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a b s t r a c t

In this work cells of Lactobacillus pentosus, growing on 20 g/L of glucose for 15 h at 31 ◦C, were subjected 
to sequential fermentation and extraction processes with phosphate buffered saline (PBS) in order to 
study the capacity of L. pentosus to regenerate biosurfactants after various fermentative and extractive 
cycles. After a first extraction cycle, it was observed that, in absence of nutrients, L. pentosus, dissolved in 
PBS, does not have the capacity to induce the formation of new biosurfactants, although the extraction 
eywords:
robiotic lactic acid bacterium
ermentation
urface-active compounds

process almost did not affect the cell viability. However, when this biomass was recycled and subjected to 
three sequential fermentative processes, in presence of fresh fermentative medium, with their respective 
extraction procedures, L. pentosus cells recovered its capacity to produce more biosurfactants, observing 
an increase in the biosurfactant/biomass ratio, achieving a total biosurfactant concentration of 27 g/L, 
being the highest reported at the moment in the literature for L. pentosus.
olony forming units

ell viability

. Introduction

Lactobacillus pentosus is a probiotic lactic acid bacterium that
s able to produce cell-bound biosurfactants, which was identified
n previous works as a glycolipopeptide, composed by 10% carbo-
ydrates, 30% proteins and 60% lipids. The major fractions of this
iosurfactant are composed by lipids and proteins, being the fatty
cid chain constituted by linoelaidic acid (C18:2), oleic or elaidic
cid (C18:1), palmitic acid (C16) and stearic acid (C18) [1]. Con-
erning the uses of this biosurfactant, it has been proved as foaming
gent in froth flotation processes [2] as well as in the bioremedia-
ion of hydrocarbon-contaminated sites [3–5].

Moreover, L. pentosus is an interesting strain, from an environ-
ental point of view, because it has the ability to ferment pentoses

6], hence it can be used for the valorization of secondary raw
aterial, based on lignocellulosic residues, composed by hemi-

ellulosic sugars. Therefore, Bustos et al. [7] have proposed the

se of hemicellulosic liquors (18 g/L of xylose, 11.1 g/L of glucose,
.3 g/L of arabinose and 4 g/L of acetic acid), obtained from vineyard
runing waste, for the production of lactic acid and biosurfactants

∗ Corresponding author.
E-mail address: amoldes@uvigo.es (A.B. Moldes).

ttps://doi.org/10.1016/j.bej.2018.01.021
369-703X/© 2018 Elsevier B.V. All rights reserved.
© 2018 Elsevier B.V. All rights reserved.

using L. pentosus. Additionally, Moldes et al. [8] have evaluated
the use of hemicellulosic sugars, obtained from barley bran husks,
corn cobs, vineyard pruning waste, and eucalyptus globulus chips,
containing between 16.6 g/L and 40.7 g/L of xylose, to produce bio-
surfactants using L. pentosus; achieving maxima concentrations of
biosurfactants between 2.9 g/L–6.5 g/L, depending of the secondary
raw material used to obtain the hemicellulosic sugars. Moreover,
Rivera et al. [9] also have evaluated the capacity of L. pentosus to
produce biosurfactants from hemicellulosic sugars coming from
distilled grape marc. In these circumstances, L. pentosus produced
4.8 mg/L of cell-bound biosurfactants, measured as surfactin equiv-
alents.

Concerning the fermentation of hexoses, Rodrigues et al. [10]
have produced biosurfactants from L. pentosus using MRS broth
(Man, Rogosa & Sharpe medium for lactobacilli strains) as cul-
ture medium, obtaining maximum biosurfactant concentrations of
1.7 g/L.

As it can be observed, the amount of cell-bound biosurfac-
tants produced in each batch is very low in comparison with
other metabolites produced by biotechnological processes. Hence,
it is necessary to design biotechnological processes that allow to

obtain higher concentrations of cell-bound biosurfactants, oth-
erwise their industrial applications will be very restrictive. For
instance, Khondee et al. [11] have proposed the immobilization

https://doi.org/10.1016/j.bej.2018.01.021
http://www.sciencedirect.com/science/journal/1369703X
http://www.elsevier.com/locate/bej
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bej.2018.01.021&domain=pdf
mailto:amoldes@uvigo.es
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f Bacillus sp GY19 in chitosan beads to increase cell density and
acilitate the production of a lipopeptide biosurfactant achieving a

aximum concentration between 9.8 and 10.9 g/L. However, this
echnology only can be applied for the biosurfactants produced
xtracellularly.

The aim of this work was  evaluate the recycle of L. pentosus cells,
uring various fermentative and extractive processes, in order to
tudy its viability and increase the productivities and concentra-
ions of the cell-bound biosurfactants produced by this probiotic
actic acid bacterium.

. Materials and methods

.1. Microorganism

Lactobacillus pentosus CECT-4023T (ATCC-8041) was obtained
rom the Spanish Type Culture Collection (CECT) (Valencia, Spain).
rior to the fermentation processes the lyophilized strain was dis-
olved, in the specific medium for lactobacilli strains, MRS  broth
nd growth for 24 h at 31 ◦C, following the protocol established
y the CECT. Inoculum was prepared by growing cells, for 48 h at
1 ◦C, in Petri dishes, containing the specific MRS  agar. Following,
ells from plates were solubilized with 5 mL  of culture media.

.2. Fermentation process

Fermentations were carried out in 250 mL  Erlenmeyer flask with
 working volume of 100 mL  [9,10]. The fermentation medium con-
isted of MRS  broth containing 20 g/L of glucose. Fermentations
ere carried out at 31 ◦C for 15 h and 150 rpm. The amount of

noculum employed in all the fermentations was 5% (v/v).

.3. Extraction of L. pentosus biosurfactants

In order to obtain the cell-bound biosurfactant extract, once
nished each fermentation process, L. pentosus cells were filtered,
ashed two times with distilled water, and re-suspended in 20 mL

f phosphate buffered saline (PBS) (10 mM KH2PO4/K2HPO4 with
50 mM NaCl). The extraction was carried at room temperature
25 ◦C) during 2 h at 150 rpm. Following, the biomass was separated
rom the PBS solution, containing the biosurfactants by centrifuga-
ion at 5000 rpm and −4 ◦C during 15 min  [3,5].

Afterwards, the solutions, containing the cell-bound biosurfac-
ant extract, were dialyzed against demineralized water at 4 ◦C in

 Cellu-Sep© membrane (molecular weight cut-off 6000–8000 Da;
embrane Filtration Products, Inc., USA) for 48 h, and finally the

iosurfactant extracts were lyophilized using a lyophilizer Telstar
yoQuest (Spain).

On the other hand, in order to evaluate if all the biosurfactants
ere extracted from cells, the biomass, containing L. pentosus cells,
as subjected sequentially to new extractive processess until no

iosurfactants were detected in the PBS. After each extractive pro-
ess the viability of cells was quantified by counting the colony
orming units (CFU).

Alternatively, the biomass of L. pentosus was recycled, starting
 new fermentative and extractive process. After each cycle, the
mount of biosurfactant and biomass produced was  quantified. One
ycle corresponds with a 15 h fermentative process followed by 2 h
f extractive process with PBS. Before the biosurfactant extraction

t is necessary to centrifuge and wash the biomass with distilled
ater, in order to remove the components of fermentation medium.

herefore, after each fermentation, biomass was washed and sub-

ected to an extraction process with PBS, and following biomass was
ntroduced in fresh MRS  broth, containing 20 g/L of glucose. All the
xtraction processes were carried out under sterilized conditions
n a laminar flow biosafety cabinet (Bio-II-A, Telstar).
ng Journal 132 (2018) 191–195

In total 3 consecutive cycles were carried out recycling all the
biomass obtained after each cycle. Two different sets of experi-
ments, with their corresponding cycles were established: in one
set it was used regular biomass (RB) subjected to one extraction
process, whereas in the other set of experiments, before recycling,
biomass was  subjected to a complete extraction of biosurfactants
by 3 consecutive extraction processes. This biomass was named
exhausted biomass (EB).

2.4. Quantification and characterization of biosurfactants

Biosurfactant in PBS was  quantified based on the surface tension
(ST) value of the extract. Under the critical micellar concentra-
tion (CMC) it can be established a linear relationship between the
increase in the ST and the concentration of a specific biosurfac-
tant in an aqueous solution. Thus, for establishing this relationship,
solutions in PBS, with different concentrations of this biosurfac-
tant extract, were prepared, and filtered with cellulose filter paper
(45 �m,  Tros Anoia, Spain). Finally, the ST was measured using a
tensiometer KRÜSS (K20 EasyDyne), choosing the Wilhelmy plate
method. Measurements were made in triplicate samples to confirm
the reproducibility of surface tension measurements. The reference
surface tension value of PBS without biosurfactant was  72 mN/m.

Additionally, biosurfactant extract was  subjected to FTIR analy-
sis using a Niocolet 6700 FTIR spectrometer (Thermo Scientific) by
applying the protocol employed in previous works [1].

2.5. Quantification of cell viability

Colony forming units (CFU) were the units used to estimate the
number of viable L. pentosus cells, after the extraction of cell-bound
biosurfactants. Therefore, 1 mL  of fermentation medium, contain-
ing the L. pentous cells, before and after extraction of biosurfactants,
were diluted several times up to 10−9 and plated in MRS  agar
for obtaining an acceptable number of counting colonies. Then,
plates were incubated for 48 h at 31 ◦C. Concentrations of CFU were
expressed using logarithmic notation, where the value shown is the
base 10 logarithm of the concentration.

2.6. Biomass quantification

Biomass was  quantified by determining the optical density of
the fermentation medium at 600 nm.  The absorbance was  mea-
sured with a double beam spectrophotometer (Jasco V-650, Spain).

Fermented medium (5 mL)  was centrifuged to obtain the
biomass, which was washed twice with distilled water and dried
at 105 ◦C for 48 h before weighing. Following a calibration curve,
involving absorbance values at 600 nm and different biomass con-
centrations, was  established.

2.7. Colorimetric analysis

The color of aqueous solutions containing the biosurfactant
extracted from L. pentosus was  evaluated with a double beam spec-
trophotometer (Jasco V-650, Spain). Samples were filtered through
a membrane of 0.45 �m pore size before analysis.

The CIELAB color system is widely accepted by both the scientific
community and industry, since is the most ‘perceptually uniform’ of
the color spaces [12,13]. The CIELAB color system is organized with
three axes in a spherical form: L*, a*, and b*. A convenient way of
visually representing tristimulus values is the use of chromaticity

co-ordinates, which maps all colors into a two-dimensional space,
called CIE chromaticity diagram. This space has two axes x and y.
The CIE chromaticity diagram provides a color map on which the
chromaticities of all colors are plotted [14,15].
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. Results and discussion
.1. Characterization of biosurfactant

L. pentosus was able to produce a cell-bound biosurfactant that
educes the surface tension of distilled water up to 50 ± 3 mN/m

Fig. 1. FTIR of the biosurfactant extract after a) 1◦ , b) 2◦ and c) 3◦ extraction and
ng Journal 132 (2018) 191–195 193

with a CMC  about 1.95 g/L. Velraeds et al. [16] studied the differ-
ent capacities and CMC  values of biosurfactants, produced by lactic

acid strains, observing CMC  values between 1 and 3 g/L with similar
capacities to reduce the ST than the biosurfactant produced by L.
pentosus.

 d) picture of the biosurfactant, in aqueous solution, with foam formation.
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Eq. (1) shows the relationship between the surface tension of
n aqueous solution, at different concentrations of biosurfactant
roduced by L. pentosus.

T = (−8.7194 × S) + 69.544 (1)

here  ST is the surface tension of aqueous solution (mN/m) and
 (g/L) is the biosurfactant concentration. This equation only can
e used when the biosurfactant is under its CMC  and it allows to
onvert surface tension values into concentration of biosurfactant,
ith a correlation coefficient value (r2) of 0.857.

Fig. 1 shows a biosurfactant solution containing 5.4 g/L of bio-
urfactant, observing the presence of foam after stirring, as well as
he FTIR chromatograms for the biosurfactant obtained after vari-
us extractive cycles. It was observed that there are no differences
etween them and they are similar to the FTIR of other cell-bound
iosurfactant extracts produced by lactic acid bacteria reported in
revious works [1]. It can be speculated that this biosurfactant has

 hydrophilic-lipophilic balance (HLB)> than 10, because it can act
s a detergent [17], with notable formation of foam and it is able to
tabilize oil in water (O/W) emulsions as it was observed in a pre-
ious work [1], where this biosurfactant was able to stabilize O/W
mulsions containing rosemary oil.

On the other hand, aqueous solutions of this biosurfactant seem
o have colorimetric properties compatible, with industrial appli-
ations, for instance in the cosmetic and pharmaceutical industries;
lthough the best way to evaluate these properties is through

 colorimetric analysis. Table 1S (see the Supplementary mate-
ial) includes the color parameters obtained with the CIELAB and
ristimulus color systems. It can be observed that L* values, that
easure the lightness of the samples, are about 100 indicating that

he solutions containing biosurfactant extracts are almost white,
his fact was corroborated by the values of x and y, around 0.3,
or both variables, indicative of the white color in the Tristimulus
ystem. Those samples with higher amount of biosurfactant gave
igher L* values.

.2. Production of biosurfactants from L. pentosus by biomass
ecycling

The  studies dealing with the production of cell-bound biosurfac-
ants are scarce in the literature in comparison with extracellular
iosurfactants and none of these works have contemplated the
ecycling of biomass, once the biosurfactants were extracted. In
his work, a biosurfactant was produced by L. pentosus using a rich

edium, MRS  broth, during 15 h, and following the biomass of L.
entosus was separated from the culture broth, washed with dis-
illed water, and subjected to PBS extraction, in order to obtain the
iosurfactant extract in the supernatant, under sterile conditions.
inally, biosurfactant was lyophilized and quantified, evaluating
he viability of cells previously to recycling the biomass.

After  a first extraction 89.6% of biosurfactant was obtained,
hereas the rest, 10.4%, was released after a second extraction pro-

ess. A third extraction step gave absence of biosurfactant (see Fig.
S in the Supplementary material).

In absence of nutrients, L. pentosus does not have the ability to
nduce the production of biosurfactants, deduced by the absence
f biosurfactants when biomass is just dissolved in PBS. Regard-

ng the viability of L. pentosus cells, the experiments carried out
howed that the extraction with PBS is compatible with maintain-
ng the viability of L. pentosus cells (Fig. 2a), observing after the 1◦

xtraction cycle a cell viability of 1.3 × 108 CFU/mL, which was  kept

fter a 3◦ extraction process (1.2 × 108 CFU/mL) (see also Fig. 2S in
he Supplementary material, showing pictures of colonies). These
esults are in agreement with those obtained by Portilla et al. [18].
n that work, it was observed that Lactobacillus acidophilus cells
Fig. 2. a) Cell viability of L. pentosus biomass after various fermentative and extrac-
tive processes. b) Kinetic of biosurfactant production during sequential fermentation
and  extraction processes using regular and exhausted biomass respectively.

showed no difference in viability before or after PBS extraction of
biosurfactants, achieving values of 0.9 × 109 CFU/mL in both cases.

Therefore, various fermentative and extractive cycles were car-
ried out in order to elucidate if the consecutive extraction of
biosurfactants can induce or restrict the production of biosurfac-
tants by L. pentosus. In this operational system biosurfactants were
extracted from cells under sterile conditions and following biomass
was subjected to a new fermentative cycle with fresh glucose and
nutrients.

Additionally, three consecutive fermentative and extractive
processes were carried using the biomass already subjected to
three consecutive extraction processes (Fig. 2b). This biomass gave
6.2 g/L of biosurfactants, after a new fermentative process, whereas
biomass subjected to a single extraction step, gave 5.4 g/L of bio-
surfactants. The concentration of biomass obtained, after 15 h, for L.
pentosus is in concordance with the data provided by other authors
[19].

Fig. 2b also shows a comparative study between two con-
secutive fermentations and extraction processes, containing
three fermentation-extraction cycles, using regular or exhausted
biomass. After each extractive process biomass was fed to a new
fermentation medium containing 20 g/L of glucose and fresh nutri-
ents. Three feed processes were carried out, obtaining after 45 h
of fermentation, 27 g/L of biosurfactant extract, using the regular
biomass (RB) or 19.7 g/L employing exhausted biomass (EB).

The amount of biomass increased slightly after the 3◦
consecutive fermentative-extractive processes. The yield biosur-
factant/biomass ratio (g/g) obtained after the first feeding was
3.1 g/g and 3.0 g/g for RB and EB respectively; whereas after three
cycles of feeding this value increased up to 7.5 g/g and 5.2 g/g
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espectively, observing a restriction of biosurfactant production
hen the biomass used was subjected to a complete extraction

f biosurfactants. However, it is clear that the recycling of biomass
llows to obtain higher biosurfactant yields (see Table 2S in the
upplementary material).

It can be speculated that L. pentosus achieved a stationary
hase because the concentration of biomass was almost the same
fter each sequential fermentative-extractive process, however
he concentration of biosurfactant, increased, producing higher
iosurfactant/biomass yields after each sequential fermentative-
xtractive process.

Substrate concentration, at a minimal level, allowed optima
icrobial growth without catabolite repression or substrate inhi-

ition, and substrate was utilized for biosurfactant production
ather than biomass formation. It is known that most of the

icroorganisms can undergo substrate and product inhibition, thus
he sequential addition of substrate could improve the yields of
ermentative processes avoiding the presence of high substrate
oncentrations. On the other hand, many microorganisms suffer
rom product inhibition; therefore, the sequential extraction of fer-

entative products can avoid the product inhibition, improving the
ield of fermentative products.

. Conclusions

This is the first work where it is demonstrated that the biomass
f lactobacilli cells can be recycled after extracting the biosur-
actants, bounded to their plasmatic membrane, increasing the
roductivities and yields achieved in regular fermentative pro-
esses. Additionally, it was observed that the cell viability of L.
entosus almost has not been affected by the extractive process
f biosurfactants and after extraction cells recovered their capacity
o produce fresh surface-active compounds.
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