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Abstract

Mycaobacterium sp. NRRL B-3805 cells immobilized on Celite were effectively used for the selective side-chain cleavage
of sitosterol to androstenedione (AD) in organic media (phthalate derivatives). Kinetic studies were performed with sitosterol
concentrations up to 24 mM, with different Celite materials and particle sizes. Higher activity levels were observed when a
larger pore size Celite was used as immobilization matrix. Substrate inhibition was observed for sitosterol concentrations
above 6 mM. Toxicity effects were not apparently correlated with the high log P solvents (> 9) here used as bioconversion
media. The use of immobilized cells in repeated batch biotransformations did not prove effective, mainly due to biocatalyst
desorption during the periodical, agueous washing steps used for nutrient delivery to the cells. © 2001 Elsevier Science B.V.

All rights reserved.
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1. Introduction

The use of water-immiscible organic solvents as
media for the biotransformation of hydrophaobic sub-
strates has been reported since the late 1970s [1] and
the advantages of such biocatalytic systems, as well
as their main drawbacks, have been reviewed [2,3].
Their use can lead to highly productive processes
due to the increased solubility of the substrates, as
compared to aqueous media, although the solvent

* Corresponding author. Tel.: +351-1-841-9065; fax: +351-1-
841-9062.
E-mail address: ghmrvp@alfa.ist.utl.pt (H.M. Pinheiro).

may exert a toxic effect on the biocatalyst. The latter
disadvantage may however be minimised if the bio-
catalyst is used in immobilized form [4]. On the
other hand, this approach can introduce limiting
partition and mass transfer resistances [5]. Reduction
of the liquid-stagnant layer surrounding the immobi-
lized biocatalyst, through an adequate choice of the
liquid phase flow rate [6] or of the stirring speed [7]
in bioreactors, decreases external mass transfer resis-
tances. Also, the use of small support particle sizes
can be a way of overcoming internal mass transfer
limitations [5,8]. Finally, the use of hydrophobic
immobilization matrices may alow for more
favourable partition and diffusion conditions [8,9].
These operational conditions have to be carefully
optimised since high stirring speeds or liquid flow
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rates can cause the rupture of the immobilization
matrix [5,7] and small particle diameters tend to lead
to increased biocatalyst exposure to the organic sol-
vent [10]. Lipophilic solvents have been effectively
used as media for the bioconversion of sitosterol to
androstenedione (AD) [9,11], bis(2-ethylhexyl)phta-
late giving molar conversion yields in excess of 50%
for substrate concentrations of 12 mM [11]. Other
phtalate derivatives have also been assayed with both
free [12] or immobilized Mycobacterium sp. cells
[11], leading also to good results.

In this work, Celite-adsorbed Mycobacterium sp.
NRRL B-3805 whole cells were employed to selec-
tively convert B-sitosterol to 3-androstene-4,17-di-
one (AD) with 1,3-androstadiene-4,17-dione (ADD)
as a minor product, using different phthalate deriva
tives as bioconversion organic media. The main goal
of this work was to evaluate the relative contribu-
tions of external and/or interna diffusion and intrin-
sic kinetics to the control of the overall reaction rate.
For this, bioconversion runs were performed using
different stirring conditions and substrate concentra-
tions, and several particle size diameter ranges from
two types of Celite. The operationa stability of
immobilized cells in organic medium was also evalu-
ated.

2. Materials and methods

2.1. Materials

Mycobacterium sp. NRRL B-3805 cells were
maintained on potato dextrose agar slants (42 g 1 1),
at room temperature. Celite R630 (Fluka, Switzer-
land) and Celite 560 (Johns-Manville, USA) particles
were screened in a series of standard sieves (Retsch,
Germany) to particle size diameter batches in the
ranges 0.841-2.38, 0.193-0.55, 0.067-0.193,
0.037-0.067 and under 0.037 mm. B-Sitosterol and
AD were supplied by Sigma (USA). Tween-20 was
obtained from ICI (Spain). Di-iso-heptyl-phthalate,
bis(3,3,5-trymethylhexyl)phthalate and bis(2-ethyl-
hexyl)phtalate were for synthesis grade (Merck, Ger-
many). Didecyl phtalate was technical grade (BDH,

UK). All other reagents were analytical- or HPLC-
grade from varied sources.

2.2. Cell growth and immobilization conditions

Mycaobacterium sp. cells were grown in a syn-
thetic medium composed of fructose (20 g 1°1),
ammonium chloride (4 g |1), magnesium sulphate
(0.07 g11), Tween-20 (0.8 g | 1) and B-sitosterol
(05 g I71; activity inducer) in pH 7 potassium
phosphate buffer (17.6 mM). The autoclaved Celite
size batches were added to the fermentation medium
at the early exponential growth phase and the immo-
bilized cells were harvested and stored, as described
previously [10]. The resulting immobilized cell load
was between 15.9 and 24.1 mg cell protein/g dry
support, unless referred otherwise. The water content
of the immobilized preparation was in the range
0.4-0.9 g/g dry support.

2.3. Solubility determinations

The solubility of B-sitosterol and AD in the ph-
thalate solvents were measured as described by Pin-
heiro and Cabral [13]. Samples were diluted with a
solution of progesterone (0.2 g |7, internal stan-
dard) in n-heptane and anaysed for sterol /steroid
content by HPLC.

2.4. Bioconversion trials

Bioconversion runs were performed in 100 ml
screw-capped Erlenmeyer flasks as previously de-
scribed [10] using 5 ml of organic medium and 250
mg (wet weight) of immobilized biocatalyst, at 30°C
with 200 rpm orbital shaking except if referred oth-
erwise. Samples of 70 wl were periodicaly taken,
diluted 10-fold with a solution of progesterone (0.2 g
I~1) in n-heptane and analysed for steroid content by
HPLC. Bioconversion rates were determined from
the zero-time slope of the AD concentration vs. time
plot. Values are averages from at least two indepen-
dent runs. In these conditions, the unit of catalytic
activity (U) is equivalent to 1 wmol of AD formed
per hour. Apparent kinetic parameters were obtained
using a software program developed by Cornish-
Bowden [14].
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2.5. Operational stability tests

A wet weight of 1.2 g of Celite 560 immobilized
cells (0.067—0.193 mm size batch) was added to 10
ml of a 2.4 mM solution of sitosteral in bis(2-ethyl-
hexyl)phtalate and incubated at 30°C with 200 rpm
orbital shaking in 100 ml screw-capped bottles. Each
successive hioconversion was carried during 24 h,
after which the immobilized cells were harvested by
filtration, washed with 10 ml of a medium composed
of yeast extract (10 g 171) and Tween-20 (0.8 g1°1)
in pH 7 phosphate buffer, recovered by filtration and
added to fresh bioconversion medium. The amount
of water retained on the support was kept in the
range 0.45-0.55 g/g dry support.

2.6. Analytical methods

Quantification of the protein content of the cell-
loaded support (Lowry method), of the amount of
Celite-adsorbed water (Karl—Fischer titration) and of
substrate/product concentrations in medium samples
(HPLC) were performed as described [10]. Substrate
was detected at 215 nm using n-heptane containing
1.5% (v /v) ethanol as mobile phase. Products were
detected at 254 nm using n-heptane containing 4%
(v/v) ethanol as mobile phase.

2.7. Scanning electron microscopy

Samples of Celite with immobilized cells were
fixed in 4% (v /v) glutaradehyde in pH 7.4 cachodi-
late buffer (0.1 M) for 3 h at 4°C and dehydrated in
diethyl ether (from 30% to 70%) and then in acetone
(from 70% to 100%). The samples were dried by the
critical point method and covered with a gold film.
Sample observations were done on a Philips XL-30
scanning electron microscope.

3. Results and discussion

The overall kinetic behaviour of immobilized bio-
catalysts can be affected by concentration gradients
developing within phase boundary layers around the
biocatalyst and/or inside the porous support of an

immobilized biocatalyst [15]. External mass tranfer
limitations can, however, be prevented if adequate
hydrodynamic conditions are chosen [15]. Biocon-
version experiments were thus performed at different
stirring speeds, using an intermediate size particle
range among those available for both Celite types,
bis(2-ethylhexyl)phthalate as bioconversion medium
and different substrate concentrations (Fig. 1). Exter-
nal mass transfer was apparently not a limiting factor
in the employed conditions, since no significant in-
crease of reaction rates was observed for stirring
speeds above 200 rpm. A trend to a decrease in
catalytic activity was however noted for substrate
concentrations above 12 mM, suggesting substrate-
inhibited kinetics. Higher activity levels were also
consistently observed when Celite 560 was used as
immobilization matrix, as compared to Celite R630,
although smaller particle sizes were used in the latter
case (see legend to Fig. 1), which may indicate
larger exposure to the toxic action of the solvent.
Further experiments were performed with 200
rpm stirring speed and using a series of particle
diameter size ranges, from both Celite 560 and Celite
R630, in order to measure apparent kinetic constants.
The substrate inhibition for substrate concentrations
in excess of around 7 mM was confirmed, an inhibi-
tion model (Eq. 1) providing a better fit to the results
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Fig. 1. Effect of the stirring speed on the specific sitosterol
degradation activity of Mycobacterium sp. cells immobilized on
Celite 560 particles in the range 0.067—0.193 mm (O, O) and
Celite 630 in the range 0.037-0.067 mm (@, W, ). Stirring
speeds of 200 rpm (O, @), 300 rpm (O, m) and 370 rpm (a)
were used.
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as compared to pure Michaglis-Menten kinetics
(Figs. 2 and 3).

Voo S
T (1)
S+K,, + /K,
Apparent kinetic parameters, V.., Ky, and K,,

were determined from Eg. 1, using a software pack-
age, as referred in Materials and Methods, while the
theoretical substrate concentration resulting in the
maximum reaction rate for substrate-inhibited bio-
transformations ([Slyax heor ) Was determined by Eq.
2, as suggested by Schuler and Kargi [16] (Table 1).

[S]Max.theor.=(KM Kl)l/2 (2)

The substrate concentration alowing for the max-
imum reaction rate is roughly seven times lower than
the substrate solubility in bis(2-ethylhexyl)phtalate
(45 mM, Table 2), thus limiting the process produc-
tivity. A trend towards overal kinetic control seems
to arise for particle sizes below 0.067-0.193 mm, as
taken from the similarity of the apparent K,, values.
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The reduction in the apparent V., for smaller parti-
cle sizes may result from a solvent toxicity effect.
For similar particle sizes, Celite 560-adsorbed cells
allow for higher V., vaues as compared to R630-
adsorbed cells. Although in both supports, cells tend
to be adsorbed on the surface of the immobilization
matrix (Fig. 4a and b), the larger pore size of Celite
560 (roughly 1 wm, 2-fold the pore size for Celite
R630) may have allowed for part of the cells to grow
inside the pores, therefore reducing the contact with
the organic solvent. The reduction of K, with de-
creasing partice size, for Celite 560, aso indicates
increased substrate accessibility to the biocatalyst. A
heterogeneous cell distribution in the immobilization
matrix was also observed, particularly with Celite
R630, randomly dispersed biofilm layers being
formed at the surface of the support, possibly pre-
venting substrate diffusion to the full extent of the
biocatalyst. Presumably, these biofilm layers would
be thinner on the smaller particle sizes, due to in-
creased surface area per unit weight of the support,
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Fig. 2. Experimental (@, m, 4, ¢) and predicted effect of substrate concentration on the specific degradation activity of sitosterol to AD,
using Celite 560-adsorbed Mycobacterium sp. cells and bis(2-ethylhexyl)phtalate as bioconversion medium. Particle sizes in the range
0.193-0.55 mm (a), 0.067-0.193 mm (b), 0.037-0.067 mm (c) and lower than 0.037 mm (d) were used as immobilization supports.
Michaelis-Menten (——) and substrate inhibition (——) kinetic models were used.
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Fig. 3. Experimental (O, <, O) and predicted effect of substrate concentration on the specific degradation activity of sitosterol to AD,
using Celite R630-adsorbed Mycobacterium sp. cells and bis(2-ethylhexylphtalate as bioconversion medium. Particle sizes in the range
0.841-2.38 mm (@), 0.037—0.067 mm (b) and lower than 0.037 mm (c) were used as immobilization supports. Michaelis-Menten (——)

and substrate inhibition (—¥& kinetic models were used.

thus reducing mass transfer hindrances. However,
this would also expose the cells more to the solvent,
which could account for the reduction in V. It
should also be noted that, with Celite R630, apparent
K, values increase with decreasing support particle
size (Table 1). If the cells' exposure to the solvent is
increased, one or more of the sitosterol degradation
pathway enzymes, particularly membrane-associated
enzymes, could have suffered conformational shifts,
possibly favouring substrate binding to the active
site, in relation to non-catalytic, inhibitory binding.

Kinetic control of the bioconversion can thus be
achieved at low particle size, athough the system is
overall not very sensitive to internal mass transfer
limitations.

Table 1

In order to possibly minimize the toxicity effect
of the organic solvent on the biocatalyst, further
bioconversion trials were carried out using other
phtalate derivatives with different log P values,
Celite 560-adsorbed cells (0.037-0.067 mm particle
size) and a substrate concentration of 6 mM, so as to
dlow for overal kinetic control of the catalytic
system (Table 2). Since the solubility of both sub-
strate and products in the solvents used was roughly
5- to 20-fold above the concentration used in these
experiments, the possibility of precipitate formation
was discarded. Among the phtalate derivatives tested
for use as bioconversion medium with Celite-ad-
sorbed Mycobacterium sp. cells, bis(2-ethylhexyl)-
phtalate gave the higher molar conversion yields

Apparent kinetic parameters obtained from non-linear regression analysis using software package Leonora [14]. Bioconversion runs were
performed using Celite 560 and Celite 630-adsorbed Mycobacterium sp. NRRL B-3805 cells and bis(2-ethylhexyl)phtal ate as bioconversion
medium. Bioconversions were performed in the 0-24 mM substrate concentration range

Immobilization support Particle size range Ky Vinax K, [Slyax. theor.
(mm) (mm) (U/ M prorein) (mM) (mM)
Celite 560 0.193-0.550 28+ 05 0.57 + 0.05 46+ 9 11+3
0.067-0.193 1.8+03 0.57 + 0.02 32+2 8+1
0.037-0.067 12+02 0.56 + 0.03 32+1 6+1
< 0.037 1.8+ 05 0.45+0.03 26+7 6+1
Celite R630 0.841-2.38 2.8+ 0.6 0.60 + 0.05 13+2 6+1
0.037-0.067 18+04 0.47 + 0.04 18+ 3 6+1
< 0.037 12402 0.33+0.03 33+3 6+1
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Table 2

Sitosterol side-chain activity of Celite-adsorbed Mycobacterium sp. NRRL B-3805 using different phtalate derivatives as bioconversion
media Celite 560 particles in the range 0.037-0.067 mm were used for cell immobilization. A sitosterol initial concentration of 6 mM was

used in al trials

Organic solvent Solubility (mM) log P 24 h AD molar
Sitosterol conversion yield (%)

Di-iso-heptyl-phthalate 582 1122 69 11.6+ 09

Bis(2-ethylhexyl)phthal ate 45 78 9.6 458+ 0.6

Bis(3,5,5-trimethylhexyl)phthal ate 78° 922 10.6 356+ 02

Didecyl phthalate 55 66 11.7 200+ 1.0

#Data obtained by Cruz et al. [12].

(Table 1). Although more lipophilic solvents have
been generally associated to higher cell viability
and/or catalytic activity retention [17,18], this trend
does not fully apply in the present study, when
solvents with log P values above 9 are considered.
This points to the need for searching for more spe-
cific effects, such as substrate partitioning and sol-
vent—cell interactions in order to find the most suit-
able solvent.

One of the advantages of using immobilized bio-
catalysts is the possibility of their reuse in repeated
biotransformations, which requires however a high
operational stability [19] or the reactivation of the
biocatalyst between batches [19,20]. In order to eval-
uate the possibility of reactivation of the sterol-de-
gradation capacity of the biocatalyst, Celite 560-ad-
sorbed cells (0.037-0.067 mm particle size) were
used in repeated, batch biotransformations of sitos-

-
Fig. 4. Scanning electron micrographs of Celite-immobilized Mycobacterium sp. NRRL B-3805 cells. Surface attached cells to Celite 560
() and Celite R630 (b) are shown.

terol (2.4 mM) in bis(2-ethylhexyl)phtalate. A com-
plex nutrient solution was used as washing medium
between batches since it had been shown before to
allow for a partial reactivation of the sterol-degrada-
tion capacity in free cells [21]. A decrease in AD
yield was nevertheless observed upon repeated use
of the biocatalyst (Fig. 5), limiting its effectiveness.
Although a loss of cataytic activity of free My-
cobacterium sp. cells between repeated biotransfor-
mations has been observed both in agueous and
organic media [21], in the present work this effect is
essentially due to cell desorption observed when
immobilized cells were incubated in the washing
medium. This desorption, not occurring with freshly
grown cells, indicates a change in cell surface adhe-
sion properties resulting from physiological ater-
ations, possibly including contact with the solvent.
Délivering nutrients to the immobilized biocatalyst
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Fig. 5. Repeated batch biotransformations of sitosterol to AD in
bis(2-ethylhexylphtalate with Celite 560 (0.067—0.193 mm)-ad-
sorbed Mycobacterium sp. NRRL B-3805 cells. Immobilized cells
were washed with a yeast extract solution between biotransforma-
tions. Each biotransformation lasted for 24 h. An initia cell load
of 1.3 mg cell protein/g dry support was used. AD molar yield
(@) and cell protein retained in the support after the agueous
washing steps (O) are presented, as a percentage of their values
on the first run.

without periodic transfer to an aqueous medium,
possibly using lipophilic nutrients, could be a way of
prolonging catalytic activities in the present system.

4, Conclusions

Celite-adsorbed Mycobacterium sp. NRRL B-
3805 were effectively used for the selective side-
chain cleavage of B-sitosterol with bis(2-ethylhe-
xylphtalate as conversion medium. External mass
transfer limitations could easily be overcome by
adjustment of stirring conditions. Kinetic control of
the bioconversion was apparently achieved for parti-
cle size ranges below 0.067-0.193 mm for both
types of Cdlite tested. Substrate inhibition was how-
ever observed in both bioconversion systems, the
substrate concentration allowing for maximum reac-
tion rates being around 6 mM, roughly seven times
lower than the substrate solubility in this organic
solvent, thus limiting the system productivity. A
solvent toxicity effect seemed to affect apparent V.,
values particularly since cells are preferentially ad-
sorbed on the surface of the support. The use of
larger pore-sized Celite apparently made it possible
for cells to grow inside the pores, thus providing

some protective effect. Catalytic activity of Celite
560-immobilized cells in different phthalate deriva-
tives with high log P values (above 9), did not show
a clear relation to the latter values, caling for fur-
ther investigation into cell-solvent interaction me-
chanisms. The repested use of the immobilized bio-
catalyst for batch biotransformations of sitosterol in
phtalate did not prove to be effective due to cell
desorption during the agueous washing steps for
delivering nutrients to the cells.
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