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a  b  s  t  r  a  c  t

Chiral  cis-1,2-dihydrocatechols  have  been  extensively  used  as  starting  materials  for  the  synthesis  of
complex  organic  molecules.  The  preparation  of  these  high  added  value  compounds  is carried  out mainly
by  enzymatic  dihydroxylation  of arenes  since  no other  efficient  chemical  method  is  known.  In this  paper
we  describe  a detailed  study  of  the  biotechnological  production  at a preparative  scale  of cis-3-bromo-
1,2-dihydrocatechol  (BDC)  from  bromobenzene  using  Escherichia  coli  JM109  (pDTG601),  a  recombinant
strain  that  harbors  the  toluene  dioxygenase  genes  from  Pseudomonas  putida  F1.  High cell-density  cultures
of the  microorganism  (65  g/L cdw)  were  achieved  in  a 5 L  bioreactor  using  fed-batch  cultures  in aerobic
conditions.  The  influence  of  the  biomass  concentration  in the  volumetric  and  specific  productivity  of  the
system,  as well  as the kinetics  of  the  biotransformation,  was  thoroughly  studied.  The  use  of  liquid  paraffin
as  a second  phase  to relieve  bromobenzene’s  toxicity  resulted  in an increased  specific  productivity  for  the
bi-phasic  protocol,  which  resulted  in higher  final  BDC concentrations.  An  improvement  of 3.2-fold  was
obtained  for  BDC  production  compared  to previous  reports  using  this  organism.  Furthermore,  storage
strategies  of the  biocatalytic  system  as  a reagent  for  organic  synthesis  are  presented.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Chiral cis-1,2-dihydrocatechols of the general type 1, have
been extensively used as starting materials for enantioselective
organic synthesis of complex natural products (Fig. 1A) [1–7].
The useful array of functional groups present in 1 allows the
use of regio- and stereocontrolled organic transformations result-
ing in short and efficient synthetic schemes [4]. More than 400
cis-1,2-dihydrocatechols have been reported so far, being the
halogen substituted ones (1, X = Cl, Br) the most used for syn-
thetic preparations [3]. These compounds are prepared from the
corresponding monosubstituted arenes by dihydroxylation using
the toluene dioxygenase (TDO) enzymatic system, since no other
efficient chemical method for their production at a preparative
scale is known [8]. The biotransformation is carried out using
whole-cell fermentation as the biocatalytic system to overcome
the need of recycling co-factors as well as to avoid the diffi-
cult steps of enzyme isolation and purification [1]. Several wild
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type strain mutants or recombinant microorganisms that are able
to metabolize arenes (such as Pseudomonas putida F1 [9] and
P. putida NCIMB 11767 [10]), have been used for this purpose
(Fig. 1B). Among these [9–15], Escherichia coli JM109 (pDTG601)
[12], a recombinant strain that harbors the TDO genes from
P. putida F1, is the most used biocatalyst to produce cis-1,2-
dihydrocatechols as indicated by the high number of reports in
the synthetic literature [1,4,6]. However, to our knowledge there
is only one publication that describes a detailed biotransforma-
tion procedure using this microorganism, which is focused on the
substrate tolerance rather than on the optimization of the process
[16].

In this work we present a detailed study of the growing param-
eters of E. coli JM109 (pDTG601) in a 5 L bioreactor to obtain high
cell density cultures and its application to the biotransformation of
arenes using bromobenzene as a model substrate to produce cis-3-
bromo-1,2-dihydrocatechol (from now BDC). In addition we  study
the main factors that influence both the volumetric and specific
productivities of the biotransformation of bromobenzene, compar-
ing its efficiency in mono- and bi-phasic processes. Furthermore,
storage strategies of the biocatalyst are presented in order to obtain
a reagent for organic synthesis.

1381-1177/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.molcatb.2013.06.003
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Fig. 1. (A) Chiral cis-1,2-dihydrocatechols of type 1 are useful starting materials for enantioselective synthesis. (B) Mutant strains derived from wild type P. putida F1 or P.
putida  NCIMB 11767 strains and recombinant microorganisms used for the preparation of these diols.

2. Experimental

2.1. General

Bromobenzene and others arenes were purchased from Aldrich
and used as received. E. coli JM109 (pDTG601) was  generously
donated by Prof. David T. Gibson. Spectrophotometric measure-
ments were done in a Thermo Scientific Evolution 60S UV-visible
Spectrophotometer. Shake-flask cultivation was carried out using a
Thermo Forma orbital shaker. A Sartorious-Biostat A plus bioreac-
tor fitted with a 5 L baffled vessel was used as bioreactor. Dissolved
glucose in the fermentation broth was determined spectrophoto-
metrically using a Wiener Lab glucose determination enzymatic
kit. Acetic acid concentrations were measured spectrophotomet-
rically using a R-Biopharm Enzymatic Bioanalysis kit purchased
from Roche. Lyophilization was carried out in a Labotecgroup 01.JLG
apparatus.

2.2. Media composition

Luria-Bertani (LB) medium used for cell growth contained:
Bacto-Tryptone (10 g/L), Bacto-Yeast Extract (5 g/L), and sodium
chloride (10 g/L). Agar (15 g/L) was added for solid media. When
needed the medium was supplemented with sterile ampicillin
sodium salt (0.1 g/L).

Mineral Salts Broth (MSB) used for the precultures contained:
K2HPO4 (16 g/L), KH2PO4 (14 g/L), (NH4)2SO4 (5 g/L), Bacto-Yeast
Extract (15 g/L); after sterilization the medium was  supplemented
with sterile glucose (30 g/L), MgSO4.7H2O (2 g/L) and ampicillin
sodium salt (0.1 g/L).

Defined mineral salt medium for the bioreactor consisted of:
KH2PO4 (7.5 g/L), citric acid (2.0 g/L), MgSO4·7H2O (5.0 g/L), ferric
ammonium citrate (0.3 g/L), 98% H2SO4 (1.4 mL/L) and trace metal
solution (1.5 mL/L). After sterilization, pH is regulated to 6.8 by
addition of conc. ammonium hydroxide, followed by supplemen-
tation with sterile thyamine hydrochloride (0.3 g/L) and ampicillin
sodium salt (0.1 g/L). Trace metal solution contained: citric acid
(40 g/L), MnSO4·2H2O (30 g/L), NaCl (10 g/L), FeSO4·7H2O (1 g/L),
CoCl2·6H2O (1 g/L), ZnSO4·7H2O (1 g/L), CuSO4·5H2O (0.1 g/L),
H3BO3 (0.1 g/L), NaMoO4·2H2O (0.1 g/L); pH was adjusted to 3.0
with ammonium hydroxide.

M9  minimal salt medium for biotransformations in shake-flask
contained: Na2HPO4 (12.8 g/L), KH2PO4 (3 g/L), and NaCl (0.5 g/L).

2.3. Cell dry weight (cdw) determination

Samples for cell dry weight determination were prepared by
centrifugation of cultures (5 mL)  in preweighed 10 mL  Falcon tubes
at 1600 × g for 10 min. Pellets were washed with distilled water
and centrifuged again. Supernatants were disposed and cell pellets

were dried to constant weight at 80 ◦C. Initial optical density of the
sample at 600 nm (OD600) was correlated with the obtained value
of cell dry weight.

2.4. Viable cell count

Total viable cell counts were determined after suitable dilu-
tion of the sample in 0.9% NaCl and plating onto LB agar plates
supplemented with ampicillin sodium salt.

2.5. Plate preparation

E. coli JM109 (pDTG601) cells properly stored in cryovials, are
streaked into LB-agar plates (supplemented with ampicillin sodium
salt). The streaked plate is incubated at 37 ◦C for 24 h. Single-cell
colonies are chosen for the precultures preparation.

2.6. Growing in shake-flasks cultures

A single colony of E. coli JM109 (pDTG601) was  used to inocu-
late 5 mL of LB medium supplemented with ampicillin sodium salt
(0.1 g/L), and grown overnight in an orbital shaker at 37 ◦C, 150 rpm.
The entire culture was  used to inoculate 500 mL of the indicated
medium in a 2 L baffled Erlenmeyer flask; which was  grown in an
orbital shaker at 37 ◦C, 150 rpm for the indicated time. Samples
were taken to determine biomass concentration and TDO activity.
When the OD600 was  between 0.4 and 0.6, IPTG was  added to obtain
a final concentration of 1 mM.

2.7. Bioreactor cultures and biotransformations

Growth and biotransformation in the bioreactor were carried
out using a modified procedure described originally by Hudlicky
et al. [16]. Thus, 5 mL  of LB medium supplemented with ampi-
cillin sodium salt (0.1 g/L) and glucose (5 g/L) was inoculated with
a single colony of E. coli JM109 (pDTG601), and grown overnight
at 37 ◦C and 150 rpm. Two 1000 mL  shake-flasks containing 150 mL
of MSB  medium were inoculated with 1 mL  of the grown culture.
These preculture flasks were placed in an orbital shaker at 37 ◦C
and 150 rpm, for 12 h. Both entire cultures were used to inoculate
the bioreactor (Sartorius Biostat A plus), charged with an initial vol-
ume  of 3.0 L, and set to 500 rpm, 35 ◦C, and air flow rate of 4 L/min.
The pH value was controlled automatically to 6.8 by addition of
conc. ammonium hydroxide during the whole process. A pulse of
antifoam agents (Aldrich’s Antifoam Y: Silicone dispersion in water
1:1) was added at the beginning of the run. At 4 h after inoculation
the dissolved oxygen value sharply increased (indicating carbon
deprivation), whereupon a glucose fed-batch was started by adding
glucose (0.7 g/mL solution) from an initial rate of 0.09 mL/min to
0.64 mL/min in a 12 h period. When the biomass concentration
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reached 15 g/L cdw, IPTG (to get a final concentration of 10 mg/L)
was added to induce TDO expression, and the stirrer speed was
set to 900 rpm. In those cases in which the culture was  supple-
mented with fresh culture medium, 250 mL  of a 10× concentrated
medium was added to the bioreactor when the biomass concen-
tration reached 30 g/L cdw. After the culture reached the stationary
phase (ca. 17 h, 40–65 g/L cdw depending on conditions used), glu-
cose feeding was decreased to 0.30 mL/min and bromobenzene
addition was started. A solution of bromobenzene in liquid paraffin
(0.9 M)  was added at a flow rate of 20 mL/min using a peristaltic
pump. Reaction was monitored spectrophotometrically until no
further increase in diol concentration was detected.

2.8. Downstream process

After the biotransformation was completed, the pH of the
medium in the bioreactor was adjusted to 7.5. The culture broth
was centrifuged at 2000 × g and 4 ◦C for 30 min, the supernatant
was collected and the cell pellet properly disposed centrifugation
allows the separation of the liquid paraffin (which contains no
detectable amounts of BDC) from the aqueous phase. The isolation
of the diol from the aqueous supernatant was carried out either by
using liquid–liquid extraction with ethyl acetate or by lyophiliza-
tion. In both cases the aqueous media from the biphasic procedure
was previously washed with hexanes to completely remove liquid
paraffin traces. After the downstream process 80–90% of the spec-
trophotometrically detected BDC was recovered which was  pure
by NMR  analysis (only paraffin traces, no significant amount of
the corresponding catechols or monohydroxylated products were
found).

2.9. Culture lyophilization

A sample (100 mL)  of the culture broth was taken from the biore-
actor (when the culture reached a biomass concentration of ca.
30 g/L cdw) and centrifuged at 1600 × g for 20 min. The supernatant
was disposed of and the cells were resuspended using 100 mL  of
sterile 20% skim milk solution. This suspension was  frozen and
lyophilized overnight. A dry powder was obtained, that was stored
at room temperature and protected from light. For reconstitution
and further biotransformation, this powder was suspended in M9
medium (56 g of powder/L) and supplemented with glucose (to
get a final concentration of 5 g/L) and 2 mmol  of the correspond-
ing arene (0.9 M solution in liquid paraffin). Biotransformation took
place in an orbital shaker at 28 ◦C and 150 rpm, for 24 h.

3. Results and discussion

3.1. Growth of E. coli JM109 (pDTG601) and biotransformation of
bromobenzene in a 5 L bioreactor

A fed-batch process based on the protocol described by Hudlicky
et al. [16] was utilized to grow E. coli JM109 (pDTG601) in a 5 L
Sartorius Biostat A plus bioreactor. We  studied independently the
optimization of the growth conditions to obtain high cell density
cultures, and the biotransformation process to optimize BDC pro-
ductivities.

3.1.1. Growth in fed-batch culture
The culture was grown initially as a batch culture using the

residual carbon sources from the inoculum (MSB/glucose media)
with a growth rate of 0.3 h−1. This stage lasted approximately 4 h
when carbon deprivation occurred, indicated by a sharp increase
in the dissolved oxygen tension (Fig. 2C). At this point, fed-batch
growth was established by feeding glucose (0.7 g/mL saturated

solution). The best program for glucose feeding (resulting in unde-
tectable residual glucose levels) consisted in a linear program
with an initial flow of 0.09 mL/min up to 0.64 mL/min in 12 h
(Fig. 2A). IPTG was  added when the biomass concentration was
15 g/L cdw. Acetate concentration during the whole process was
below inhibitory concentrations for cell grow [17] (Fig. 2B), which
indicated that the fed-batch regime, the aeration of the system and
the growth rate were appropriate to control acetate accumulation
[18]. The average specific growth rate of the pseudo-exponential
growth was 0.2 h−1. The final biomass concentration reached
was 44 g/L cdw. After growing for 15 h, the stationary phase was
reached as a consequence of a nutrient deficiency in the culture
media (probably P or trace elements) since the system recov-
ers biomass growing if fresh media is added at this point (vide
infra).

Castor oil pulses were periodically added to the bioreactor
to control foam generation. The addition of this anti-foam agent
had a negative impact on the dissolved oxygen tension as can be
appreciated in Fig. 2C. Stirrer speed was  increased to compensate
this problem, what resulted in new foam generation. Effects of
antifoam agents on the oxygen transfer rate by reducing the kLa
value are known, so we  decided to try different types of antifoams
to overcome this problem in the following experiments (Fig. 3)
[19,20].

Changing the antifoam agent to a mixture of silicone: propy-
lene glycol (1:1) (Fig. 3) had a permanent effect on the oxygen
transfer rate that could not been compensated by an increase
in stirrer speed; resulting in an anoxic culture (Fig. 3C pulse
added at t = 6 h). The lack of proper oxygenation resulted in an
increased acetate concentration which reached inhibitory levels
(Fig. 3B), resulting in a total inhibition of the cell growth. Under
these anoxic conditions the final biomass concentration was only
27 g/L cdw. As it can be seen in Fig. 3A dissolved glucose values
sharply increased toward the end of the run, as a consequence
of growth inhibition (the amount of glucose delivered is higher
than the glucose that can be consumed by the microbial cul-
ture).

In order to overcome these issues, a mixture of Antifoam Y
(Aldrich) and silicone (1:1 mixture) was  found to have a minimum
impact on the dissolved oxygen tension. This mixture was only used
at the beginning of the growth, and a mechanical foam breaker was
installed in the bioreactor to avoid massive use of antifoam agents
during the whole process. In this way the dissolved oxygen profile
had no disturbances during the process and a correct oxygenation
of the culture was  achieved.

Aiming to increase the final biomass concentration a pulse of
concentrated fermentation media (see Section 2) was added to the
bioreactor to avoid the entrance to stationary phase. In this manner
biomass concentration of the culture reached levels in the range
of 60–65 g/L cdw. This allowed to study the relationship between
biomass concentration and the performance (rates and yields) of
the biotransformation (vide infra).

3.1.2. Biotransformation using neat bromobenzene
The enzymatic activity of the culture was evaluated during the

fed-batch growth (data not shown) using the whole-cell TDO activ-
ity assay described by Chen et al. [21]. The maximum activity was
found at the beginning of the stationary phase, when the culture
reached the higher biomass values. At this moment bromobenzene
addition started. Pure bromobenzene was  added using a syringe
pump at a rate of 0.3 g/min. A strict controlled rate of addition
is desired since aromatic hydrocarbons are highly toxic for bacte-
ria [22,23]. These toxic effects can be appreciated by the analysis
of the profiles of dissolved glucose, and dissolved oxygen ten-
sion during the biotransformation (Fig. 4). Once substrate addition
starts (time 0, Fig. 4) the level of dissolved glucose rise up, what
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Fig. 2. Cell growth in glucose fed batch culture, IPTG (50 mg)  was  added when the biomass concentration was 15 g/L cdw. (A) Cell growth, dissolved glucose and glucose feed
profiles.  (B) Cell growth, and dissolved acetic acid profiles. (C) Dissolved oxygen and stirrer speed values; black dots indicate the addition of an antifoam (Castor oil) pulse.

Fig. 3. Cell growth in glucose fed batch culture using a mixture of silicone/propylene glycol as antifoam agent. IPTG (50 mg)  was added when the biomass concentration
was  15 g/L cdw. (A) Cell growth, dissolved glucose and glucose feed profiles. (B) Cell growth, and dissolved acetic acid profiles. (C) Dissolved oxygen and stirrer speed values,
black  dots indicate the addition of an antifoam (silicone/propylene glycol) pulse.

clearly demonstrates a disruption between the glucose needed
for the metabolically active biomass (which is decreasing because
of substrate toxicity) and the amount of glucose delivered to the
reactor. Dissolved oxygen tension falls immediately after substrate
addition, what is expected since the transformation consumes O2.
After the first hour of biotransformation, the oxygen level starts to
increase possibly because of cellular death, since the reaction rate
remains constant (during the first 3 h of the reaction).

The production profile for BDC is shown in Fig. 4. BDC was
produced at a constant maximum rate (pseudo-zero order kinet-
ics) for the first 3 h, when the production rate decelerates and
BDC concentration starts to remain constant. The biotransforma-
tion was concluded when no further increase in diol concentration
was detected. This moment was correlated with the death of the
whole culture (checked by viable cell count). The final BDC con-
centration reached in this experiment (using a cell culture with a
biomass of 51.7 g/L cdw) was 20.6 g/L. This value is substantially

Fig. 4. Dissolved glucose and oxygen profiles during the substrate addition in a
culture with X = 51.7 g/L cdw. Bromobenzene is added at time 0 (which corresponds
to  the culture entrance to the stationary phase).

higher than the 10–12 g/L reported previously for the biotransfor-
mation of bromobenzene using this microorganism [16].

3.1.3. Effect of bacterial concentration on transformation
productivities

Experiments with different biomass concentration were car-
ried out to study the impact of the biocatalyst concentration on
the reaction rate. In these experiments the same stirrer speed, air
flow, temperature, growing conditions and bromobenzene feed-
ing rate were used. Different biomass concentrations were reached
supplementing the culture media when necessary (see Section 2).
Biotransformation was carried out using neat bromobenzene as
previously described. As can be seen in Fig. 5A an increase in bio-
catalyst concentration generates higher volumetric productivities
(Qp) for BDC production. This same trend was  observed by Brazier
et al. for toluene cis-glycol production using P. putida UV4  [24].
Higher volumetric productivities could decrease the toxic impact
of bromobenzene (since it is consumed faster), delaying culture
death and thus yielding higher product concentration (because
of a higher transformation time), what generates higher product
concentrations. In Fig. 5B can be appreciated a linear relationship
between biomass concentration and BDC concentration at the end
of each run. This clearly supports the aforementioned observation
regarding Qp and final product concentration. The specific (qp) and
volumetric (Qp) productivities, as well as biotransformation time
and final BDC concentration for each of these runs are compared
in Table 1. It can be seen that although volumetric productivity
increases with biomass concentration, specific productivity has
an opposite trend. It seems that cells are less efficient to pro-
duce BDC with higher density cultures. To explain this observation
the toxicity of the product could be considered, since cis-1,2-
dihydrocatechols inhibition of TDO activity in bacteria has already
been reported [25,26]. In this manner, the higher BDC concentra-
tions that are reached when higher biomass concentration are used
could affect the efficiency of the cells to transform bromobenzene.
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Fig. 5. Biomass concentration influence in the biotransformation. (A) BDC production profiles for experiments using different biocatalyst concentration. (B) Linear correlation
between biomass and final diol concentration.

Table 1
Influence of the biotransformation parameters with the biomass concentration.

Biomass (g/L cdw)a [Diol] (g/L)b Time (h.)c QP (g diol/L h) qp (g diol/g cdw h)

1 11.8 8.0 2.0 3.9 0.33
2  23.1 11.1 2.5 4.4 0.19
3  41.7 17.7 3.3 5.4 0.13
4  51.7 20.6 3.4 6.0 0.12

a Biomass concentration when substrate addition starts.
b Final diol concentration determined spectrophotometrically when the biotransformation ends.
c Biotransformation time. Substrate addition stops when no further increase in diol concentration is detected.

3.2. Biotransformation using biphasic system

In order to increase the productivity of the process we  decided
to afford strategies to reduce substrate toxicity. A bi-phasic sys-
tem can be designed to remove bromobenzene from the aqueous
media protecting the biocatalyst from its toxic effects. Tetradecane
and liquid paraffin have been used previously for this purpose in
Pseudomonas that expresses the TDO system [27,28]. We  first exam-
ined the protecting capabilities of tetradecane and liquid paraffin in
biotransformations using resting cells cultures suspended in 50 mL
of M9  media and supplemented with glucose (see Section 2 for
further details). Neat bromobenzene or its solutions in the corre-
sponding vehicles were added. As can be seen in Fig. 6 complete
substrate conversion was observed for cultures using 1 mmol  of
neat bromobenzene. Higher amounts of neat bromobenzene (1.5
or 2 mmol) gave poor conversions probably due to the arene toxic
effects. Then, we examined the biotransformation using solutions
of bromobenzene in tetradecane or liquid paraffin with variable
concentrations (0.9 and 1.8 M).  Results for both vehicles were sim-
ilar finding excellent conversions when a total amount of 2 mmol  of
bromobenzene was added in a 0.9 M solution (Fig. 6). Comparison
of these results to the ones without vehicles shows an important

Fig. 6. Effect of bi-phasic biotransformations in resting cells cultures in shake flasks.

protecting effect of the biocatalyst by addition of a second phase.
When the concentration of the bromobenzene solutions was  dou-
bled to 1.8 M a toxic effect was  again detected, as showed by poor
reaction conversions. Considering the cost of both vehicles we
chose liquid paraffin to continue the study in the bioreactor. In all
the studied cases no BDC was found in the organic phase (probably
because of the low solubility of the polar BDC in liquid paraffin).

Table 2 shows the results of the bi-phasic biotransformation
in the bioreactor using different bromobenzene concentrations in
liquid paraffin and variable phase ratios (between bromobenzene
solutions and culture media). In these cases the bromobenzene
solution was  added into the reactor in a single pulse with a flow
rate of 20 mL/min. It can be seen that the use 0.9 M solution of bro-
mobenzene in a phase ratio of 0.14, produces an increase in the
specific productivity of the process (qp) from 0.13 g diol/g cdw h
(using neat bromobenzene) to 0.28 g diol/g cdw h. Considering a
similar biomass concentrations for these two runs, volumetric
productivity increased from 5.4 g diol/L h to 12.5 g/L h which deter-
mined a higher BDC final concentration (from 17.8 g/L to 25 g/L).
Overall yield for the reaction was  82%, but no bromobenzene was
detected in the culture media or liquid paraffin after the trans-
formation finished, what can suggest that some portion of the
delivered arene can be lost due to evaporation. By the end of the bio-
transformation, dissolved oxygen values indicated that the culture
was still viable. In this manner we  thought that the system could
receive and transform higher amounts of arene. So, we decided
to increase the amount of delivered bromobenzene using a higher
phase ratio, or a more concentrated solution in liquid paraffin. Using
0.9 M solution of bromobenzene in a phase ratio of 0.20 gave a simi-
lar qp value but a higher final BDC production (35 g/L) was  obtained
due to a higher transformation time (see Table 2). The overall yield
in this case decreased to 62% and no viable cells were recovered
from the fermentation culture after the end of the run. This can
suggest some toxic effects although from a practical point of view
a higher final BDC concentration is obtained and desired. When the
concentration of the feeding bromobenzene solution was  doubled
to 1.8 M a decrease in the reaction yield to 22% was  detected (13 g/L
of final BDC), in concordance with the experiments in shake flasks.
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Table 2
Influence of the biotransformation parameters in the two-phase process.

Neat Br–Ph
0.3 g/min

Br–Ph 0.9 M
Phase ratio 0.14

Br–Ph 0.9 M
Phase ratio 0.20

Br–Ph 1.8 M
Phase ratio 0.14

X (g/L cdw)a 41.7 44.8 48.0 40.7
Diol  (g/L)b 17.8 25.0 35.0 13.0
Yield  (%)c 80 82 62 22
Time  (h)d 3.4 2.0 2.7 0.9
Qp (g diol/L h) 5.4 12.5 13.7 12.0
qp (g diol/g cdw h) 0.13 0.28 0.28 0.28

a Biomass concentration when substrate addition starts.
b Final diol concentration determined spectrophotometrically in the aqueous phase when the biotransformation ends (no BDC was found in the organic phase).
c Biotransformation yield (bromobenzene added vs bromodiol produced).
d Biotransformation time. Substrate addition stops when no further increase in diol concentration is detected.

Table 3
Arenes transformation in bi-phasic procedure.

Substrate Products Reported product g/L Obtained product g/La

1 10–12 [16] 35

2  12–15 [16] 23

3  0.8 [29] 2.1

a Determined spectrophotometrically in the aqueous phase. In all the cases no cis-glycols were found in the liquid paraffin phase. After the downstream process 80–90%
of  these values were recovered.

According to these results the highest BDC final concentrations
(35 g/L) were obtained using 0.9 M of bromobenzene in liquid paraf-
fin as feeding solution, in a phase ratio of 0.2. The same conditions
were used to transform other substrates as can be appreciated in
Table 3. In all cases the final cis-glycols concentrations obtained are
higher than the previously reported with the same microorganism.

For the downstream process, in all cases the culture was cen-
trifuged and the cell pellet was removed and properly disposed.
This process also allowed the separation of the culture media from
the liquid paraffin. The aqueous supernatant was extracted with
ethyl acetate or lyophilized (see Section 2 for details). In both pro-
cess 80–90% of the spectrophotometrically determined diol was
recovered which is pure by NMR  analysis (only paraffin traces, no
significant amount of the corresponding catechols or monohydrox-
ylated products were found).

3.3. Storage of the biocatalyst

Storage of active biocatalyst as a reagent for dihydroxylation
of organic substrates is highly desirable for the organic synthetic
community who would like to have access to it without the need of
acquiring the knowledge and equipment for cultures and fermen-
tations. Thus, we studied a biotechnological procedure to obtain
active biocatalyst as frozen active cultures or as a lyophilized pow-
der. We first investigated the best cryoprotectants for active frozen
cultures. With this goal, a sample of the culture broth was taken
from the bioreactor and centrifuged (see Section 2). Cells were
suspended in M9  buffer, separated in different samples and each
of them supplemented with the corresponding additive to act as
a cryoprotectant (glycerol, skim milk or glucose). Samples were
frozen at −70 ◦C for one month. After this time they were thawed,

Fig. 7. Storage of the biocatalyst. (A) Biotransformation using cultures that were frozen using different additives. (B) Viable counts in the samples that were frozen before
performing the biotransformation.
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supplemented with 30 mM of glucose and bromobenzene (2 mmol
in a 0.9 M solution in liquid paraffin) and placed at 28 ◦C in an
orbital shaker. Biotransformation took place and was  compared to
a transformation control (without freezing) (Fig. 7A).

Fig. 7 shows the results for the transformation of all the sam-
ples. It can be seen that in all cases bromobenzene transformation
took place with excellent conversions (above 85%) even when no
cryoprotectant was added. Viability of the samples was  checked
by viable counts (Fig. 7B). In all cases viable cells were in the
same order of the control culture, although glycerol and skim
milk were the ones with best performances. Considering these
results skim milk was utilized for lyophilization assays since glyc-
erol is not suitable for this purpose (see Section 2 for detailed
protocols). Lyophilized samples were stored at room temperature
protected from light for one month (see Section 2 for a detailed
procedure). Afterwards they were resuspended in M9  buffer and
supplemented with glucose (5 g/L) and bromobenzene (2 mmol in
a 0.9 M solution in liquid paraffin). Excellent conversions for the
transformation (above 80%) were found comparing to the corre-
sponding controls, indicating that this was a suitable procedure for
storage active cells. Stability in long term storage of the lyophilized
cultures is being studied in our laboratory and will be reported in
due course.

4. Conclusion

A detailed optimization of the process of production of BDC
using E. coli JM109 (pDTG601) was presented. High cell density
cultures of the microorganism (40–65 g/L cdw) were achieved in
a 5 L bioreactor using fed-batch cultures under aerobic conditions.
Volumetric and specific productivities of the biotransformation
were determined. A direct relationship between biomass concen-
trations and final BDC concentration was found. This was  explained
considering that an increase in biomass concentration produces
higher volumetric productivities (due to higher enzyme amounts)
which determine that toxic bromobenzene can be consumed faster.
The use of liquid paraffin as a second phase to protect the bio-
catalyst from bromobenzene toxicity resulted in an increased
specific productivity from 0.13 g diol/g cdw h in the standard proce-
dure to 0.28 g diol/g cdw h in the biphasic protocol, which resulted
in higher final BDC concentrations. A final BDC concentration
of 35 g/L was obtained, what represents an improvement of 3.2
fold compared to reported values using the same microorganism.
Furthermore, strategies to store the active biocatalyst as frozen
cultures or lyophilized powder were studied to have access to a
reagent that can be used by the organic synthetic community for
dioxygenation of organic substrates.
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