were found using growing cell 
bioconversion. The use of resting cells as biocata-
lysts provides an efficient method for steroid pro-
duction. Wang et al. reported the resting cell bio-

conversion of 30 g L–1 phytosterol to ADD (2–2.4 
g L–1 d–1) with a cloud point system.12 Carvalho et al. 
studied resting cell bioconversion in liquid poly-
mer-based systems, which produced approximately 
0.58 – 0.73 g L–1 d–1 AD from sitosterol.19

Downstream processing 
and cells/HP-β-CD recycle

HP-b-CD is a relatively expensive compound 
and no cost-reduction or recycling procedures have 
been demonstrated. If HP-b-CD cannot be reused, 
its application in sterol bioconversion reactions 
would remain impractical.20 As shown in Fig. 2, the 
bioactivity of recycled cells was maintained for 3 

F i g .  S 3 	 –	Effects of system volume on 9-OH-AD production 
using 15 g L–1 CDM, 50 g L–1 phytosterol and a 1:1 
molar ratio of HP-b-CD/phytosterol at 200 rpm

F i g .  S 4 	 –	 Effects of rotational speed of the shaker on 9-OH-AD 
production using 15 g L–1 CDM, 50 g L–1 phytosterol, and a 1:1 
molar ratio of HP-b-CD/phytosterol in 15 mL PB

Ta b l e  3 	–	Comparison of steroid metabolite production using sterol as substrate for different bioconversion systems

Culture 
conditions Strains Substrates 

(g L–1) Strategy Major 
metabolite

Production/ 
Space-time yield 
(g L–1/g L–1 d-1)

Growing 
cells

M. neoaurum ZJUVN-085

M. neoaurum14

Mycobacterium sp.2-4M18

M. neoaurum NwIB-yV11

M. neoaurum NwIB-01MSChoM2
13*

Phytosterol, 8.98
Phytosterol, 30
Sitosterol, 5
Phytosterol, 15
Phytosterol, 15

HP-b-CD
MCD
DMF

Tween80 and silicon oil
Tween80 and silicon oil

AD
AD

9-OH-AD
9-OH-AD

ADD

5.96/1.19
15.2/2.53
1.8/0.36
7.33/1.22

5.57/0.93–1.39

M. neoaurum NwIB-R10ChoM2
13# Phytosterol, 15 Tween80 and silicon oil AD 6.85/1.14–1.71

Resting 
cells

Mycobacterium sp. NRRL B-380519

Mycobacterium sp. NRRL B-368312

Sitosterol, 5
Phytosterol, 30

Liquid polymer
Cloud point system

AD
ADD

2.9/0.58–0.73
12/2–2.4

M. neoaurum NwIB-yV11

M. neoaurum NwIB-01MSChoM2
13

M. neoaurum NwIB-R10 ChoM2
13

Phytosterol, 70
Phytosterol, 70
Phytosterol, 70

HP-b-CD
HP-b-CD
HP-b-CD

9-OH-AD
ADD
AD

36.4/9.1
23.6/5.9
23.2/5.8

*M. neoaurum NwIB-01MSchoM2 was developed by augmentation of ChoM2 and was better in ADD accumulation than M. neoaurum NwIB-01MS.
#M. neoaurum NwIB-R10choM2, an AD-producing strain, was developed by augmentation of ChoM2 in M. neoaurum NwIB-R10.
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subsequent cycles. During the fourth recycling 
phase, the product yield decreased to 90 %, due to 
lost cellular activity or reduced cell biomass. We 
were able to recycle HP-b-CD for at least 5 cycles. 
CDs and their derivatives can increase the bioavail-
ability of hydrophobic compounds to microorgan-
isms by forming host-guest complexes in the inter-
nal cavities of CDs.8,9 Then little decrease of 
9-OH-AD production using recycled HP-b-CD may 
result from the loss of HP-b-CD during repeated 
bioconversion processes.

Conclusion

In this study, a bioconversion process was 
developed with resting cells as biocatalysts and 
HP-b-CD for substrate solubilization under non-sterile 
conditions. The availability of hydrophobic phyto
sterols was improved by the inclusion of HP-b-CD 
in the culture medium. The optimal molar ratio of 
HP-b-CD/phytosterol was 1:1. The bioconversion 
efficiency and overall production of 9-OH-AD were 
greatly improved. On the other hand, further prod-
uct degradation could be inhibited via the formation 
of CD-steroid inclusion complexes. The use of rest-
ing cells as biocatalyst can be an effective way to 
improve the cell density. Cell growth medium con-
taining phytosterol as an inducer positively im-
proved cell activity. Cells cultured in the presence 
of 0.1 g L–1 inducer had the highest total cell activ-
ity. After optimization of bioconversion conditions, 
such as the PB concentration and pH value, cell 
density and phytosterol concentration, the 9-OH-AD 
production and space-time yield reached 36.4 g L–1 
and 9.1 g L–1 d–1, respectively, under aerobic condi-
tions in a 5-L bioreactor with M. neoaurum NwIB-yV 
cells. This resting cell bioconversion process was 

successfully applied for the production of ADD and 
AD by resting M. neoaurum NwIB-01MSchoM2

13 and 
M. neoaurum NwIB- R10choM2

13 cells, respectively, 
using conditions that were found to be optimal for 
9-OH-AD production. Both the absolute production 
levels and space-time yield of 9-OH-AD, ADD and 
AD were higher than those reported in previous 
studies11,13, in an aqueous growing cell bioconver-
sion system containing Tween80 and silicon.

In addition, the reuse of resting cells 3 times 
and the reuse of HP-b-CD up to 5 times did not 
decrease bioconversion efficiency, enabling a sig-
nificant cost reduction of phytosterol bioconversion. 
Moreover, the use of resting cells as biocatalyst 
may separate the bioconversion process from that of 
cell growth. Resting cell bioconversion can be run 
under non-sterile conditions resulting in lowered 
risks of bacterial contamination.12 Thus, it is reason-
able to conclude that this resting cell bioconversion 
process can readily be applied in diverse areas of 
steroid metabolite production.
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