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Abstract

The regioselective oxidation of terfenadine with the fungi Cunninghamella blakesleeana was studied as a biochemical
alternative for the chemical synthesis of the antihistaminic drug fexofenadine. It was demonstrated that C. blakesleeana

w Ž . x woxidises the tert-butyl group of terfenadine to the corresponding alcohol 1- 4- 1,1-dimethyl-2-hydroxyethyl phenyl -4- 4-
Ž . xhydroxydiphenylmethyl -1-piperidinyl -1-butanol. A continuous process for regioselective oxidation of terfenadine was
developed. Terfenadine was supplied micro-crystalline due to the low solubility in water. Optimum reaction conditions with
respect to medium composition, temperature, pH, pO , co-substrate and feeding rates were found by means of reaction2

engineering studies. A cross-flow microfiltration unit was operated in a by-pass of a lab-scale stirred tank reactor for
retention of the biocatalysts and the micro-crystalline substrate. The alcohol was continuously removed with the filtrate to
minimise product inhibition. Continuous biotransformation of micro-crystalline terfenadine with C. blakesleeana in the
membrane reactor system with a dilution rate of 33 h at co-substrate concentrations of about 1 up to 3 grl glycerol in the
reactor resulted in a space–time yield of 145 mg of alcoholrlrday and an alcohol yield of 71%. The produced alcohol was

Ž .easily isolated from the filtrate by adsorption on XAD-4 resin followed by eluation with methanol concentration factor 7 .
q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Terfenadine is a widely used antihistaminic
drug with small or no sedative properties. In
human liver, terfenadine is almost completely
transformed by hepatic cytochrome P-450 to
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the pharmacologically active acid metabolite
Ž .fexofenadine and the inactive metabolite aza-

w x Ž .cyclonol in the first pass 1 Fig. 1 . This
hepatic oxidation metabolism is altered by many

Žother drugs, like antifungal ketoconazole or
. Žitraconazole or antibacterial clarithromycin or
. w xerythromycin agents 2 . If one of these drugs

is consumed together with terfenadine, this anti-
histamine can accumulate and cause severe car-

w xdiovascular side effects 3 . Fexofenadine, the
pharmacologically active acid metabolite, is not

1381-1177r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
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w x Ž w ŽFig. 1. Hepatic oxidation of terfenadine 1 alcohol: 1- 4- 1,1-di-
. x w Ž .methyl-2-hydroxyethyl phenyl -4 - 4 - hydroxydiphenylmethyl -1-

x .piperidinyl -1-butanol .

further metabolised by hepatic cytochrome P-
450. Consequently, fexofenadine was recently
introduced as Allegraw to the antihistamine-
market avoiding the side effects of terfenadine.

Many reports where published describing the
w xchemical synthesis of fexofenadine 1,2,4,5 ,

which are characterised by laborious reaction
Ž .techniques and low yields -10% in total . The

regioselective chemical oxidation of terfenadine
as an alternative for the synthesis of fexofena-
dine has not been described up to now. Schwartz

w xet al. 6 reported the regioselective biochemical
oxidation of ebastine — an antihistamine which
is quite similar to terfenadine — via microbial
oxidation with the filamentous fungi Cunning-
hamella blakesleeana. By means of a batch
biotransformation 200 mgrl of ebastine were
oxidised and 80 mgrl of the corresponding acid

Ž .metabolite carebastine were produced. It was
stated that the same regioselective oxdiation
step can be performed by C. blakesleeana with

w xterfenadine as substrate 7 .
One of the reaction engineering problems of

the microbial oxidation of terfenadine is the low
Ž .substrate solubility in water ;20 mgrl . This

limits the availability of the substrate for the
w xbiocatalyst 8 . Another issue, which has to be

considered, is the selection and addition of a
suitable co-substrate for cofactor regeneration
inside the cells catalysing the oxidation of terfe-

w xnadine 9 . Last but not least, increasing product
concentration in the reactor may result in prod-
uct inhibition. In case of inhibitory product
concentration levels in the reactor, a simultane-
ous product removal may be beneficial to im-
prove process performance.

The present work deals with reaction engi-
neering studies and the development of a bio-
transformation process for regioselective oxida-
tion of terfenadine with C. blakesleeana. Most
of all, reaction engineering problems like low
substrate solubility in water, co-substrate addi-
tion for cofactor regeneration and product inhi-
bition are addressed.

2. Material and methods

2.1. Organism

C. blakesleeana DSM 1906 was obtained
from the Deutsche Sammlung von Mikroorgan-

Ž .ismen und Zellkulturen DSMZ , Braunschweig,
Germany. Stock cultures of the organism were

Ž .maintained on potato-dextrose PD agar slants,
stored at 48C and subcultured for 4 days every 4
weeks at 308C.

2.2. Media

Ž .The fermentation-medium consisted of grl :
Ž .20.0 glucose, 12.0 NH SO , 1.4 K HPO ,4 2 4 2 4

. Ž .2.5 MgSO 7PH O and mgrl 20.0 EDTA,4 2

200.0 CaCl P2 H O, 100.0 MgCl P6 H O,2 2 2 2

28.0 FeSO P7 H O, 4.0 MnCl P4 H O, 3.84 2 2 2

ZnCl , 0.27 CuCl P6 H O, 0.02 CoCl 6H O2 2 2 2 2

and 0.06 Na MoO P2 H O.2 4 2

The fermentation-medium was sterilised
without glucose at 1218C for 20 min. Separately
sterilised glucose solution was added after-
wards. In order to avoid foaming 200 mlrl of

Ž .sterile antifoam solution Sigma a289 was
added aseptically to the fermentation-medium.
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2.3. Inoculum-preparation

C. blakesleeana was cultivated on 30-ml PD
agar in a 500-ml Erlenmeyer-flask at 308C.
After 4 days 170 ml of sterilised fermentation-
medium was added to the flask. The incubated
PD agar and the fermentation medium were
homogenised by means of a dispergation-tool
ŽIKA-Ultra-Turrax T-25 basic with head S25N-

.18G, IKA-laboratories, Germany within 50 s at
a speed of 28.000 rpm. Shake flasks and the
stirred tank reactor were inoculated with 10%
Ž .vrv of this solution.

2.4. Stirred tank reactor

Biotransformations were performed in a
Žstirred tank reactor KLF 2000, Bioengineering,

.Switzerland with flat-bladed disk turbines with-
out baffles and a working volume of 1.7 l. The
fermentation unit was equipped with standard

Žmeasuring and control units temperature, pres-
.sure, pH, pO , stirrer speed, and weight . The2

pH set-point of 6.5 was controlled by addition
of 2 N NaOH or 2 N H SO , respectively.2 4

Dissolved oxygen concentration was measured
Ž .with a clark-type electrode Ingold, Germany .

The pO set-point of 60% air saturation at2

atmospheric pressure was controlled by varying
the air flow rate between 0 and 500 mlrmin
Ž .0–0.3 vvm at a constant stirrer speed of 1200
rpm. Growth of C. blakesleeana and biotrans-
formation were performed at 308C.

Fermentation medium was fed into the reac-
Žtor with a high-precision piston pump Dosimat

.665, Methrom, Switzerland at low feed rates
Ž .300–50000 mlrh and with a peristaltic pump
Ž .WM 501U, Watson-Marlow, UK at high feed

Ž .rates 50–1200 mlrh . The peristaltic pump
Žwas controlled gravimetrically YFC02Z, Sato-

.rius, Germany .
For cell retention in a continuous process, a

by-pass was connected to the stirred tank reac-
tor. The by-pass consisted of a peristaltic pump
Ž .WM 604, Watson-Marlow and a cross-flow

Žmicrofiltration-unit MD 020 TP 2N, Microdyn,

.Germany with three tubes made of polypropy-
lene with an inner diameter of 5.5 mm, a pore
size of 0.2 mm and an interfacial area of 0.036
m2. A flow-rate of 2.1 lrmin was kept constant
in the by-pass.

2.5. Standard cultiÕation in the stirred tank
reactor

A total of 1.4 l of fermentation medium were
in-situ sterilised at 1218C for 20 min without
glucose, while 34 g of glucose solved in 100 ml
of water were sterilised separately and added
aseptically. Batch growth of C. blakesleeana
was performed after the addition of the inocu-

Ž .lum 10% vrv . Two further additions of 34 g
of glucose solved in 100 ml of water were
performed at a process time of 25 h and of 29 h
after inoculation. The previously added glucose
was completely consumed each time glucose
was added. At a process time of 33 h, just
before the glucose in the reactor was depleted,
17 g of glycerol solved in 50 ml of water were
added. Due to the sampling, the volume in the
reactor was not changed significantly.

2.6. Analytical methods

For determination of dry cell mass, 2 ml of
Žculture broth were centrifuged 5 min at 5000=

.g in a pre-weighted polypropylene test tube.
After removal of the supernatant the pellet was
washed with water and the solution was again

Ž .centrifuged 5 min at 5000=g . The super-
natant was removed, the test tube was dried at
808C for 48 h and dry cell mass was determined
gravimetrically.

Concentrations of terfenadine and the corre-
sponding alcohol were determined by means of
HPLC: A sample with the cell-suspension was
diluted 50% by addition of methanol. After
vigorous mixing for 30 s the suspension was

Ž .centrifuged 5 min at 5000=g . The super-
Ž .natant was diluted with 50% methanol vrv

until maximum concentrations of 10 mgrl of
terfenadine or the corresponding alcohol were
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achieved. The diluted sample was analysed with
Žreversed phase HPLC 50% acetonitrile, 1%

TFA; flow: 1 mlrmin; column: LiChrosphere
100 RP 18 EC-5, 4.6=250 mm; detection:

Žfluorescense extinction: 230 nm, emission 295
.nm ; retention-times: terfenadine 14.5 min, al-

.cohol 6.2 min .

2.7. Identification of the oxidation product

The biotransformation product was extracted
in diethylether and purified by silica gel chro-

Ž .matography with CHCl :MeOH:HAc 85:15:13

as eluent. For identification of the purified oxi-
dation product, FAB-MS and NMR-spec-
troscopy were applied.

2.8. pH-studies for biotransformation

C. blakesleeana cells were produced via the
standard cultivation in the stirred tank reactor.
The fermentation broth was harvested after a
process time of 45 h. Each of parallel operated
1000 ml fed-batch shake flasks were filled asep-
tically with 100 ml of the cell-suspension. The
fed-batch shake flasks were incubated at 150
rpm and 308C in a pH-controlled fed-batch shake

Žflask system fedbatch-pro, DASGIP, Juelich,
. w xGermany 10 . Within 2 h, the pH in the indi-

vidual fed-batch shake flasks was controlled to
preset set-points of pH 5.0, pH 5.75, pH 6.5, pH
7.25, and pH 8.0, respectively. After an incuba-
tion of 1 h at the individual pH set-points, 20
mg of terfenadine solved in 100 ml of dimethyl-

Ž .formamide DMF was added to the suspension.
The produced alcohol-concentration was deter-
mined after a process time of 27 h.

2.9. Substrate addition studies for biotrans-
formation

C. blakesleeana cells were produced via the
standard cultivation in the stirred tank reactor.
With a step time of 4 h, samples of 10 ml each
were withdrawn and aseptically transferred into
100 ml shake flasks. After addition of 2 mg of

terfenadine solved in 100 ml of DMF, the shake
flasks were incubated at 308C and 150 rpm. The
produced alcohol concentrations in the individ-
ual shake flasks were determined after a process
time of 48 h.

2.10. Screening for co-substrates

C. blakesleeana cells were produced via the
standard cultivation in the stirred tank reactor.
The fermentation broth was harvested after a
process time of 60 h. Each of parallel operated
100 ml shake flasks were filled aseptically with
10 ml of the cell-suspension and individual

Ž .co-substrates 4 grl . After addition of 150
mgrl of terfenadine the flasks were incubated at
308C and 150 rpm. The resulting alcohol con-
centrations were analysed after a process time
of 48 h.

2.11. Experimental design for glycerol, salts
and terfenadine addition

C. blakesleeana cells were produced via the
standard cultivation in the stirred tank reactor.
The fermentation broth was harvested after a
process time of 50 h. Each of 27 parallel oper-
ated 500 ml shake flasks were filled aseptically
with 50 ml of the cell-suspension. Glycerol,
salts and terfenadine were added according to a
statistical design. A central composite design
was used for the estimation of the parameters of
a full second-order polynomial model with four
factors for estimation of product concentration
w x11 .

The factors varied within this experiment
Ž . Ž .were: i the total amount of glycerol added, ii

Ž .the amount of salts added, iii the number of
individual additions of glycerol and salts, and
Ž .iv the number of individual additions of terfe-

Ž .nadine see Table 1 . The total amount of terfe-
Žnadine added was fixed to 800 mgrl 40 mg

.terfenadine in 400 ml DMF .
The parameter of the full second-order poly-

nomial model were estimated by minimising the
estimation error using the software Mathematica
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Table 1
ŽExperimental design for studies on product formation terfenadine

.oxidation with C. blakesleeana as function of glycerol, salts, and
terfenadine addition applying a central composite design for the
estimation of the parameters of a full second-order polynomial

Žmodel with four factors factor 1: number of additions of terfena-
dine with a total amount of 800 mgrl; factor 2: total amount of

Ž .added glycerol g ; factor 3: total amount of added mineral salts
with respect to the initial amount; factor 4: number of additions of

.glycerol and mineral salts

Run a Factor 1 Factor 2 Factor 3 Factor 4

1 2 1 1r4 2
2 8 1 1r4 2
3 2 3 1r4 2
4 8 3 1r4 2
5 2 1 1r64 2
6 8 1 1r64 2
7 2 3 1r64 2
8 8 3 1r64 2
9 2 1 1r4 8

10 8 1 1r4 8
11 2 3 1r4 8
12 8 3 1r4 8
13 2 1 1r64 8
14 8 1 1r64 8
15 2 3 1r64 8
16 8 3 1r64 8
17 1 2 1r16 4
18 16 2 1r16 4
19 4 0 1r16 4
20 4 4 1r16 4
21 4 2 1 4
22 4 2 0 4
23 4 2 1r16 1
24 4 2 1r16 16
25 4 2 1r16 4
26 4 2 1r16 4
27 4 2 1r16 4

Ž .3.0 Wolfram-Research, USA . Non-significant
parameters with a p-value of more than 0.05
were eliminated one after the other.

2.12. Biotransformation in the stirred tank reac-
tor

C. blakesleeana cells were produced via the
standard cultivation in the stirred tank reactor.
The cells were induced by addition of 30 mgrl
of terfenadine at a process time of 38 h. Starting
at a process time of 44 h, intermittend addition
of 1 g of terfenadine solved in 10 ml of DMF

was performed in a way that the terfenadine
concentration in the reactor was kept between
30 and 100 mgrl throughout the whole process.
The co-substrate glycerol was added with a step

Ž .time of 12 h 6.3 grlrday .

2.13. Continuous biotransformation with cell-
retention

C. blakesleeana cells were produced via the
standard cultivation in the stirred tank reactor.
At a process time of 30 h, the operation of
by-pass with the cross-flow microfiltration unit
with 3 tubes made of polypropylene was initi-
ated. The cells were induced by addition of 30
mgrl of terfenadine at a process time of 38 h.
Starting at a process time of 44 h, intermittend
addition of 1 g of terfenadine solved in 10 ml of
DMF was performed in a way that the terfena-
dine concentration in the reactor was kept be-
tween 30 and 100 mgrl throughout the whole
process. At a process time of 64 h, the co-sub-

Žstrate supply 6 grl of glycerol solved in fer-
mentation medium without glucose, reduced salt

Ž . .contend factor 0.15 , and 50 mM NaCl was
started with a feed rate of 53 mlrh. The liquid
volume in the reactor system was kept constant
by controlling the filtrate flow rate.

To perform a biotransformation without co-
substrate limitation, the glycerol concentration
in the feed-medium was increased to 25 grl.

3. Results and discussion

3.1. Identification of the biotransformation
product

Regioselective oxidation of terfenadine with
C. blakesleeana was first performed using the
reaction conditions described by Schwartz et al.
w x6 for the oxidation of ebastine. The resulting
product was extracted in diethylether and puri-
fied by silica gel chromatography with

Ž .CHCl :MeOH:HAc 85:15:1 as eluent. The ex-3

tract was identified by FAB-MS and NMR-
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spectroscopy as the corresponding alcohol of
Ž .terfenadine see Fig. 1 FAB-MS: mrzs488.0

Ž .[ Ž .[M q H , 470.0 M – H O , 280.02
Ž .[ Ž .[ 1R N5CH , 183.0 Ph C5OH H NMR2 2 2
Ž . Ž .400 MHz, CD OD, 258C : ds1.28 s, 6H ,3

Ž . Ž . Ž .1.74 m, 8H , 2.83 t, 1H , 2.97 m, 2H , 3.05
Ž . Ž . Ž . Ž .t, 2H , 3.49 m, 2H , 3.54 s, 2H , 4.66 t, 1H ,

Ž . Ž . Ž 3 Ž .7.17 t, 2H , 7.29 m, 6H , 7.36 d, J H,H s
. Ž 3 Ž . .7.4, 2H , 7.51 d, J H,H s7.4, 4H .

3.2. Identification of a fermentation medium

Different fermentation media were tested in
shake flask experiments for the growth of C.
blakesleeana and their ability to ensure the re-
gioselective oxidation of terfenadine. Promising
results were achieved with a defined mineral
salts medium originally developed for Bacillus

w xsubtilis 12 : About 60% of the product yield of
w xthe complex medium used by Schwartz et al. 6

was achieved with this medium. For further
improvement of the defined medium C.
blakesleeana was grown in the complex medium
and harvested in the exponential growth. An
elemental balance based on the elemental analy-
sis of the composition of C. blakesleeana re-
vealed a lack of nitrogen, calcium, sulphur and
magnesium in the defined medium. Supplemen-
tation of these elements by addition of the cor-
responding mineral salts resulted in the same
process performance with respect to growth and
terfenadine oxidation, which has been achieved
with the complex medium used before.

The addition of soybean-peptone for induc-
tion of cytochrome P-450 as described by

w xSchwartz et al. 13 and Sariaslani and Kunz
w x14 was found not to be necessary. The identi-
fied defined mineral salt medium was used for
all further biotransformation studies.

3.3. ImproÕement of substrate aÕailability

Different approaches to overcome the low
solubility of terfenadine in water were studied

in shake-flasks and the lab-scale stirred tank
reactor:

1. Enhancing substrate solubility by addition of
water solubility mediators.

2. Adding a non-water miscible organic phase
with solved terfenadine.

3. Reducing mass transfer limitations by
micro-crystalline terfenadine addition.

Solubility mediators tested were Polyethyl-
Ž .englycol PEG 600, and PEG 10000, Poly-

vinylpyrrolidon K-15, and Polyvinylpyrro-
lidon K-30. Best biotransformation results were

Ž .observed in shake flask studies, if 10% wrv
PEG-600 was added to the medium. Unfortu-
nately, scale-up into the stirred tank reactor was
not successful: Low biotranformation rates were

Ž .measured 24 mg of alcoholrlrday . Moreover,
the viscosity of the C. blakesleeana cell suspen-
sion in the stirred tank reactor increased dramat-
ically compared to the shake flask.

Shake flask studies were also performed with
additions of non-water miscible organic solvents

w xas a substrate reservoir for terfenadine 15 . It
was found, that solvents with a high solution
capacity for terfenadine were toxic to the the C.

Žblakesleeana cells e.g. 1-octanol, diphenylether,
.2-undecanon, p-xylene . The only non-toxic

solvent tested with a moderate solubition capac-
ity for terfenadine was 1-butylstearate. Unfortu-
nately, this organic solvent was consumed by C.
blakesleeana.

Micro-crystalline terfenadine addition was
found to be the most effective method to achieve
high oxidation rates with C. blakesleeana. Mi-
cro-crystalline terfenadine can be achieved by
solving terfenadine in a water miscible solvent
like methanol, ethanol, DMF or dimethylsul-

Ž .foxid DMSO . This solution must be injected
into the fermentation medium in such a way,
that a fast mixing of the water miscible solvent
with the solved terfenadine is assured. This
results in an immediate crystallisation of terfe-
nadine in the aqueous fermentation medium at
any position in the reactor, where the water
miscible solvent concentration is reduced. Mi-
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Fig. 2. Terfenadine oxidation with C. blakesleeana in fed-batch
Ž w Žshake flasks: measured alcohol concentrations 1- 4- 1,1-dimethyl-

. x w Ž .2-hydroxyethyl phenyl -4- 4- hydroxydiphenylmethyl -1 -piperidi-
x .nyl -1-butanol at a process time of 24 h as function of pH

set-points.

cro-crystals with a high surface-to-volume ratio
are formed. The solvent with the solved terfena-
dine can be easily sterilised by microfiltration
before injection into the fermentation broth.

3.4. Reaction conditions: temperature, oxygen
tension and pH

Shake flask studies were performed to com-
pare the regioselective oxidation of terfenadine
with C. blakesleeana at temperatures between
218C and 378C. Best biotransformation rates
were achieved at 308C. The application of a
temperature of 308C was reported for other
biotransformations with C. blakesleeana as well
w x16 .

The study of pO -levels in the range of 5%2

up to 80% oxygen saturation at atmospheric
pressure in the stirred tank reactor indicated a
minimum pO of 20% air saturation. Decreas-2

ing the oxygen tension below this level resulted
in a decrease of the biotransformation rate.

The decrease of biotransformation activity at
oxygen concentrations below 20% air saturation
in the reactor may be caused by oxygen trans-
port limitations into the pellets of C.
blakesleeana.

Comparing the process performance in pH-
controlled shake flasks demonstrates that high-

est alcohol concentrations were achieved at pH
Ž .6.5 and pH 7.25 see Fig. 2 . A set-point of pH

6.5 was chosen, because the growth rate of C.
blakesleeana was higher at pH 6.5 compared to
pH 7.5.

3.5. Initiation of the biotransformation

C. blakesleeana cells were produced via the
standard cultivation in the stirred tank reactor
Ž .see Fig. 3 . The biotransformation activity of
the cells was measured with a step time of 4 h,
applying a standardised activity test in shake
flasks. Maximum biotransformation activities of
the C. blakesleeana cells were observed at a

Ž . Ž .process time of about 50 h "10 h see Fig. 4 .
At a process time of 50 h, the glucose in the
stirred tank reactor was totally depleted and the

Ž .glycerol concentration was low see Fig. 3 .
w xAs in the case of B. megaterium 17 , a

maximum oxidative biotransformation activity
of C. blakesleeana was observed in the early
stationary cultivation period. The following de-

Fig. 3. ‘Standard’ cultivation of C. blakesleeana in a stirred tank
Ž .reactor: Substrate concentrations glucose and glycerol , dry cell

mass and biotransformation activity of C. blakesleeana cells
Ž .measured by means of activity tests in shake flasks as function

Ž w Ž .of process time alcohol: 1- 4- 1,1-dimethyl-2-hydroxyethyl
x w Ž . x .phenyl -4- 4- hydroxydiphenylmethyl -1-piperidinyl -1-butanol .
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crease in biotransformation activity may be a
consequence of a lack of reduction equivalents
or an inactivation of the catalyst.

3.6. Screening for co-substrates

The incubation of C. blakesleeana cells pro-
duced via the standard cultivation in the stirred
tank reactor with individual co-substrates and
terfenadine in shake flasks resulted in a maxi-
mum alcohol production, if glycerol is used as

Ž .co-substrate see Fig. 4 . A few other co-sub-
Ž .strates hexadecane, starch, citrate had no sig-

nificant effect on the terfenadine oxidation
activity. All other co-substrates resulted in a
decreased alcohol production.

3.7. Identification of glycerol, salts and terfena-
dine additions

Shake flask studies were performed with C.
blakesleeana cells produced via the standard
cultivation in the stirred tank reactor. Glycerol,
salts and terfenadine were added into the paral-
lel operated shake flasks according to a central
composite design.

Fig. 4. Co-substrate screening for terfenadine oxidation with C.
Ž w Žblakesleeana: produced alcohol 1- 4- 1,1-dimethyl-2-hydroxy-

. x w Ž . xethyl phenyl -4- 4- hydroxydiphenylmethyl -1-piperidinyl -1-buta-
. Žnol after an incubation of 48 h in shake flasks reference: no

.co-substrate addition .

Table 2
Identified normalised parameters of a full second-order polyno-
mial model with four factors for estimation of product concentra-

Ž .tion terfenadine oxidation with C. blakesleeana as function of
Ž .factor 1 the number of additions of terfenadine with a total

Ž .amount of 800 mgrl, factor 2 the total amount of added glycerol
Ž . Ž .g , factor 3 the total amount of added mineral salts with respect

Ž .to the initial amount, and factor 4 the number of additions of
Žglycerol and mineral salts non-significant parameters with a

.p-value of more than 0.05 were eliminated one after the other

Parameter Value p-Value
y9a 240 -1=100

y8a y34 1=101
y4a y18 1=1011
y4a y14 3=102
y8a y23 3=1022
y4a 17 4=104
y2a 12 2=1024

The measured alcohol concentrations were
used for estimation of the parameters of a full
second-order polynomial model with four fac-

Ž .tors see Table 2 . The identified polynomial
model was able to describe 88% of the total
variance. The observed variance of the individ-
ual shake flask experiments was about 8%.

Fig. 5. Terfenadine oxidation with C. blakesleeana: Measured and
estimated product concentration as function of the number of

Žadditions of terfenadine within a period of 120 h total amount of
.terfenadine: 800 mgrl . Estimation based on the identified sec-

ond-order model of the alcohol concentration as function of the
number of terfenadine additions, total amount of glycerol, total
amount of mineral salts, and the number of glycerol and salt

Ž w Ž . xadditions alcohol: 1- 4- 1,1-dimethyl-2-hydroxyethyl phenyl -4-
w Ž . x .4- hydroxydiphenylmethyl -1-piperidinyl -1-butanol .
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Fig. 6. Terfenadine oxidation with C. blakesleeana: Estimated
product concentration as function of the total amount of glycerol
and the number of glycerol additions within a period of 120 h.
Estimation based on the identified second-order model of the
alcohol concentration as function of the number of terfenadine
additions, total amount of glycerol, total amount of mineral salts,

Ž w Žand the number of glycerol and salt additions alcohol: 1- 4- 1,
. x w Ž .1-dimethyl-2-hydroxyethyl phenyl -4- 4- hydroxydiphenylmethyl

x .1-piperidinyl -1-butanol .

It was demonstrated that the resulting alcohol
concentration is a function of the number of
terfenadine additions: Biotransformation of ter-
fenadine was improved, if the total amount of
terfenadine was added in small amounts with
higher step times, instead of one initial addition
Ž .see Fig. 5 .

This ‘micro-crystalline substrate inhibition’
effect may be caused by agglomeration of mi-
cro-crystals, thus reducing the interfacial area
and the substrate availability. About 24 h after
the initial addition of the total terfenadine
amount into the shake flasks crystals of terfena-
dine were observed at the glass-wall above the
circulating bulk liquid. This part of the substrate
was no longer accessible for the biotransforma-
tion.

Based on these results, it can be concluded
that terfenadine should be added in small
amounts which result in terfenadine concentra-
tions of about 50 up to 100 mgrl in the fermen-

Ž .tation broth see Fig. 5 .

The simulation of the estimated alcohol con-
centrations as function of the added glycerol
amount and the number of glycerol additions

Ž .indicates see Fig. 6 : The total amount of glyc-
erol should be 2 g on the shake flask scale with
16 individual additions within 120 h. This cor-
respondents to an intermittend glycerol feed rate
of 6 grlrday. Regioselective oxidation of terfe-
nadine is low, if a high amount of glycerol is
added with one initial addition. It seems that
glycerol inhibits the biotransformation at high
concentrations.

No significant effects were observed with
Žrespect to the addition of mineral salts the

p-value of the corresponding parameters were
.more than 0.05, see Table 2 .

3.8. RegioselectiÕe terfenadine oxidation in a
fed-batch process

The identified reaction conditions for terfena-
dine oxidation with C. blakesleeana were ap-
plied for performing the biotransformation in a
lab-scale stirred tank reactor with intermittend

Ž .feeding of terfenadine and glycerol see Fig. 7 .
An alcohol concentration of 600 mgrl was

Fig. 7. Regioselective oxidation of terfenadine with C.
blakesleeana in a fed-batch process: dry cell mass concentration,

Ž w Ž .alcohol concentration 1- 4- 1,1-dimethyl-2-hydroxyethyl -
x w Ž . x .phenyl -4- 4 - hydroxydiphenylmethyl -1 - piperidinyl - 1 -butanol

and space–time yields as function of process time.
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Fig. 8. Scheme of the membrane reactor system for continuous
biotransformation of micro-crystalline terfenadine with C.
blakesleeana.

achieved within a process time of 200 h. The
total amount of alcohol produced was 1 g. This
correspondents to a space–time yield of 72 mg
of alcoholrlrday. The differential space–time
yield with an initial alcohol production rate of
190 mg of alcoholrlrday decreases with in-
creasing process time. At the end of this bio-
transformation process, no further terfenadine
oxidation was observed. Additional supply of
glycerol did not restore the biotransformation
activity of the C. blakesleeana cells in the

Ž .reactor data not indicated . It is concluded that
an alcohol concentration of 600 mgrl in the
stirred tank reactor totally inhibits the biotrans-
formation.

Terfanadine was oxidised to the correspond-
ing alcohol with a yield of 81%. At the end of
the process, the differential selectivity decreased
down to 35%. This decrease may be caused by
a further degradation of the biotransformation
product at higher alcohol concentrations in the
stirred tank reactor. However, no other oxida-
tion products were detected by HPLC-analysis.
Further investigations with labelled terfenadine
may be useful to identify by-products or degra-

Ž w x.dation products see for example Ref. 18 .
A consequence of the observed product inhi-

bition from the reaction engineering point of

view may be a simultaneous product removal to
ensure low alcohol concentrations in the stirred
tank reactor.

3.9. Continuous biotransformation with cell-re-
tention

The integration of a cross-flow microfiltra-
tion unit in the by-pass of a continuous operated

Ž .stirred tank reactor see Fig. 8 for retention of
the cells and the micro-crystalline terfenadine
allowed the removal of all soluble compounds
including the biotransformation product. Solved

Ž .terfenadine -20 mgrl could pass the mem-
brane too.

The continuous product removal at a dilution
rate of 33 h resulted in an alcohol concentration
of about 200 up to 250 mgrl in the membrane

Ž .reactor system see Fig. 9 . The total amount of
alcohol produced within a process time of 200 h

Žwas 1.6 g. The resulting space–time yield 105
.mg of alcoholrlrday was improved by 45%

compared to the fed-batch process. The de-
crease of the differential space–time yield with
the same initial alcohol production rate as be-

Ž .fore 190 mg of alcoholrlrday was less severe

Fig. 9. Continuous oxidation of terfenadine with C. blakesleeana
Žin a membrane reactor system dilution rate 33 h, glycerol in the

.feed 6 grl : alcohol concentration, total amount of the produced
Žalcohol and space–time yields as function of process time al-

w Ž . x w Žcohol: 1- 4- 1,1-dimethyl-2-hydroxyethyl phenyl -4- 4- hyd-
. x .roxydiphenylmethyl -1-piperidinyl -1-butanol .
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compared to the fed-batch process. At the end
of biotransformation process, a differential
space–time yield of 80 mg of alcoholrlrday
was measured.

Terfanadine was oxidised to the correspond-
ing alcohol with a yield of 72%. To achieve a

Žfurther process integration biotransformation
.and product isolation the filtrate was directly

Ž .fed onto a 500-ml XAD-4 resin column Fig. 8 .
This column allowed complete retention of the
produced alcohol throughout the whole continu-
ous biotransformation process. Pure methanol
was used for elution of the adsorbed alcohol. A

Žconcentration factor of 7 was achieved 1.75 g
.of oxidation productrl methanol .

3.10. Continuous biotransformation with excess
of glycerol

To investigate the effect of the co-substrate
glycerol on the differential space–time yield,
the same continuous biotransformation process
was performed in the membrane reactor system
with a glycerol-content of the feed medium of
25 grl instead of 6 grl. The resulting glycerol

Fig. 10. Continuous oxidation of terfenadine with C. blakesleeana
in a membrane reactor system with increased co-substrate supply
Ž .dilution rate 33 h, glycerol in the feed 25 grl : alcohol concentra-
tion, total amount of the produced alcohol and space–time yields

Ž w Žas function of process time alcohol: 1- 4- 1,1-dimethyl-2-
. x w Ž .hydroxyethyl phenyl -4 - 4 - hydroxydiphenylmethyl - 1 - piperidi-

x .nyl -1-butanol .

concentration in the reactor system was about 1
up to 3 grl.

The continuous product removal at a resi-
dence-time of 0.03 1rh resulted in an alcohol
concentration of about 250 mgrl with a yield of

Ž71% in the membrane reactor system see Fig.
.10 . The total amount of alcohol produced within

a process time of 240 h was 2.7 g. The resulting
Ž .space–time yield 145 mg of alcoholrlrday

was improved by 100% compared to the fed-
batch process. No decrease of the differential
space–time yield was observed within the esti-
mation error.

4. Conclusions

It was demonstrated, that the fungi C.
blakesleeana was not able to perform the re-
gioselective oxdiation of terfenadine to the
pharmacologically active acid metabolite fex-
ofenadine. However, the regioselective activa-
tion of the tert-butyl group of terfenadine with
C. blakesleeana yielding the corresponding al-
cohol in presence of the other functional groups
of terfenadine offers the chance for a simple

w xchemical synthesis of fexofenadine 5 : The al-
Žcohol could be oxidised with strong agents e.g.

.RuCl 5 H O with H IO , but the secondary3 2 5 6

hydroxy group of the biotransformation product
will be oxidised as well. Therefore, a selective
reduction of this group by NaBH is necessary4

to gain fexofenadine.
Based on reaction engineering studies, a bio-

transformation process was developed for re-
gioselective oxidation of terfenadine to the cor-
responding alcohol with C. blakesleeana. The
lack of terfenadine availability due to the low
substrate solubility in water was solved by mi-
cro-crystalline terfenadine addition. The bio-
transformation was performed continuously with
a cross-flow microfiltration unit in the by-pass
of a stirred tank reactor to overcome product
inhibition. Retention of the C. blakesleeana cells
and the micro-crystalline terfenadine in the
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membrane reactor system and product concen-
trations far below the level of total inhibition of
the biotransformation, as well as a sufficient
supply of the co-substrate glycerol, resulted in a
100% increase of the alcohol space–time yield
compared to the fed-batch process.

This membrane reactor configuration with
micro-crystalline substrate supply may be, in
general, a suitable reactor system for biotrans-

Ž .formations which are characterised by i low
Ž .substrate solubility in water, ii improved prod-

uct solubility in water compared to the sub-
Ž . w xstrate, and iii product inhibition 19 .
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