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Abstract

BACKGROUND: 3-hydroxypropionic acid (3-HP) microbial synthesis through glycerol bioconversion by Lactobacillus reuteri is at
the moment characterized by too low performances to consider production at industrial scale. To avoid its toxic accumulation in
the medium and to recover this molecule of interest, 3-HP in situ reactive extraction from bioconversion broth was investigated
using a hollow fiber membrane contactor (HFMC) in order to intensify its production. The so-called integrated system was
compared with the conventional bioconversion system. The impact of the extractive bioconversion on the overall production
performance and on cell physiological state was studied.

RESULTS: Results underlined drastic inhibitory effects on the producing bacteria, especially under extractive bioconversion
conditions despite the use of a HFMC supposed to avoid direct contact between organic phase and bacteria. Indeed, the
extractant phase components (trioctylamine in n-decanol) were found to be toxic for the cells (due to solubility and by direct
contact). These phenomena were increased by the presence of 3-hydroxypropionaldehyde (3-HPA) and 3-HP produced during
glycerol bioconversion. These cumulative effects induced complete loss of the cell membrane integrity and esterase activity after
1.5 h of extractive bioconversion. When the bioconversion was conducted alone, the bacterial inhibition was lower, as around
50% of L. reuteri cells remained active with unaltered membrane after 3 h. Hypotheses concerning the mechanisms of action of
the observed inhibitions were proposed and discussed.

CONCLUSIONS: This work highlighted the importance of performing such an integrative approach to address specific questions
prior to the optimization of the whole process.
© 2017 Society of Chemical Industry
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INTRODUCTION

3-hydroxypropionic acid (3-HP) is a promising building block with
many applications in the chemical industry and is currently exclu-
sively synthesized at the industrial scale via chemical pathways.'-2
Despite its promising and diverse applications, 3-HP remains
so far of limited use due to the low yield and high produc-
tion cost of these chemicals routes.> Nevertheless, several stud-
ies have demonstrated that a few microorganisms, including the
Gram-positive Lactobacillus reuteri, are naturally able to produce
3-HP by glycerol bioconversion.*~8 Several works on the biotech-
nological production of this organic acid from glucose or glycerol
using recombinant strains of Escherichia coli and Klebsiella pneu-
moniae and more recently by modified yeast strains of Saccha-
romyces cerevisiae have also been investigated.”~'3 Even if the pro-
duction performance of these genetically modified microorgan-
isms (GMM) has been significantly improved (yield around 0.5gg~'
and final titer around 70 g L~') compared with natural producers,
3-HP biotechnological production at industrial scale is still difficult
to consider. Observed limitations can be in part attributed to the
fact that bacteria are subjected to product inhibition.8~4

The implementation of an ‘in situ product recovery’ (ISPR)
approach, by which upstream bioconversion is combined with
downstream extraction and 3-HP recovery, constitutes a potential
strategy to: (i) reduce the cell inhibition associated with 3-HP
accumulation; (ii) increase the performance of the producing
cells; and (iii) recover selectively the molecule of interest. This
strategy of extractive bioconversion has thereby been demon-
strated to be advantageous for the production of lactic acid (i.e.
2-hydroxypropionic acid), an isomer of 3-HP leading to signifi-
cantly improved productivity and yield.">~'7 Several techniques
have been described for the in situ extraction of carboxylic acids.
Among them, the reactive liquid-liquid extraction seems to
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Figure 1. Overall diagram of the experimental methodology: 1. L. reuteri growth on MRS medium; 2. batch production of 3-HP from glycerol using
L. reuteri resting cells; 3. influence of pH on L. reuteri bioconversion performance; 4. shear stress in the whole experimental device; 5. molecular level
toxicity in separatory funnels; 6. phase level toxicity in static device (Schott bottles); 7. phase level toxicity in membrane contactor and first test of 3-HP

extractive bioconversion.

be a promising approach. Recently, the feasibility of the 3-HP
reactive extraction from real bioconversion media has been
demonstrated.'8'?

In reactive extraction, the aqueous phase containing the tar-
get acid is contacted with an organic phase containing an extrac-
tant diluted in an organic solvent. Nevertheless, the use of these
organic molecules may lead to a series of physical, microbial and
biochemical effects on the cell activity.?° The toxicity level depends
on the combination of involved micro-organisms and extractant
mixture used. Moreover, strain dependent phenomena have also
been underlined.?’ Two distinct types of toxicity linked to the use
of organic extractant phases have been described in literature: tox-
icity due to the amount of organic molecules dissolved in aqueous
phase (molecular toxicity) and that due to direct contact between
cells and the immiscible organic phase (phase toxicity).2~2* Sev-
eral criteria have been used to characterize these toxic impacts on
diverse micro-organisms, including the ability to grow or to pro-
duce a metabolite. The cell membrane has been pointed out as
one of the major targets: disturbance of essential membrane func-
tions, denaturation of membrane-bound enzymes and breakdown
of transport mechanisms.?> However, the distinctive mechanisms
involved have not been thoroughly characterized.

Dispersive contact between aqueous and organic phases can be
avoided by using a microporous membrane contactor while allow-
ing interfacial liquid-liquid contact through membrane pores,
which in turn may reduce or avoid the phase level toxicity.?6~28
This is made possible because of the larger size of bacterial cells
compared with the membrane pores and thanks to the interface
stability in the vicinity of the pores, between the two sides of
the membrane, which avoids phase mixing. Membrane-assisted
liquid-liquid reactive extraction has been reported for sev-
eral organic acids such as 2-HP?*3' and, more recently, 3-HP."®
However, to the best of our knowledge, the integrated process
including glycerol bioconversion to 3-HP and membrane-assisted
liquid-liquid reactive extraction has not yet been reported.
Furthermore, a major unanswered question about the possible
feed-back mechanisms of the extraction process on L. reuteri cells
remains.

The objective of the present work was to study an extractive bio-
conversion process for 3-HP production from glycerol by L. reuteri
based on reactive liquid-liquid extraction assisted by a hollow
fiber membrane contactor (HFMC) and to determine the impact of
the so-called integrated process on the cells’ physiological state.
The process performance, in terms of productivity, production
yield and final product titer, was compared with that reached
with the conventional bioconversion process without extraction.
Shear-induced physiological stress as well as molecular level and
phase level toxicity of the extractant phase used were assessed.

EXPERIMENTAL

Figure 1 shows a diagram explaining the experimental methodol-
ogy.

Microorganisms and growth conditions

Lactobacillus reuteri DSM 17938 was obtained from BioGaia AB
(Stockholm, Sweden). Cells were cultivated anaerobically in batch
mode at 37°C in MRS medium (Biokar diagnostics, Beauvais,
France) supplemented with 20 g L™ of glucose (initial pH = 6.2)
after inoculation at an initial cell concentration of about 10° CFU
mL~" as detailed in a previous paper.8 The resulting culture was
used to inoculate the bioreactor.

Production of the whole-cell biocatalyst for glycerol
bioconversion

Lactobacillus reuteri cells were grown in batch mode ina 5 L biore-
actor (Setric Génie Industriel, Toulouse, France) containing MRS
medium supplemented with glucose (20 g L~") inoculated at about
10> CFU mL~". Monitoring and control of the operating param-
eters were done through a control unit (Setric Génie Industriel).
Stirring speed was maintained at 100 rpm, temperature at 37°C
and pH at 6 by addition of 10 N KOH (Sigma-Aldrich, Lyon, France).
The cell growth was conducted for 16 h until the beginning of the
stationary phase after which the broth was sterilely collected and
centrifuged at 5000 x g and 4°C for 10 min. The supernatant was
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discarded and the cell pellet was washed twice with 0.1 mol L™!
potassium phosphate buffer (pH 6.5) to ensure no carry-over of
metabolites, then re-suspended in distilled water to reach a final
volume of 500 mL and subsequently used for the glycerol biocon-
version step.

Batch production of 3-HP from glycerol using L. reuteri
resting cells

A 3 L Biostat®-A bioreactor (Sartorius France, Dourdan, France)
with a 2.5 L working volume was used. First, 500 mL of L. reuteri cell
suspension obtained as described above was suspended in 2.0 L
of sterile glycerol solution (to reach a final substrate concentration
of 18 g L7" in distilled water) to a final cell concentration of about
10 CFU mL~". Glycerol bioconversion was performed for 3 h at
37°C, 100 rpm and different pH levels (unregulated, 3, 4, 5 and 6)
by addition of 10 N KOH and 5 N HCI. Samples were harvested every
30 min and immediately treated as described below.

Integrated system for extractive bioconversion of 3-HP

The experimental set-up consisted of two parts: a 3 L Biostat®-A
bioreactor for free-cell glycerol bioconversion and a polypropylene
hollow fiber membrane contactor (HFMC, Liqui—CeI® X50, Mem-
brana, USA) for 3-HP reactive extraction. The bioconversion broth,
containing the bacterial cells, was continuously fed to the lumen
side of the contactor fibers at a flow rate of 10 mL s~' and circu-
lated back to the bioreactor. The organic phase was composed of
20% v/v n-trioctylamine (TOA; 99.6%, Sigma-Aldrich, Lyon, France)
in 80% v/v n-decanol (99%, Sigma-Aldrich). This phase crossed
counter-currently through the shell side of the vertical module at
a flow rate of 13 mL s~'. The pressure difference across the mem-
brane was adjusted by two valves at the outlet of each phase, with
the lumen side pressure being higher than that of the shell side
to ensure interface stability. The pH regulation system through
addition of base solution to the bioconversion medium was not
activated since the pH was supposed to remain stable at the ini-
tial value of 6.0 thanks to the continuous extraction of 3-HP from
the broth. Temperature was regulated at 37°C for both phases. Two
independent extractive batch bioconversions were performed to
test the process performance. Experiments were carried out with
2.5 L of bioconversion medium (cells in 18 g L~ glycerol) as aque-
ous phase and 500 mL of organic extractant phase. Samples were
taken from both the bioreactor and the organic phase reservoir at
regular time intervals of 15 min and analyzed as described below.

Assessment of inhibitory effects due to 3-HP extraction on
L. reuteri cells

Shear stress in the whole experimental device

The aqueous phase containing L. reuteri cells at about 10" CFU
mL~" was fed through the fibers lumen in the membrane contac-
tor at a flow rate of 10 mL s~ using a gear pump. The transmem-
brane pressure was equilibrated using distilled water circulating
counter-currently through the shell-side of the module. Samples
of 1 mL were collected each 15 min for 3 h and immediately pre-
pared for flow cytometry analyses.

Molecular level toxicity

Stock solutions of various aqueous phases equilibrated with the
two different tested organic phases (TOA 20% v/v or TOA 18% v/v
+ Aliquat 336® (Sigma-Aldrich, Lyon, France) 2% v/v in n-decanol
or n-decanol 100% v/v) were first prepared. To this end, three

aqueous phases were used: pure distilled water and solutions of
3-HP (0.5 g L") and 3-HPA (1 g L") in distilled water. Then, the
aqueous and organic phases were vigorously mixed in separatory
funnels for 3 min. The mixture was stored at 37°C for 2 days to reach
equilibrium. Contents of separatory funnels were then centrifuged
at 5000 g for 10 min to separate the aqueous and organic phases.
Lactobacillus reuteri cells, grown and washed as described above,
were then suspended in the obtained aqueous phases to reach
about 10" CFU mL~" and the suspensions were placed at 37°C.
Samples of T mL were collected every 15 min for 3 h and bacteria
physiological state was subsequently evaluated by flow cytometry.

Phase level toxicity

Equal volumes (80 mL) of L. reuteri cell suspension (at about 10'°
CFU mL~") and organic phase (n-decanol 100% v/v or TOA 20%
v/v in n-decanol) were put in contact in a 250 mL static device
(i.e. Schott bottle) at 37°C. The aqueous phase was then gently
stirred using a magnetic stirrer to renew the interface and generate
contact between solvent and cells without causing dispersive
mixture of the two phases. Samples of T mL of the aqueous phase
were collected every 15 min for 3 h for flow cytometry analyses.

Evaluation of the cells physiological state by flow cytometry
The viability of L. reuteri, as reflected by the esterase activity
of bacteria, itself assimilated to the whole enzymatic activity
due to the widespread presence of esterase within cells, was
assessed using carboxyfluorescein diacetate (cFDA) contained in
Chemchrom V8 (Biomérieux, Marcy I'Etoile, France). The nucleic
acid dye propidium iodide (PI, Sigma-Aldrich, Lyon, France), widely
used to reveal the loss of cellular membrane integrity, made it
possible to quantify the proportion of damaged and dead cells. In
order to differentiate viable, dead and damaged cells, dual staining
of each sample was performed and the concentration (in cells per
mL) and percentages of each cell category were determined, as
described previously.®

Quantitative analysis of substrates and metabolites
3-HP was purchased from TCl-Europe (Zwyndrecht, Belgium).
Glycerol and 1,3-PDO were purchased from Sigma-Aldrich
(Lyon, France). 3-HPA was chemically synthesized as described
previously.3? Residual glycerol and produced 3-HPA, 3-HP and
1,3-PDO were quantified by high performance liquid chromatog-
raphy (HPLC) using a Biorad Aminex HPX-87H column (300 mm
X 7.8 mm; Biorad, Richmond, USA) equipped with a cation H*
Micro-Guard column (30 mm X 4.6 mm; Biorad) at a controlled
temperature of 50°C, as described previously.® All quantifica-
tions were expressed as the means + standard errors of two
independent experiments.

Statistical significance of differences between data was assessed
using analysis of variance at 0.05 level.

RESULTS AND DISCUSSION

In order to develop an integrated process for glycerol bioconver-
sion into 3-HP coupled to 3-HP reactive extraction, attention must
be paid to the necessary compromise between the operating
parameters of these two unit operations. Given the importance
of pH for the mechanisms of organic acid reactive extraction by
amines, the influence of this parameter on bioconversion perfor-
mance was studied first. Before implementing the 3-HP extractive
bioconversion, the biocompatibility of various organic extractant
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Figure 2. Influence of pH on glycerol bioconversion performances after 2 h.
Reported data correspond to the mean values of measurements from two
independent experiments (n=2), except for pH 4 and 3 (n=1).

phases was assessed and the performance of the selected phase
for extraction discussed. Finally, the global performance of the
integrated process were characterized and the toxicity of the
whole process on bacterial cells investigated.

Influence of pH on L. reuteri bioconversion performance

Our previous studies have shown that initial pH of the aqueous
phase when starting extraction in HFMC has a significant influence
on the performance of 3-HP reactive extraction using TOA and
Aliquat 336.'° Briefly, it was shown that an increase in initial pH
from 3 to 7 slowed down the extraction kinetics and decreased
significantly the extraction yield. This is why the effects of pH on
bioconversion performance and on L. reuteri physiological state
were explored (Fig. 2), prior to implementation of the integrated
extractive bioconversion process.

Figure 2 displays the influence of different pH levels (unregu-
lated, 6, 5, 4 and 3) on glycerol consumption and metabolites pro-
duction by L. reuteriDSM 17938. For all the conditions tested, molar
balances were checked and included in a range between 80 and
105%. At pH 3, glycerol consumption was low (1.3 g L™') and few
3-HPA (0.6 g L") and 3-HP (0.1 g L") were produced while no
1,3-PDO was detected in the medium. By maintaining the pH of
the bioconversion medium at higher values (between 4 and 6),
results showed an increase in glycerol consumption (6.0, 7.9 and
8.0 g L7! at pH 4, 5 and 6, respectively) and 3-HPA production
(4.2,5.0and 5.6 g L7" at pH 4, 5 and 6, respectively). Concerning
3-HP and 1,3-PDO, pH between 4 and 6 induced little effect on the
production performance (between 0.7 and 0.9 g L™" of 3-HP and
0.25 t0 0.35 g L7! of 1,3-PDO produced depending on the condi-
tions; Fig. 2). At unregulated pH (i.e. pH decreased from 6.5 to 4.5
after a 2 h bioconversion), glycerol consumption (8.8 g L") and
3-HPA production (5.3 g L™") were significant. Concerning 3-HP
and 1,3-PDO, few differences were observed in comparison with
experiments at regulated pH (Fig. 2). The molar balance analysis
evidenced a higher 3-HP production than that of 1,3-PDO for all
the tested pH (molar ratios 3-HP/1,3-PDO > 1), which aligns with
previous results.®

Although the impact of pH of bioconversion medium on 3-HPA
production capabilities by L. reuteri has been underlined*3-3* show-
ing pH 6 as optimal, its influence on 3-HP production has rarely
been studied. Our results on the DSM 17938 strain are consistent
with those of Dishisha et al.* showing better 3-HP accumulation at
pH 7 than at pH 5 with L. reuteri DSM 20016. This is also in line
with the optimal pH values reported in the literature for several

Table 1. Molecular level toxicity of various extractant phases with or
without additional metabolites on L. reuteri. Reported data correspond
to the mean values of measurements from two independent experi-
ments of the percentage viability compared with the control (cells in
distilled water) after 3 h of contact (n=2)

Conditions Viability (%)
n-decanol (100%) 84
n-decanol (80%) + TOA (20%) 93
n-decanol (80%) + TOA (20%) + 3-HP (0.5 g L™") 79
n-decanol (80%) + TOA (20%) + 3-HPA (1gL™") 59
n-decanol (80%) + TOA (18%) + Aliquat 336 (2%) 39

enzymes of the bioconversion pathway (i.e. 7.2 for the glycerol
dehydratase GDH % and 7.0 for the propionaldehyde dehydroge-
nase PduP3®),

For the set-up of extractive bioconversion, pH 5 and 6 seem
to be most appropriate because of better glycerol consumption
compared with lower pH levels. Unregulated pH could also be
adopted, because this operating parameter would be regulated
due to 3-HP extraction from the broth.

Biocompatibility assessment of various extractant phases

It is known that mixed extractants in active diluents show a pos-
itive synergistic effect on the reactive extraction performance
of organic acids.3”38 This effect was recently demonstrated in
the case of 3-HP using TOA and Aliquat 336 as extractants
in n-decanol.’® However, regarding the ultimate objective of
integrated extractive bioconversion, the biocompatibility of this
extractant mixture should be checked. Experiments were there-
fore performed with L. reuteri cells to quantify the possible inhi-
bition caused by the soluble fraction of several extractant phases.
Results of the evaluation of this molecular level toxicity are given
in Table 1.

It appears that n-decanol alone or in mixture with TOA (20%
v/v) had limited impact on cell viability (84% and 93% of viability,
respectively). Conversely, the addition of only a minimal amount
of Aliquat 336 (2% v/v) to the mixture led to a greater impact on
L. reuteri, with only 39% of residual viability. Toxic effects of Aliquat
336 have previously been reported on L. delbrueckii (no glucose
consumption detected when 0.1% of Aliquat 336 was added in the
medium).? Several hypotheses have been proposed to explain
this phenomenon such as interaction of organic molecules with
cell membrane lipids leading to disturbance of essential mem-
brane functions, inactivation or denaturation of membrane-bound
enzymes, breakdown of transport mechanisms.*®4! Flow cytom-
etry results obtained through the present work corroborate these
suppositions, as the membrane integrity of about 60% of bacterial
cells was disrupted in the presence of organic extractant phase
including Aliquat 336 (Table 1). Given the loss of esterase activity
observed, it can be supposed that the global enzymatic activity of
bacterial cells was also affected and therefore membrane-bound
enzymes could be damaged. Different solvents and extractants
have previously been assessed (n-octanol, MIBK and TOA on
L. rhamnosus;** TOA and Aliquat 336 on L. delbrueckii;** TOA,
Aliquat 336, Alamine 336 and n-octanol on L. casei®®), but data
available in the literature are variable and can be contradictory.
Toxicity seems to be closely related to the type of micro-organism
used and could even be strain dependent.?! Given the observed
strong toxicity of Aliquat 336 on L. reuteri strain DSM 17938, it
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Figure 3. Results of the glycerol bioconversion by L. reuteri (10'°© CFU mL~") at unregulated pH and 37°C performed alone (BC) or coupled with
3-HP reactive extraction assisted by HFMC using TOA 20% v/v in n-decanol (ISPR). (a) Glycerol consumption and metabolites production after 2 h of
bioconversion. (b) Evolution of 3-HP concentration in the bioconversion medium. Reported data correspond to the mean values of measurements from

two independent experiments (n=2).

would be interesting to test the resistance capabilities of other
L. reuteri strains to this quaternary ammonium. Accordingly, Ali-
quat 336 was removed from the extractant phase composition for
the next parts of the present work, despite its known synergistic
effect in combination with TOA on extraction performance.'®'?

Study of the integrated extractive bioconversion for the in
situ 3-HP recovery

The glycerol consumption and metabolites production after 2 h of
bioconversion as well as the evolution of 3-HP concentration in the
bioconversion medium with or without in situ reactive extraction
of the produced 3-HP are shown in Fig. 3.

The glycerol consumption during extractive bioconversion (3.0
g L™, Fig. 3(a)) was lower than during the standard bioconversion
(8.8 g L', Fig. 3(a)). Similarly, the production of 3-HPA, 1,3-PDO
and 3-HP were lower. However, the 3-HPA production yield (0.5 +
0.1 mol mol~") was slightly lower than that reached during single
bioconversion (0.7 + 0.2 mol mol~"), while the 3-HP and 1,3-PDO
yields increased (0.15 + 0.02 vs. 0.07 + 0.01 mol mol~" and 0.10
+ 0.01 vs. 0.04 + 0.01 mol mol™", respectively). In addition, focus-
ing on the 3-HP concentration in the aqueous phase (Fig. 3(b)),
a slight decrease was observed after 1 h of extractive bioconver-
sion (0.4 g L' after 1 h and 0.2 g L™ after 3 h), showing low 3-HP
extraction. The low extraction performance observed in the case
of the integrated process can be explained by several environmen-
tal factors known to affect liquid-liquid reactive extraction, such
as the high pH of the bioconversion medium regarding the opti-
mal value for TOA as extractant, or the presence of cell originat-
ing macromolecules such as proteins or phospholipids that could
interfere with the reactive extraction of 3-HP and lower the dis-
tribution coefficient (Kp)."® In our previous work' we observed
that the extraction kinetics of 3-HP from real bioconversion media
using a membrane contactor was comparable with model media
(3-HP in water). This result suggests that mass transfer could not be
limiting in the case of bioconversion medium, and only the equi-
librium K, is affected.

The physiological state of L. reuteri cells was evaluated in the
case of the integrated extractive bioconversion process (ISPR) and
compared with the standard bioconversion (BC; Fig. 4). For ISPR
configuration, a significant decrease in the percentage of viable
cells was observed after 30 min and all cells lost their membrane
integrity after 1.5 h. When the bioconversion was conducted alone,
the bacterial inhibition was lower as around 50% of bacterial cells
remained viable from 1 h until the end of the experiment (Fig. 4).
The higher cell alteration observed during extractive bioconver-
sion was certainly mostly responsible for the low 3-HP production

& o & & & &
§8 §& §5 §& §5 §&
100% = m
= 80%
g
§ 60% -
3
1
40% -
3
20% -
33 0
0%’7T'\ T T T T T T 1
. AR R -
0 0.5 1 1.5 2 3

Time of bioconversion (h)
OViable cells mAltered cells mDead cells

Figure 4. Evaluation of the physiological state of L. reuteri (10'® CFU mL~")
during bioconversion at unregulated pH and 37°C performed alone (BC)
or coupled with in situ 3-HP reactive extraction assisted by HFMC using
TOA 20% v/v in n-decanol (ISPR). Reported data for ISPR correspond to the
mean values of measurements from two independent experiments (n=2),
the control was not repeated.

performances. As the global cell enzymatic activity was probably
disturbed, enzymes of the glycerol bioconversion pathway may
also be affected.

In order to explain the high toxicity observed on L. reuteri cells
during the extractive bioconversion assisted by HFMC and to
determine more precisely the underlying causes, supplementary
experiments were performed. First, the possible shear stress was
studied and its impact on bacterial cells was assessed by flow
cytometry. It appeared that even after 3 h of circulation in the
aqueous circuit (i.e. the HFMC module, pipes and pumping sys-
tem), neither loss of membrane integrity nor of esterase activity
were detected (P=0.75).

Then, the effect of the soluble fraction of the organic extractant
phase (molecular level toxicity) was investigated together with the
cumulative impacts of 3-HP or 3-HPA. The concentration levels of
3-HP and 3-HPA were chosen in the range reached after the extrac-
tive bioconversion (0.5 and 1 g L', respectively). As depicted
in Table 1, the presence of 3-HP or 3-HPA induced an additional
decrease in cell viability (79% and 59% of viability with 0.5 g L' of
3-HP or 1 g L™ of 3-HPA, respectively) compared with the molec-
ular level toxicity alone. However, when only 3-HP or 3-HPA were
added to bacterial cell suspensions at this range of concentrations,
no significant impact was observed on L. reuteri viability (data not
shown). Accordingly, these two kinds of stress conditions, namely
the soluble fraction of the extractant phase and the presence of
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Figure 5. Phase level toxicity on L. reuteri. Direct contact of the aqueous phase containing L. reuteri (10'® CFU.mL™") with (a) n-decanol with TOA (20% v/v)
in HFMC, (b) n-decanol alone in HFMC, and (c) n-decanol alone in static device. Reported data correspond to the mean values of measurements from two

independent experiments (n=2).

metabolites, were not significant individually but became toxic for
bacterial cells in combination, probably due to a synergistic effect.

To complete the study on solvent toxicity encountered during
ISPR, two different types of contact were performed, i.e. directly in
the membrane contactor and in a static device, using two organic
phases: n-decanol alone or n-decanol with TOA (20% v/v). Results
are displayed in Fig. 5.

The use of n-decanol with TOA (20% v/v) as the organic extrac-
tant phase in the shell side of the HFMC induced a drastic loss of
cell viability (27% of viable cells after 0.5 h, 20% after 1 h, 10% after
2 h and only 3% after 3 h; Fig. 5(a)). This organic phase was the
one used for the 3-HP extractive bioconversion experiments and
the observed kinetics as well as the final impact on cell viability
(Fig. 4) were similar after 3 h (P=0.52). To better understand which
molecule of the extractant phase is responsible for the observed
inhibition, the same experiment was made using n-decanol alone
(Fig. 5(b)). Once again, kinetics and final toxic impact were close to
those obtained in the presence of 20% v/v TOA although slightly
lower (43% of viable cells after 0.5 h, 20% after 1 h, 6% after 2 h
and only 2% after 3 h). In fact, the presence of TOA in the organic
phase induced an additional impact on bacterial cells, leading to
a more important cell death from 0.25 h of experiment compared
with n-decanol alone.

In order to assess whether the observed inhibition would
be related to direct contact of bacterial cells with the organic
phase, close to the membrane pores, the phase level toxicity of
n-decanol alone was then investigated in a static device (Fig. 5(c)).
As presented in the experimental section, the non-dispersive
contact in a static device (Schott bottles) between the aqueous

cell suspension and the organic phase was designed to mimic the
interface at the membrane pores level and hence possible direct
contact between cell suspension and organic phase.

A strong decrease in cell viability due to this direct contact was
observed (Fig. 5(c)). Nevertheless, it should be mentioned that the
impact evidenced in this set of experiments is not only due to the
phase level toxicity but also to the molecular level toxicity, as it is
not possible to differentiate both effects. Comparing the impacts
due to both toxicity levels of the organic phase (Fig. 5 and Table 1),
the toxicity due to direct contact was more deleterious than that
due to organic molecules dissolved in the aqueous phase. Simi-
lar results have previously been reported concerning n-decanol
phase level toxicity, as a great impact was observed on biomass
and lactic acid production by L. casei cells (only 11% of bacterial
growth and 32% of lactic acid production after 24 h compared with
the control sample).?> Under direct contact conditions, the dele-
terious interactions mentioned above*®#! between the organic
molecules and the cells would be enhanced.

The higher impact on L. reuteri physiological state observed
during the HFMC experiment (Fig. 5(b)) compared with that in the
static device (Fig. 5(c) was probably due to the different specific
exchange areas (730 vs. 36 m? m~3 of contact area per volume
unit of the aqueous phase, respectively, in the HFMC and static
device), as well as differences in the aqueous/organic interface
renewal between both devices. The cumulative effects of the
organic phase at the molecular and phase levels and the presence
of 3-HPA and 3-HP during glycerol bioconversion may explain the
low bacterial cell viability noticed during extractive bioconversion
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assisted by HFMC and therefore the low performances of the
integrated process.

As one would expect, the use of a membrane contactor nor-
mally allows minimizing the direct contact between cells in the
aqueous phase and the organic phase, compared with classical
dispersive liquid-liquid extraction in separating funnel. But given
the results observed here, direct contact of L. reuteri bacteria with
the organic phase close to the membrane pores is suspected.
The average pore size of the polypropylene membrane used in
our study is theoretically around 0.04 pm (X50 extra-flow product
data sheet, Membrana), which ensures bacteria exclusion from
the pores. Preliminary experiments to get membrane pore size
distribution (mercury intrusion performed for the X50 membrane
of the Liqui-Cel® module) allowed us to suspect the existence
of some larger pores. These latter may affect the stability of the
interface and therefore provoke the passage of organic phase over
the membrane into the aqueous phase. In addition, the organic
phase/water interfacial tension has been measured experimen-
tally at 8.5 mN m~' for n-decanol alone and 9.3 mN m~" for
TOA 20% v/v in n-decanol. These quite low values could also
promote the presence of solvent drops at the vicinity of larger
pores mouths, because of a low critical pressure, due both to the
maximum pore radius and low interfacial tension of the system.
This is consistent according to the Young-Laplace equation: the
interface is more difficult to stabilize for larger pore size and lower
interfacial tension between aqueous and organic phases.*® In
order to perform ISPR with membrane contactors in better condi-
tions, the critical pressure of the system needs to be enhanced to
avoid direct contact between cells and solvent, either by changing
the HFMC membrane material (nature, pore size and distribution)
or choosing a solvent allowing higher interfacial tension.

CONCLUSION

Extractive fermentation has been shown in the literature to be
advantageous for organic acid production (e.g. butyric, propionic,
lactic acids) leading to significant improvements in productivity,
product yield and final titer. However, in the case of 3-HP produc-
tion performed by L. reuteri DSM 17938 from glycerol, the integra-
tion of in situ reactive extraction led so far to lower performance
over the conventional single bioconversion mostly because of
the toxicity of TOA and n-decanol against producing cells. Similar
results have already been obtained in the case of lactic acid extrac-
tive fermentation with tri-n-decylamine, which did not provide
high production relative to fermentation without extraction.** In
our work, direct contact between the cells in aqueous medium and
the organic extractant phase near the pores of the membrane is
suspected. It was shown that this contact is more deleterious than
the toxicity of the small amount of solvent in solution in the aque-
ous phase. Better control of the interfacial stability at the mem-
brane contactor level would help in reducing these effects, either
by changing the membrane material or by lowering the interfacial
tension of the system. Over the two components of the extrac-
tant phase (n-decanol and TOA), n-decanol seemed to be the most
toxic. Methods to reduce solvent toxicity should be investigated.
This may include the use of immobilized cells in bioreactors, which
has been demonstrated to be promising,*** the use of less toxic
solvents such as oleyl alcohol® or sunflower oil,*’*® or the purifi-
cation of solvent and amines before use.* However, a compromise
between the efficiency of these solvents for reactive extraction and
their biocompatibility should be found.

This work thoroughly investigated the toxicity of the organic
extractant phase on bacterial cells. Flow cytometry results thus
corroborated the hypotheses previously suggested in the litera-
ture concerning the mechanisms of action of these molecules. This
technique indeed enabled identification of the cell membrane as
one of the main targets of the observed inhibition. Moreover, it
seems that there is also an effect of the organic extractant phase
on the global cell enzymatic activity. The implementation of tran-
scriptomic or proteomic analyses could improve understanding of
the mechanisms at the root of these toxicity phenomena, to clarify
the biological impact of the toxicity and finally identify the reaction
by the expression of genes involved in stress resistance.*-50"
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