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Abstract

An organic-aqueous two-liquid phase system was developed in order to perform the reduction of 3-thiophenecarboxaldeyde
(3-TC) to 3-thiophenemethanol (3-TM), two intermediate Fogpmpounds, usingseudomonas putidal?2 cells. Although,
high bioconversion yields were observed in a bioconversion medium composed by Tris—HCI pH 8.5 bufiescadol,
adverse phase toxicity effects were observed following incubation periods in excess of 24 h. Furthermore, a stable emulsion
was formed in two-liquid phase system in the presence of free cells. This prevented effective separation of the biocatalyst and
of the two-liquid phases. Whole cells were effectively entrapped in Ca-alginate beads, thus enhancing biocatalyst recovery.
No shifts in the pH versus activity profile resulted from the immobilization. Successive batches were carried out with the
immobilized biocatalyst, but a decrease in the specific activity was observed.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction attractive alternative to perform the bioconversion of
such chemicalfs], once a biocompatible organic sol-
The use of whole cells as biocatalysts has become vent, acting as substrate/product carrier, is selected.
a valuable tool either for the production of a wide Hydrophobic solvents (log,w > 5) are usually con-
variety of compounds, from bulk to fine chemicals sidered to comply with the biocompatibility criteria
[1-3] or for bioremediatiori4]. Many of these chem-  [6]. High substrate concentrations can therefore be
icals with potential economic interest are sparingly used, leading to high volumetric productivities. Newly
soluble in water and/or toxic to the microorganism. formed product can be extracted into the organic
Thus, their addition to conventional agueous media phase, thus allowing in situ product recovery and pro-
leads to ineffective bioconversion systefi§ due to viding a first step for process integration. Toxic or in-
their low productivity and to biocatalyst deactivation. hibitory compounds can be kept at low concentrations
Organic-aqueous two-liquid phase systems provide an in the aqueous pha$é-9], thus preventing their dele-
terious effect on the biocataly§t0]. The non-polar
" Corresponding author. Tek+351-2184-179-25: nature of the bioc':ompatible' solvent may prove, on the
fax: +351-218-4179-15. other hand, relatively unsuitable for the extraction of
E-mail addresspedroefe@yahoo.com (P. Fernandes). intermediately polar products from the agueous phase.
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The implementation of an effective organic-aqueous
two-liquid bioconversion system for the production

of such chemicals thus requires a relatively polar
solvent to act as substrate reservoir and product sink
[11]. Downstream processing can however be ham-
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boxaldehyde (3-TC) was added to the growth medium
in this latter production stage, to give a concentra-
tion of 1.2 or 20mM. Incubation was carried out
with 200 rpm orbital shaking at 3@. Cells were

harvested by centrifugation along the time course

pered, since stable emulsions are prone to be formedof the fermentation or in the early lag phase’}

in organic-aqueous two-liquid biotransformation sys-
tems[12], namely due to cell lysis and concomitant
release of membrane componefi8]. Cell immobi-
lization provides a tool to overcome such drawback
and, furthermore it reduces toxicity effedts4—16]

as compared to the use of free cells. The combination
of organic-aqueous two-liquid-liquid phase systems
and cell immobilization has been effectively used
for the bioconversion of steroid44,17] and in the
production of dihyrodiold18] and of flavor ketones
[19].

In this work the feasibility of using an organic-aque-
ous two-liquid phase system to perform reduction
of 3-thiophenecarboxaldeyde (3-TC) to 3-thiophene-
methanol (3-TM), two intermediate |dg, com-
pounds, using restinBseudomonas putidal?2 cells,
was evaluated. These chemicals are useful intermedi-
ate in the production of cosmetif20] and herbicides
[21]. The profile of biocatalytic activity along the time
course of the fermentation was evaluated. The effect
of several operational parameters, namely pH of the

aqueous phase, nature of the organic solvent used as

carrier and the volumetric phase ratio, on the activity
and stability of the biocatalyst were also evaluated.
The effect of cell immobilization on biocatalytic
activity was also studied.

2. Experimental
2.1. Microorganism and growth conditions

Pseudomonas putid812 cells used in this study
were obtained from Wageningen University, The
Netherlands. Cells were cultured into 20YILB
broth (Sigma, USA) slants, and either stored aC4
following 24 h growth at 30C or used to inoculate
250 ml erlenmeyer flasks containing 50 ml of LB
broth medium (20gi'). When an optical density
of 1.2, measured at 640 nm was reached, cells were
transferred to 21 erlenmeyer flasks containing 500 ml
of the same medium. In some trials, 3-thiophene car-

8000rpm), washed with 20mM potassium phos-
phate buffer pH 7 and stored at =20 until further
use.

2.2. Partition trials

A given amount of substrate or product was dis-
solved in a chosen organic solvent and added to one
volume of aqueous phase. The two phase system
was equilibrated at 30C and samples from both
phases were collected for HPLC analysis. Triplicates
were run for each trial. P is defined as the parti-
tion of 3-TC or 3-TM between organic and aqueous
phases.

2.3. Biocatalyst immobilization

A given amount of wet cell paste (2.0 g) was washed
and ressuspended in 10 ml of the adequate Tris—HCI
buffer, following centrifugation (4C, 8000 rpm) un-
less otherwise stated. This suspension was used to pre-
pare several immobilized biocatalysts.

2.4. Calcium alginate beads

Immobilization procedure was adapted frg@?®].
The 400ul of the cell suspension were mixed with
10 ml of a 4% (w/v) sodium alginate solution in wa-
ter. The resulting solution was added dropwise to a
100 ml chilled solution of 0.18 mM calcium chloride.
The resulting beads were hardened for 30 min‘a@ 4
filtered through Whatman filter paper and used for bio-
conversion trials.

2.5. k-Carrageenan beads

The immobilization procedure was adapted from
[23] and was the same as that with calcium alginate
beads, but for the 30% (w/w) solutionletarrageenan
used, instead of sodium alginate solution, and for the
hardening solution of 0.3 M KCI used.
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2.6. Microencapsulation

The immobilization procedure was adapted from
[24].The 400Qul of the cell suspension were added
to 10ml of a 1% (w/v) KCI solution, together with
xanthan and PEG 400, in order to have a final con-
centration of 10% (w/v) and 1gt, respectively.
This suspension was added dropwise to a 0.5% (w/v)
sodium alginate solution, hardened for 30 min and
washed with distilled water.

2.7. Adsorption to celite

An amount of 10 ml of a pH 8.5 Tris—HCI buffer
(0.1 M) were added to 400l of the cell suspension, as
well as 1 g Celit® R630 (Fluka, Switzerland) 20-230
mesh. The mixture was incubated with orbital shaking
at 200 rpm and 30C for 2 h, and filtered through an
adequate sieve. The immobilized biocatalyst was used
for bioconversion.

2.8. Bead dissolution

Alginate beads were dissolved by incubation
in 0.1M sodium phosphate buffer pH T23].
k-Carrageenan beads were dissolved by incubation in
a 0.9% (w/v) NaCl solutiofi22]. Cells were recovered
by centrifugation.

2.9. Bioconversion trials in two-liquid phase
systems

A given amount of either free or immobilized bio-
catalyst was added to a given volume of 0.1 M Tris—
HCI buffer pH 8.5, corresponding to 2.5 cell pasté—l
or to 125 gnmobilized biocatalysl_la respectively. One
volume of a 12mM solution of 3-TC in a water-
immiscible organic solvent was added to the former
and the whole incubated at 3G with 200 rpm orbital
shaking or 450 rpm magnetic stirring. Orbital shaking
experiments were carried out using 1 ml of emul-
sion contained in 4 ml screw capped vials, or 4 ml of
emulsion in 25 ml screw capped vessels. Stirred tank
experiments were performed using 10 ml of emulsion
in a 20ml volume screw capped vessel. Repeated
batch production of 3-TM was started under the same
conditions as for batch experiments. In these cases,
the immobilized biocatalyst was ressuspended in fresh
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bioconversion medium, following a 24 h biotransfor-
mation run and 1 h incubation in growth medium. Free
cells were harvested by centrifugation (12,000 rpm,
20 min). Duplicates were run for each trial. A 1QD
samples were collected periodically, centrifuged for
phase separation and analyzed by HPLC. Triplicates
were made for each trial. Samples from the emul-
sion were taken periodically, centrifuged for phase
separation and analyzed by HPLC.

2.10. Bioconversion in aqueous phase system

A given amount of wet cell paste was washed and
ressuspended in a 12 mM solution of 3-TC in 0.1 M
Tris—HCI buffer pH 8.5, as to give a final concentra-
tion of 2.5 getcell pastg—l. Further procedures were
similar to those described for bioconversion trials in
two-liquid phase systems.

2.11. Catalytic stability tests

A given amount of free biocatalyst was ressus-
pended in pure or saturated 0.1 M Tris—HCI buffer
pH 8.5, or in an-octanol/0.1 M Tris—HCI buffer pH
8.5 (1:1 organic-aqueous volumetric phase ratio), and
incubated at 30C with 200 rpm orbital shaking. Pe-
riodically, free cells were harvested by centrifugation
(4000 rpm, #C) and immediately used for biocon-
version trials. Two independent runs were performed
for each stability trial.

2.12. Analytical methods

HPLC (Merck-Hitachi, Germany) analyses were
performed with a Lichrosph& 100 RP-18 column
(250 mm x 4mm; 5um particle diameter) (Merck,
Germany) and isocratic elution, with water (35%)
and ethanol (65%), substrate and product being de-
tected at 245nm, and matched to pure compounds
(Aldrich, USA). The unit of catalytic activity (U) is
equivalent to 1 mmol of 3-TM formed per minute.
Errors in repeated experimental runs did not exceed
10%.

Protein was quantified by the Lowry meth§ieb]
following, if necessary, cell lysis, by heating at 10D
for 10 min, in 1 M NaOH solution.

Biomass concentration was assessed, by evaluating
the optical density of the cell suspension at 640 nm.
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Dry cell weight was determined by drying at 80,
until constant weight.

3. Results and discussion
3.1. Biocatalyst production

In order to evaluate the activity profile along cell
growth, the fermentation was monitored for assess-
ment of specific activity and biomass concentration
(Fig. 1). Biocatalyst activity increased along cell
growth suggesting a primary metabolite-like behav-
ior. The highest activity was thus observed at the
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towards the biocatalyst. However, the organic sol-
vent used must also allow adequate partition of both
substrate and product, in order to provide a pool for
those chemicals. Homologous series rehlkanols
andn-alkanes were assayed for their effective use in
the implementation of a biotransformation medium,
based on those criteriddble 1. The concentration
of substrate used in these trials (12 mM), as well as
that of product formed, is well below solubility limits
(data not shown), thus preventing phase saturation.
As shown inTable 1 although each-alkane tested

is less toxic to the biocatalyst than the correspond-
ing n-alkanol, according to their respective Bgw
values, the latter class of solvents proved more suit-

end of the exponential phase. The reductive pathway able for use as separate organic phase, since higher
of 3-TC showed no significant response towards the product yields were obtained. Furthermore, due to
presence of this substrate in the fermentation media. the unfavorable partition, the product formed in the
The use of 3-TC as an inducer was thus discontinued presence ofi-alkanes was not extracted into the or-
(Fig. 1). Furthermore, a slight decrease in the specific ganic phase. Thus, the lower overall product yields
growth rate, as well as in the final biomass yield, was observed in these latter trials could also be related to
observed when 3-TC concentration was increased tosome degree of toxic action of the product formed

20 mM. This suggested that substrate toxicity levels
were reached. Further work was thus performed with
P. putidacells grown in plain LB broth medium.

3.2. Screening of reaction solvents

The selection of the organic solvent used as sub-
strate/product carrier in an organic-aqueous two-liquid
phase system is based mainly on its biocompatibility

towards the biocatalyst. The reduction promoted by
the biocatalyst requires a reducing co-fadg]. The
n-alcohols used could also provide a supplementary
source for co-factor recycling, through its oxidation to
the corresponding aldehyde, along with the continu-
ous recycling system ensured by the use of the whole
cell systen{26]. The oxidation of ethanol to acetalde-
hyde was used for NAD/NADH co-factor recycling
system when a cell-free crude extract of baker’s yeast

(b)
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Specific activity

Ln DO 640 0m
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Fig. 1. Typical graph (a) of the growth ¢fseudomonas putid&12 in 20 mM potassium phosphate pH 7 buffered LB broth media, either
plain (®), or containing 1.2mM 3-TC[{) or 20mM 3-TC (A). Specific biocatalytic activity for the reduction of 3-TC to 3-TM along
fermentation time is depicted (b), when cells were grown in plain LB broth mediuly ¢r in the presence of 1.2mM 3-T@J or

20mM 3-TC @). Bioconversion trials were performed in an organic-aqueous two-liquid phase system, at pH 8.5 and with 400 rpm orbital
shaking. A 12mM solution of 3-TC im-octanol was used as organic phase.
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Table 1
Parameters evaluated for the screening of reaction solvents
Solvent LodPo/w Product yield in Total product LogP LogP
solvent organic phase (%) yield (%) 3-TC 3-T™M
n-Hexanol 1.82 111 14.8 1.13 0.97
n-Octanol 281 34.6 46.2 1.03 0.82
n-Decanol 3.79 21.8 331 0.91 0.72
n-Dodecanol 4.77 12.4 23.1 0.86 0.67
Hexane 3.29 0 134 0.38 —1.03
Octane 4.27 0 16.0 0.37 —-1.05
Decane 5.25 0 14.1 0.37 -1.11
Dodecane 6.23 0 13.6 0.38 -1.11

Hydrophobic nature of the organic solvents, used as a second phase in bioconversion and partition trials, expreskgd asdogiandard
octanol-water system was considered, as well as total product yield and product yield in organic phase. Bioconversion was carried out
for 30 min, at 30°C, with 400 rpm orbital shaking. Partition data of the substrate (3-TC) and of the product (3-TM), in the trialed organic
solvents, expressed as IBgin an organic-aqueous two-liquid phase system, &C3ds also shown.

aTheoretical data obtained from the Syracuse Research Corporation datathpséegc.syrres.com/interkow/kowdemo.htm

was used for benzaldehyde reduction to benzyl al- slightly hydrophilic chemicals was also evidenced in
cohol [27]. Also according to the data, and with the the production of 3-methylcatechol (Id%,w = 1.58)
exception ofn-hexanol, an increase in product yield [11]. Nevertheless, the presence of the organic phase
is observed when log 3-TC increases. Thus, a more was not totally harmless towards the biocatalyst, and
favorable partition to the aqueous phase leads to a de-its effect following long incubation periods can be
crease in product yield, suggesting a deleterious effect easily assessed-ig. 2). According to the data pre-
on the biocatalytic pathway. On the other hand, the sented, it is clear that molecular toxicity effects of
decrease in product yield observed whehexanol the solvent on the biocatalyst can be excluded. On
was used as organic phase can be ascribed to solthe other hand, the presence of a discrete organic
vent toxicity. Among the organic solvents evaluated, phase led to protein leakage, most probably due to
n-octanol provided the best compromise between low cell membrane damage. The deleterious effect of
toxic action on the biocatalyst and adequate partition water-immiscible organic solvents on the membrane
properties. The effectivenessmbctanol as a discrete  structure ofP. putidacells was also observed by Kim
organic phase for the integrated bioproduction of and Rhed13], during the growth of. putida3SK in
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Fig. 2. Catalytic stability (a) based on the rate of product formation along incubation tiRepftidaS12 cells when incubated in pure
Tris—HCI buffer ), in saturated buffer({l) or in a n-octanol: Tris—HCI buffer two-liquid phase syste®). Protein concentration (b)
within the pellet remained approximately constant, except for two-phase system, where an 80% decay was observed.
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the presence of isooctane, and by Schmid ef2a]], The organic to aqueous phase ratio had a marked
during the growth ofP. oleovoransin the presence influence on the specific reduction activityRfputida

of n-octane. The similarity of the protein composi- cells (Fig. 4). Since the total cell load and organic
tion of the aqueous supernatant and the cell pellets, phase concentration were kept constant, the observed
reported by the latter authors, further suggested cell trend in the catalytic activity could be related to a
lysis as the cause for the high level of proteins in variation in the interfacial area, which depends on the
the aqueous supernataf@8]. In the present work,  volumetric phase ratio, as observed by Ascon-Cabrera
residual catalytic activity for the reduction of 3-TC and Lebeaul{30]. Therefore, a decrease in the in-
to 3-TM was detected in the supernatant, therefore terfacial area would make the substrate less accessi-
also suggesting cell lysis. The presence of a discreteble to the biocatalyst, hence reducing the observed
organic phase was nevertheless necessary in order tactivity.

enhance the accumulation of 3-TM, suggesting deac-

tivation of a competing metabolic pathway evidenced 3.3. Biocatalyst immobilization

when an aqueous reaction system was used, according

to data related to substrate metabolizatiéig( 3). Biocatalyst immobilization is often coupled to
During bioconversion trials in aqueous phase, HPLC organic-aqueous two-liquid phase systems in order to
analysis showed the presence of an unidentified peakease recovery steps, as well as to minimize delete-
(data not shown). The corresponding area consistentlyrious effects of the organic phase in the biocatalyst
increased along with the time course of the biocon- [10]. Several immobilization methods were compared
version time, whereas the substrate concentrationin order to assess their possible use in the system
decreased and some 3-TM was formed. Shifting of studied Fig. 5). After a 24 h bioconversion trial, it
the pH of the reaction media was shown to be a key was observed that the entrapment methods allowed
factor in the manipulation of degradative pathways a significant retention of the biocatalyst within the
for the production of aromatic aldehydf9]. In the beads, based on intracellular protein. Celite, on the
present work, pH shifting clearly influenced biocata- other hand, did not prove quite effective in the re-
lyst activity (Fig. 3), however it was not determinant tention of biocatalyst, suggesting that the interactions

for specificity. between support and cells are too weak.
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Fig. 3. Microbial reduction of 3-TC in agueous (a) and organic-aqueous two-liquid phase systems (b), as a function of the pH of the
bioconversion medium. Total substrate consunfy gnd product formed in the aqueously and in the organicll) phases are shown.

In agueous phase trials a 12 mM solution of 3-TC in 0.1 M Tris—HCI buffer was used. In emulsion systems, Tris—HCI 0.1 M was used as
buffer and a 12 mM solution of 3-TC in-octanol was used as organic phase. Bioconversion trials were carried outGt\8h 200 rpm

orbital shaking using 4 ml emulsions kept in 25 ml screw-capped flasks. Samples were taken after a 24 h run.
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Fig. 4. Influence of aqueous to organic phase ratio on the specific activity of reduction of 3-TC to 3-TM. Tris—HCI 0.1 M was used as
buffer and a 12 mM solution of 3-TC in-octanol was used as organic phase. Bioconversion trials were carried outGt\8@h 450 rpm
magnetic stirring.

Irrespective of the immobilization method used, no present, particularly when entrapment methods were
evidence of an unwanted side reaction was observed,used. Thus, the lower apparent activity observed in
since product formation was in accordance with sub- k-carrageenan beads and alginate microcapsules, as
strate metabolization (data not shown), suggesting compared to Ca-alginate beads, could be related to
that n-octanol partitions into the beads. Otherwise, unfavorable mass transfer.
and since the immobilization methods used are mild, The specific reduction activity versus pH profile for
and thus not prone to induce cell damage, it could Ca-alginate immobilized cells shows an optimum at
be expected that unwanted catalytic activity could be pH 8.5 Fig. 6), which is similar to that observed when
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encapsulation

Fig. 5. Effect of the immobilization method on biocatalyst retentiZl &nd reduction activity[(]) compared to the results with free cells,
after a 24 bioconversion run in an organic-aqueous (pH 8.5) two-liquid phase system;Gtwat 200 rpm orbital shakingP. putida

cells were immobilized in Celite, Ca-alginatecarrageenan or microencapsulated in Ca-alginate beads. The 0.5 g immobilized biocatalyst
were used in this trial.
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Fig. 6. Effect of the pH of the biotransformation medium in the relative specific activity of fBeafd Ca-alginate entrappel}
Pseudomonas putid812 cells for the production of 3-TM. Biotransformation was carried out in an organic-aqueous two-liquid phase
system, at 30C and with 200 rpm orbital shaking.

free cells were used. Besides, no relevant changes Cell immobilization eased the recovery of the
are observed when comparing the activity profiles in biocatalyst from the bioconversion medium and al-
both systems, further suggesting minor changes in the lowed its use in repeated bioconversion trid&g( 7).

microenvironment of the immobilized form of the Although there is still protein leakage, no catalytic

biocatalyst, as compared to free cells. activity was determined in the aqueous supernatant,
suggesting either a protective effect of the immobi-
100 - lization matrix or the retention of the enzyme complex

responsible for the reductive catalytic activity within
the matrix pores.
75

1

4. Conclusions
50 1
Pseudomonas putidal2 cells present biocatalytic

activity for the reduction of 3-thiophenecarboxalde-
25 A hyde to 3-thiophene methanol, higher activity levels
_ being observed towards the end of the exponential
phase. The presence of a discrete organic phase pre-

Relative specific activity, biocatalyst
retention within the support (%)

0 J ' vents unwanted side-reactions;octanol providing
1 2 3 the best compromise between biocompatibility and
Bioconversion runs partition of substrate and product, among the solvents

. . , tested. However, a phase toxicity effect became ev-
Fig. 7. Repeated batch bioconversion of 3-TC to 3-TM us- . .

ing Ca-alginate entrappeB. putida cells in an organic-aqueous 'd_em' foIIowmg Iong term expogure to the SOIVe_nt'
two-liquid phase system. Relative specific activifyl)(and bio- Biocatalyst entrapment in Ca-alginate beads provided
catalyst retention within the matrix are showd)( the best compromise between biocatalyst retention
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and apparent activity, as compared to entrapment[13] M.K. Kim, J.S. Rhee, Enzyme Microb. Technol. 15 (1993)

in k-carrageenan or microencapsulation in alginate,

or adsorption to Celite. The optimum pH for bio-
catalytic activity was 8.5, irrespective of the use of
free or immobilized cells and unwanted side reac-

612.

[14] M.D. Hocknull, M.D. Lilly, Appl. Microbiol. Biotechnol. 33
(1990) 148.

[15] A.C.P. Dias, J.M.S. Cabral, H.M. Pinheiro, Enzyme Microb.
Technol. 16 (1994) 708.

tions are absent, which suggests minor changes in the[16] A. Cruz, P. Fernandes, J.M.S. Cabral, H.M. Pinheiro, J. Mol.

microenvironment of the biocatalyst. Cell immobi-

lization allowed the use of the biocatalyst in repeated

biotransformation trials. However, the reduction in
specific catalytic activity, together with some protein

Catal. B: Enzymatic 11 (2001) 579.

[17] J.-Y. Houng, W.-P. Chiang, K.-C. Chen, C. Tiu, Enzyme
Microb. Technol. 16 (1994) 485.

[18] A.J. Harrop, J.M. Woodley, M.D. Lilly, Enzyme Microb.
Technol. 14 (1992) 725.

leakage, observed in the successive batches prevente@io] 0.-J. Park, H.L. Holland, J.A. Khan, E.N. Vulfson, Enzyme

the effective use of this approach.
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