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Development of a continuous steroid biotransformation process and product
extraction within microchannel system
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A B S T R A C T

Results of an integrated approach for the improvement of progesterone 11a-hydroxylation by Rhizopus

nigricans, which is one of the key steps in the production of corticosteroid drugs and hormones, are

presented. Several issues have been addressed in order to increase process productivity, including

biocatalyst immobilization, improvement in the solubility of the lipophilic substrate, setting-up of

continuous reaction process and easing downstream processing. After preliminary studies on the effects

on Rhizopus nigricans morphology, fungal pellets of a desired size and structure could be obtained. The

mycelia grown in spherical agglomerates further enabled its continuous use in the process of

biotransformation. The problem of low steroid solubility was addressed by the addition of organic

solvents or b-cyclodextrin. In order to develop an integrated biotransformation process, a continuous

two-liquid phase extraction within microchannel device has been set up, where very efficient steroid

extraction was achieved within a few seconds.
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1. Introduction

Since historical discovery of anti-inflammatory activity of
cortisone in 1949, which together with the findings related to the
structure of hormones of the adrenal cortex has provided the basis
for the Nobel Prize for medicine in 1950 awarded to E.C. Kendall, T.
Reichstein and Ph.S. Hench [1], steroid hormones and their
derivatives have been used for a wide range of therapeutic
purposes. Beside the established utilization as immunosuppres-
sive, anti-inflammatory, antirheumatic, progestational, diuretic,
sedative, anabolic and contraceptive agents, recent applications of
steroid compounds include the treatment of some forms of cancer,
osteoporosis, HIV infections etc. [2]. Nowadays, steroids represent
one of the largest sectors in the pharmaceutical industry with
world markets in the region of US$ 10 billion and the production
exceeding 1,000 000 tons per year [3,4].

Regarding very limited amounts of their natural sources, a great
demand for steroid compounds with biological activity has spurred
an intense effort to find cost-effective routes and economical
Abbreviations: b-CD, b-cyclodextrin; DMF, N,N-dimethylformamide; DMSO, Di-

methyl sulfoxide; HP, 11a-hydroxyprogesterone (11a-hydroxy-4-pregnene-3,20-

dione); PR, Progesterone (4-pregnene-3,20-dione).
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industrial processes for their synthesis. The initial chemical
transformation of deoxycholic acid from bile acids to corticosteroids
developed for laboratory synthesis at Merck in 1940s required 31
steps, resulted in very low yield and was not economically relevant.
Slightly better was another chemical route developed in early 1950s
at Syntex, which based on transformation of naturally abundant
phytosterol diosgenin. A major chemical problem of both synthetic
pathways was the introduction of oxygen into C11 of the steroid
ring, which was shown to be mandatory for the biological activity of
cortisone [5]. Therefore, a real breakthrough in process development
was a patent from 1952 covering 11a-hydroxylation of progester-
one (PR) by aerated cultures of the Mucorales fungi from Rhizopus

species [6], which drastically reduced the number of the required
chemical steps in the process and cheapen cortisone on the market
by several folds. Several microorganisms that catalyze steroid
hydroxylations, hydrogenations, dehydrogenations and the splitting
of carbon–carbon bonds were identified already in 1950s and 1960s
and several microbial steroid transformations have been introduced
into industrial processes, among which hydroxylations at different
positions are of highest commercial significance [3]. Half a century
later, significant progress in this area continues to be made, mainly
in the isolation of new microorganisms capable of performing the
required steroid transformation and genetic engineering of current-
ly used strains. Among the most impressive achievements is the total
biosynthesis of steroids from simple carbon source accomplished by
genetically modified yeast [7].

mailto:polona.znidarsic@fkkt.uni-lj.si
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Moreover, rational design of fermentation media based on
by-products or wastes from industry and even on steroid
precursors of microbial or plant tissue origins contributes to
improved productivity of steroid biotransformations [2]. An
engineering approach towards the increased productivity of this
processes include biocatalyst immobilization, improvement in
the solubility of lipophilic substrates, setting-up of continuous
reaction processes and easing downstream processing [2]. All of
these issues were addressed in the present work, which
summarizes the extensive research towards the integrated
process of PR 11a-hydroxylation with filamentous fungus R.

nigricans.
The preferential use of whole cells over enzymes for this

biotransformation is mainly resulting from necessity of co-factor
regeneration and problems associated with the isolation of enzyme
complex and its in vitro regeneration [8,9]. Namely, PR 11a-
hydroxylase consists of a microsomal membrane-bound cyto-
chrome P450 and NADPH-cytochrome P450 reductase [8]. While
classically immobilized R. nigricans cells failed to maintain
hydroxylase activity after a few repeated batch processes [10],
the use of mycelial pellets as a naturally immobilized biomass was
proposed [11]. In order to obtain pellets of a desired size and
structure, a part of our research has focused on the morphology of
R. nigricans during submerged cultivation, which is known to
depend on several environmental conditions including the size and
type of inoculum, agitation, medium composition, temperature
and pH and has to be examined closely for each particular strain
[12,13].

The low solubility of steroid compounds in aqueous media has
been found as a limiting factor for process productivity [14]. In
order to overcome this problem, different organic solvents and b-
cyclodextrin (b-CD), which is known to form inclusion complexes
with many kinds of organic molecules [15], were added in aqueous
transformation media.

Furthermore, a long-term PR biotransformation with a
continuous use of R. nigricans biomass in the form of pellets
and with nutrient supply, where PR was added stepwise
at concentrations above aqueous saturation was compared
with the previously performed continuous process employing
pellets, where the aqueous solution of PR in the presence of b-
CD was continuously supplied in a laboratory-scale bioreactor
[16].

For the isolation of steroid biotransformation products from the
aqueous phase, simple variations of several primary solvent
extraction procedures conventionally take place [17]. A continuous
extraction of steroids in a microchannel was proposed in our recent
work [18], which could replace the generally applied batch
separation process. Thereby an integrated system of PR 11a-
hydroxylation by R. nigricans in the form of pellets could be
developed.

2. Material and methods

2.1. Microorganism and growth conditions

The submerged growth of Rhizopus nigricans ATCC 6227b,
harvested from malt agar slants after 14 days of incubation at
26 8C, was performed in growth medium based on glucose, soya
flour, yeast extract, NaCl and K2HPO4 as described previously
[16]. Erlenmeyer flasks with 100 mL of medium were inoculated
with spores, inoculum concentrations varying from 2.5 102 to
2.5 106 spores/L. Submerged growth of R. nigricans was
performed on a thermostated rotary shaker at 100 or 225 rpm
and at 23 8C. After 48 h, pellets were harvested and photo-
graphed and further analyzed for pellet average size as
previously described [19].
2.2. Biotransformation in shake-flasks

Pellets from the above-described submerged cultures were
filtered from the growth medium and 5 g (wet weight) of mycelia
was resuspended in Erlenmeyer flasks containing 100 mL of
phosphate buffer with 50 mg/L of deoxycorticosterone (Sigma, St.
Louis, USA) as previously described [11]. After induction period of
2.5 h at 28 8C and 100 rpm on a rotary shaker with orbital diameter
of 25 mm, mycelia was transferred into 100 mL of phosphate
buffer with 10 mg/L or 50 mg/L PR (Merck, Darmstadt, Germany),
previously dissolved in 0.3 mL of N,N-dimethyl-formamide (DMF,
Merck Schuchardt OHG, Hohenbrunn, Germany); in phosphate
buffer with 250 mg/L of b-CD (Roquette Frères, Lestrem, France)
and 50 mg/L PR; or in 95 mL phosphate buffer, where PR was added
dissolved in 5 mL of dimethyl sulfoxide (DMSO, Kemika, Zagreb,
Croatia) or DMF to give final PR concentration of 50 mg/L. At the
beginning of process, 0.2 g/L of cycloheximide (Sigma, St. Louis,
USA) was added in order to inhibit further enzyme synthesis and
cultures were incubated at 180 rpm and 28 8C on a rotary shaker.
Samples without biomass were taken from the flasks and further
analyzed for steroid concentration using HPLC as described
previously [11]. All chemicals used were of analytical grade. All
the experiments were performed in at least triplicates with
standard deviations below 5%.

2.3. Biotransformation in a laboratory-scale bioreactor

For the process with the continuous use of R. nigricans biomass
and with stepwise PR addition, 60 g (wet weight) of the induced
pellets of average diameter of 6.97� 1.08 mm was aseptically
transferred from shake flasks into a sterilized stirred-tank bioreactor
(Bia d.o.o., Ljubljana, Slovenia) with one propeller and geometry
described previously [19], containing 1.6 L of transformation buffer and
0.1 L of growth medium described above. PR was added dissolved in
DMF (100 mg/mL), initially to give final concentration of 260 mg/L and
later on in several additions in various time intervals to give an average
feed of 25 mg/h of PR. Furthermore, stepwise aseptic addition of
concentrated growth medium (40 g/L glucose, 24 g/L soya flour, 22.8 g/
L yeast extract, 16 g/L NaCl and 7.92 g/L K2HPO4 in water, pH 5.5) with
an average flow rate of 3.5 mL/h was assured. The bioprocess was
performed at 28 8C and at 150 rpm for the first 46 h, while afterwards
agitation was increased to 210 rpm. A constant air supply was ensured
at aeration rate of 1.0 vvm. The working volume was kept constant with
deviation up to 0.1 L by means of aseptical sampling. Steroids in
samples were analyzed by HPLC as previously described [11].

Another continuous process employing 22.5 g (wet weight) of R.

nigricans pellets of average diameter of 3.64 � 0.4 mm with
continuous PR supply of 27 mg/h in the presence of b-CD was
performed in a laboratory scale bioreactor with 2 L of working volume
and with 2 Rushton turbines without the additional supply of growth
medium as previously described [11].

2.4. Extraction within microchannel system

The extraction of PR was studied in a microscale device as
described previously [18].

2.5. Modelling

2.5.1. Progesterone 11a-hydroxylation process

The rate of 11a-hydroxylation of dissolved PR by the pelleted
growth form of R. nigricans could be described by Michaelis-
Menten kinetic equation [16]

r ¼ Vm SL

KM þ SL
(1)



P. Žnidaršič-Plazl, I. Plazl / Catalysis Today 157 (2010) 315–320 317
where r is the rate of substrate consumption (mg/L min), Vm is
the maximum rate of 11a-hydroxylation (mg/L min), SL is the
concentration of substrate in solution (mg/L) and KM is Michaelis
constant (mg/L).

When PR was used in concentrations above its saturation in
aqueous media (11.5 mg/L), the overall biotransformation rate was
considered to depend also on the rate of substrate dissolution and
the mass balance for a batch process could be described as [16]

dSL

dt
¼ K1 SSðS� � SLÞ � r (2)

where K1 is a kinetic rate constant of dissolution (L/mg min), SS

is the concentration of solid substrate (mg/L) and S* is the solubility
of the substrate (mg/L). Eq. (2) includes the convective transport
with a linear dependence between solid substrate concentration
and effective area for mass transfer [16,20]. The model assumes
that diffusion resistance of the liquid–solid interface is negligible
and that mass transfer through the mycelium does not affect
hydroxylation rate [20].

When water-miscible organic solvents were added to the
aqueous media, a second order deactivation of hydroxylase
enzyme system was considered [21]:

ri ¼
Vm SL

KM þ SL

1

1þ kdt

� �
(3)

where kd is a deactivation rate constant (min�1).
Simple mathematical model of a continuous process of PR 11a-

hydroxylation in a stirred tank bioreactor was developed to
describe the process, where b-CD was used to enhance steroid
solubility in aqueous transformation media [22]

dSL

dt
¼ SF � SL

t
� r; (4)

dP

dt
¼ � P

t
þ b r (5)

where SF is the concentration of substrate in feeding solution
(mg/L) and t is residence time (min) and b is the ratio between
molecular masses of HP and PR.

2.6. Product extraction within microchannel system

In order to analyze and optimize the continuous ethyl acetate
extraction of 11a-hydroxyprogesterone (HP) in microstructured
devices, a 3D mathematical model with convection and diffusion
terms was developed considering the velocity profile for laminar
Fig. 1. R. nigricans pellets, obtained in shake-flasks at various inoculum concentrations an

in both figures represents pellets from cultures with identical inoculum, which was th
flow of two parallel phases in a microchannel at steady-state
conditions. The transfer of HP across the water–organic interphase
was described by the diffusion and based on the assumption of
equilibrium relation between the concentration of steroid in water
and ethyl acetate at the interface, while the continuity of flux on
both sides of the interface was considered as a boundary condition
at the ethyl acetate-side interface [18].

3. Results and discussion

3.1. Immobilization of biocatalyst

According to our previous findings on R. nigricans morphology
[11,23], very low inoculum concentrations were used in order to
obtain pelleted morphological form of this filamentous fungus.
This growth form may be considered as naturally immobilized
biomass, where there is no additional mass transfer resistance to
the surface of agglomerates as it is in the case of encapsulation or
entrapment of cells. A slower rate of 11a-hydroxylation of PR by
alginate-immobilized Aspergillus ochraceus mycelium compared to
free cells was also found to be a result of poorer access of the PR
through the hydrophilic gel matrix [24]. Furthermore, there is no
need for extra chemicals, time and equipment for immobilization,
so the rationalization of this step by using natural aggregation of
the mycelium is obvious.

As seen in Fig. 1, we were able to obtain pellets of a relatively
uniform size and structure. Lower inoculum concentration
resulted in larger pellets and vice versa. Final pellet size was
significantly influenced also by the agitation intensity. While at
100 rpm final pellet diameter varied from 3.4 � 0.8 to
32.5 � 3.2 mm, a much more vigorous shaking of 225 rpm resulted
in pellets with diameters from 1.6 � 0.3 to 13.9 � 1.6 mm. The
inverse proportional relationship between energy input and final
pellet diameter was established also when R. nigricans was grown in a
stirred-tank bioreactor [19]. The differences in sizes were accompa-
nied also with huge variations in pellet structure – while pellets
grown at 100 rpm were very fluffy and with ‘‘hairy’’ surface, the
others obtained at 225 rpm were very compact and smooth because
they were exposed to much higher shear forces. Furthermore, higher
number of pellets was developed from the same inoculum size at
vigorous agitation. This was a consequence of the fragmentation of
pieces of hyphae from outer pellet surface, resulting in hyphal
fragments, which might serve as new centers for biomass growth
[13].

Since membrane-associated hydroxylase complex in R. nigri-

cans is inducible and the induction was shown to be greatly
d shaking frequency of (a) 100 rpm and (b) 225 rpm. The same position of Petri dish

e highest in the cultures at the left bottom and decreased clockwise.



Table 1
The comparison of maximum rate of PR 11a-hydroxylation normalized on biomass

dry weight with pellets of different size and structure at PR concentration below

saturation. Kinetic constants were determined on the basis of the best fit of model

using Eq. (1) with experimental data.

Pellet diam. (mm) Pellet structure Vm (mg/gdry weight h)

7.22� 0.9 Smooth 6.15

9.85�1.3 Fluffy 9.78

Fig. 2. Progesterone biotransformation with R. nigricans pellets obtained at identical

growth conditions in aqueous transformation media with or without the presence

of different solvents or solubilizing agent.
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dependent on the physiological state of the mycelium [11,25], the
morphology of R. nigricans was supposed to influence the
inducement and consequently the rate of PR 11a-hydroxylation.
Moreover, intraparticle diffusion into a spherical pellet depends on
its porosity and density, which again differ among agglomerates of
different structures [26]. For this purpose, mycelial pellets of
various sizes and structures were induced at the same conditions
and further tested for biotransformation. The increase in specific
hydroxylation rate correlated with lower diameters and thus larger
specific surface area of agglomerates, harvested from the intensive
growth phase of batch cultivation, which could be contributed to
higher enzyme concentration per biomass [11,22].

Furthermore, pellets with fluffier surface expressed an in-
creased biotransformation capability compared to smooth
agglomerates, which again shows a relationship with larger outer
surface exposed to aqueous media with steroids (Table 1). Since
transport limitations restrain inducing molecules to reach pellet
interior, the inducement of hydroxylation system predominantly
takes place in outer layers of pellets, which also contain more RNA
and thereby have higher capability for protein synthesis compared
to older hyphae in inner layers of mycelial agglomerates, where the
limitation of nutrients causes cell lysis [22,26]. However, smaller
and fluffier pellets were less favorable for the use in repeated batch
[11] or continuous process [22], which indicated that compromises
between optimal inducibility of mycelium and stability of
biocatalyst are necessary.

3.2. Solving the problem of low steroid solubility

In order to solve the main problem of steroid biotransforma-
tions, which is the low water solubility of these organic
compounds resulting in non-bioavailability of substrate, different
organic solvents or solubilizing agent were added. The influence of
the replacement of a part of water with DMSO or DMF on PR 11a-
hydroxylation kinetics was evaluated. Results were compared with
biotransformations performed in the presence of b-CD or in
aqueous transformation media with PR concentration below or
above saturation (Fig. 2). From the time course of PR biotransfor-
mation with R. nigricans pellets at initial PR concentration of
10 mg/L, which is below its water solubility, kinetic parameters
Vm = 1.037 mg/L min and KM = 8.09 mg/L were evaluated according
to the proposed enzyme kinetic model (Eq. (1)) [16]. When PR was
transformed in the same media at concentrations above its
saturation, the slow transport of substrate between the solid
and aqueous phase lowered the global reaction rate, which was
confirmed by the agreement of experimental data and model
containing dissolution term (Eq. (2)) with previously defined
dissolution rate constant K1 = 0.005 L/mg min [17].

As evident from Fig. 2, the addition of 5 vol % of DMSO improved
the biotransformation rate, while the same amount of DMF in
aqueous media had detrimental effect on investigated reaction. In
both cases, experimental data were in good agreement with the
model based on the second order enzyme deactivation (Eq. (3)) and
the obtained deactivation rate constant were 0.012 and 0.09 min�1

for DMSO and DMF, respectively. Higher deactivation constant for
DMF correlates with findings on much lower maximum membrane
concentration of DMSO compared to DMF in R. nigricans, which
was together with high log P value exposed as the most important
physicochemical property for the retention of biocatalyst activity
in organic solvents [27]. The toxic effect of organic solvent on
microbial cells could arise from both direct contact of cells with the
solvent fraction and from the interactions of the cells with the
solvent fraction dissolved in the aqueous phase [28]. Furthermore,
recent studies suggested that organic solvents have a potential to
behave as competitive inhibitors of P450 s [29]. It was also shown
that the alginate immobilization of Aspergillus ochraceus did not
protect the cells sufficiently for prolonged PR hydroxylations in
different aqueous-organic solvent systems, as the cells ceased
hydroxylation within the first hour of reaction [24].

On the other hand, the best results of biotransformation were
obtained using b-CD in amounts previously shown to give water-
soluble complex with steroid substrate at used concentrations
[16]. As evident from Fig. 2, b-CD addition resulted in nearly two-
fold faster process and the experimental values corresponded very
well to the model with previously defined parameters for
biotransformation without solid substrate present (Eq. (1)).

3.3. Biotransformations with the continuous use of biomass

The growth of R. nigricans in a pelleted morphological form
enabled the continuous use of biomass in the biotransformation
process. Initial experiments were performed in aqueous media with
initial PR concentrations above its water saturation. The results of a
laboratory-scale process performed in a stirred tank bioreactor with
stepwise addition of PR giving the average feed of 25 mg/h, while
maintaining constant working volume by sampling are presented in
Fig. 3a. As evident, steady state conditions were reached after
approximately 60 h of process with considerable amount of
unreacted PR. Despite stepwise nutrient supply, which was found
to be beneficial for PR biotransformation with R. nigricans pellets
[30] due to the need for preservation of general metabolism required
for NADPH regeneration, as well as for maintaining microbial slow
growth, the biomass concentration after 98 h of bioprocess was 10%
lower as at the beginning, while average pellet diameter changed
from 6.97� 1.08 to 5.20� 0.99 mm, indicating partial autolysis of the
mycelia, as well as pellet fragmentation.

On the other hand, very efficient steroid conversion with almost
complete PR conversion was set up with smaller pellets, using b-
CD in order to dissolve PR in the initial transformation media in
laboratory-scale reactor, as well as in feeding solution (Fig. 3b). The
process was also successfully described by the model without
dissolution term (Eq. (4)) with previously defined kinetic para-
meters for the biotransformation [22].



Fig. 3. Time-courses of biotransformation processes with the continuous use of R. nigricans pellets with (a) stepwise addition of PR above saturation at indicated time intervals

and with nutrients supply and (b) the continuous feed of PR in aqueous solution with b-CD (Fig. 3b adapted with permission from reference [22]).

Fig. 4. (a) The efficient phase separation at stable laminar flow with the aqueous-organic interface formed in the middle of the microchannel at the exit of the microchannel

device. (b) The experimental values and mathematical model simulations of average dimensionless concentrations of PR and HP in both phases at the outlet of the

microchannel at different flow velocities. (Adapted with permission from reference [18]).
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3.4. Steroid extraction in a microchannel system

Further process development included steroid extraction in a
continuously operated microchannel system. Microreaction tech-
nology has impressively demonstrated the advantages for chemi-
cal processes as a new concept in chemical engineering, mainly due
to the very large surface-to-volume ratio, enhanced heat and mass
transfer efficiency, product quality and safety, as well as opening
the possibilities for new process technologies and new product
syntheses [31]. The experiments performed in custom-made glass
microchannels of 220 mm width, 50 mm height and 332 mm
length revealed that very efficient transfer of PR and HP from water
into ethyl acetate phase was possible within a few seconds and that
adjustment of fluid flow rates enabled phase separation at the y-
shaped exit of the microchannel device (Fig. 4) [18]. Moreover, a
developed mathematical model agreed very well with experimen-
tal data, which enables us to further optimise the extraction in a
microchannel device. For increasing the capacity of the system, a
numbering-up approach by using parallel microreactors was
proposed [18].

4. Conclusions

The determination of conditions of R. nigricans submerged
growth leading to the formation of pellets further enabled the set
up of an efficient continuous operation of PR 11a-hydroxylation.
b-CD was found as the best additive to achieve higher concentra-
tions of soluble substrate and also higher biotransformation rates.
Furthermore, very efficient continuous steroid extraction was
carried out in a pressure driven flow microchannel system. As the
end goal of this research, a continuous biotransformation process
with integrated removal of product in the organic phase within
continuously operated microchannel system, and recycling of b-
CD with aqueous phase is envisaged. Thereby an integrated system
of PR 11a-hydroxylation by R. nigricans in the form of pellets could
be developed.
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