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Enhancing spontaneous
biosurfactant production through
water steeping of olive mill waste

N. Russo-Martinez%?, X. Vecino™?, A. B. Moldes? & J. M. Cruz%?**

This study offers novel and valuable insights into the spontaneous production of biosurfactant extracts
from olive mill waste (OMW) through a steeping process with water at 37 °C for 15 days, followed by
extraction with ethyl acetate or phosphate-buffered saline (PBS). The results showed that steeping
process significantly improves the extraction efficiency and produces biosurfactant extracts with

more favorable critical micellar concentration (CMC) and wettability properties than those from
non-steeped OMW. Under best conditions, it yielded 104.6 g/Kg of OMW. Elemental analysis and
comparative ATR-FTIR spectroscopy revealed that ethyl acetate biosurfactant extracts is compatible
with biosurfactant extracts that contains phospholipids and lipopeptides. It reduced water surface
tension to 46.7 mN/m and exhibited a CMC of 0.22 g/L. Conversely, the biosurfactant extract obtained
through solid-liquid extraction with PBS was more compatible with glycopeptides biosurfactants,
reducing the water surface tension to 50.4 mN/m, similarly to the surface tension values achieved by
biosurfactants produced by lactic acid bacteria, but achieving reduced CMC value (0.19 g/L). Therefore,
this approach presents a sustainable method for valorizing OMW, promoting sustainability, and
circular economy principles. These extracts could have potential applications in various fields, such as
soil bioremediation, surface cleaning, and in cosmetic and agrochemical formulations.
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The European Union is the leading producer, consumer, and exporter of olive oil, producing 67% of the world’s
olive oil. Approximately 4 million hectares, primarily in the Mediterranean countries of the EU, are dedicated
to cultivating olive trees, being Italy and Spain the largest consumers of olive oil within the EU, each consuming
around 500,000 tons annually. In total, the EU accounts for around 53% of the world’s olive oil consumption'.
This high production rate of olive oil in Spain generates huge amount of olive mill waste (OMW) that should
be valorized. It is assumed that the extraction of one metric ton of olive oil using three-phase systems produces
in average 0.6 ton of olive mill solid waste and around 1.5 m?® of olive mill wastewater’. Regarding microbial
biomass contained in MOW this is dominated by bacteria containing Pseudomona, Zymobacter, Lactobacillus, and
Actinobaculum?, some of them with known capacity to produce biosurfactants. Moreover, in mill olive residues can
be present phospholipids as the main phospholipids found in olive oil were phosphatidic acid, lyso-phosphatidic
acid, phosphatidylinositol and glycerophospholipid®* and Bianco et al.¢ reported the presence of glycolipids in olive
pulp, specifically digalactosyldiacylglycerols.

Extensive literature exists regarding the isolation of microorganisms from agro-industrial residues with the
capacity to produce microbial biosurfactants, which are secondary metabolites capable of reducing water surface
tension. These biosurfactants exhibit advantages over synthetic surfactants, such as biodegradability, reduced
toxicity, and the ability to be produced from renewable resources. They can be categorized into lipopeptides,
glycolipids, phospholipids, fatty acids, polymeric surfactants, and particulate surfactants’.

Moreover, various microorganisms, including bacteria (e.g., Pseudomonas aeruginosa, Bacillus subtilis) and
yeasts (e.g., Candida bombicola), have been identified for their ability to produce biosurfactants from oil waste
in controlled fermentations process®®. Therefore, Wadekar et al.!” have proven oil waste can be used as carbon
source for production of rhamnolipids using P. aeruginosa although most of the works deals with the use of waste
frying oil to produce Surfactin using Bacillus pumilus'! or B. subtilis'2.

Other authors have also demonstrated the efficacy of engine waste oil as a feedstock to produce valuable
rhamnolipids biosurfactants by Pseudomonas aeruginosa'*='°. This technology holds potential applications for
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oil recovery!” and bioremediation of contaminated sites with detergent formulations containing rhamnolipids
from P, aeruginosa'®.

Biosurfactants can be linked to the cell membrane of microorganisms, such as those produced by lactic acid
bacteria!®~2! or produced extracellularly?>?*. For biosurfactants associated with cell membranes, a solid-liquid
extraction with phosphate-buffered saline (PBS) is the most frequently extractive method employed for this
purpose, whereas for recovering extracellular biosurfactants, centrifugation of the culture broth followed by
precipitation and/or liquid-liquid extraction with organic solvents could be an option?>%.

Furthermore, previous research has demonstrated that corn mill wastewater sludge, named corn steep liquor,
is a promising source of biosurfactants?!, suggesting that agri-food industry residues, which are abundant
in nutrients, could be a source for the spontaneous extraction and production of bioactive compounds. It is
noteworthy that residual oil streams have been utilized as a feedstock to promote the production of biosurfactants
by various microbial strains in controlled fermentations®. However, the spontaneous fermentation of residues
from the olive mill industry or other oil-based by-products for direct biosurfactant production has never been
explored.

Therefore, this study aims to explore, for the first time, the potential of olive mill waste (OMW) as a direct
source of biosurfactant extracts. This work is inspired by literature that highlights the efficacy of olive oil waste
industry as a carbon source for promoting biosurfactant production in controlled fermentation process and
recognizing in the literature the presence of microbial biomass in olive pulp mill waste. Two extraction methods
will be applied: one using organic solvents to target more lipophilic surface-active agents, and another using
PBS typically employed for extracting hydrophilic cell-bound biosurfactants from lactic acid bacteria. After
extraction, lipophilic and hydrophilic biosurfactant extracts will be characterized using Total Reflectance-
Fourier Transform Infrared Spectroscopy (ATR-FTIR) accomplish with regression study in comparison with
other natural produced biosurfactant extracts. Moreover, their surface-active properties, wettability, and oil
spreading activities should be evaluated.

Materials and methods

Extraction of biosurfactants from olive mill waste (OMW)

Olive mill waste (OMW) containing 28% in solids was provided by Aceites Abril located in Ourense (Spain).
Biosurfactant from OMW were obtained using two different extractants ethyl acetate or PBS following the
protocol established in Fig. 1. These solvents are effective extraction methods because ethyl acetate remains
unreactive during extraction, enabling its distillation and condensation for reuse. Moreover, PBS is a
biocompatible solution, making the PBS-based biosurfactant extract suitable for direct use as a biosurfactant
solution. Additionally, PBS is a biocompatible solution hence PBS containing biosurfactant extract could be
directly used as a biosurfactant solution. The extraction process of more lipophilic OMW biosurfactant was
obtained using ethyl acetate following the procedure applied in previous works for extracting biosurfactants
from corn steep liquor!®?®, with slightly modifications. Hence, for increasing the concentration of biosurfactants
OMW was subjected to a spontaneous steeping process with water (adding water up to achieve 25% of solids)
at 37 °C for 15 days and compared with a control where OMW was macerated with the same amount of water
during 1 h at room temperature. Two different fractions of OMW were employed, with solids or without solids.
The extraction with ethyl acetate was carried out using a ratio 1:3 OMW:ethyl acetate (m/v) at room temperature
during 1 h, at 210 rpm in a shaker (KS 4000 ic control from IKA) and after that the solvent was eliminated by
vacuum distillation using a rotavapor (rotavapor R-210 from BUCHI Labortechnik), following the procedure of
previous works!®2>. Moreover, to assess the maximum extractive capacity of ethyl acetate, raw OMW was also
extracted with ethyl acetate using Soxhlet during 60 min at 60 °C.

In all the cases dry weight of extracts was obtained after solvent vacuum distillation by drying the extracts in
a heating oven (UN110 from Memmert) during 48 h. The yield of extraction process was calculated based on g
of extract dry weight per Kg of OMW.

On the other hand, samples for PBS extraction were first centrifuged before the extraction process. Therefore,
the solid residues of OMW, both with and without the steeping process, were subsequently washed and subjected
to solid-liquid extraction using PBS (see Fig. 1). After the extraction, PBS extract containing biosurfactants was
dialyzed using a molecular porous dialysis membrane (Spectra/Por from Spectrum laboratories) and lyophilized
with a lyophilizer LyoQuest (from Telstar) following the procedure established in previous works for extracting
cell-bound biosurfactants from microbial biomass®*?!. After lyophilization extracts were weighted and the yield
was obtained in g of extracts per Kg of OMW.

Evaluation of surface tension activity

The effectiveness of biosurfactant extracts to reduce the surface tension of water was evaluated by measuring
the reduction of surface tension of deionized water in presence of different concentration of biosurfactant
extracts obtained from OMW, below and above the Critical micellar concentration (CMC). The surface
tension was measured using a tensiometer (K20 EasyDyne from KRUSS Scientific). The CMC was determined
as the minimum concentration of biosurfactants that reduces the surface tension to its minimum value. This
was achieved by plotting the surface tension against the biosurfactant concentration and determining the
intersection of two lines with different slopes. One line represents the variation of surface tension with increasing
biosurfactant concentration above the CMC, while the other line represents the variation of surface tension with
decreasing biosurfactant concentration below the CMC?.

Before the extraction processes, the aqueous phase in contact with OMW was evaluated in terms of surface
tension. OMW was centrifuged after maceration or steeping, and the supernatant was collected. The dry weight
of the supernatant was measured to determine the raw biosurfactant content in both samples, and surface
tension was assessed through serial dilutions following the procedure described above.
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Fig. 1. Protocol followed for the extraction of different biosurfactant extracts from OMW.

Contact angle evaluation

The surface of microscope cover glasses (from VWR) was coated with different solutions of biosurfactant
extracts at concentration of 1 g/L and then left to dry for about 2 h at room temperature. Afterwards, 2 uL of
ultrapure water was placed on the surface and the contact angle was measured. This measurement of contact
angle was carried out by using a drop shape analyzer (DSA25 from KRUSS Scientific) equipped with the software
ADVANCE (KRUSS Scientific).

Oil spreading test

This assay was carried following the procedure stablished in previous works, using Petri dish of 8.5 mm diameter,
containing 20 mL of distilled water, overlaid with 160 of oil pL?’. All the biosurfactant extracts under evaluation
were compared at concentrations of 1 g/L, above their CMC. The appearance of clear zones was observed after
1 h and 24 h and cleaning area was quantified using the image processing program Image].

Physicochemical characterization of biosurfactant extracts

C and N in the different extracts was done by means of an elemental analyzer (Fisons Carlo Erba EA-1108
CHNS-0, LabX, Midland, ON, Canada). The protein content in the samples were calculated by multiplying the
nitrogen content with the nitrogen-to-protein conversion factor (6.25)%.
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On the other hand, extracts were chemically characterized by Total Reflectance-Fourier Transform Infrared
Spectroscopy (ATR-FTIR) using a Nicolet 6700 FTIR spectrometer (Thermo Scientific) and compared with
commercial biosurfactants (surfactin and fengycin) as well as with other naturally produced biosurfactants
extracted from corn steep liquor with ethyl acetate? or chloroform?! or produced biotechnologically from
Lactobacillus pentosus with PBS!® using the Pearson correlation factor (r,) calculated with Excel. The spectral
measurements were made in the transmittance mode in the range of 400-4000 cm~!. All measurements consisted
of 32 scans per spectrum obtaining 1868 number of points for each spectrum.

Statistical treatment of data

Data were analyzed with one-way analysis of variance ANOVA using the SPSS 24.0 statistic software (IBM
Corporation, Armonk, NY, USA). Statistical significance of the results presented in the work was determined by
using the Tukey-b post-hoc test at a confidence level of p <0.05.

Results and discussion

Evaluation of organic extraction of biosurfactants from olive mill waste

Evaluation of surfactant properties

Olive mill waste (OMW) was subjected to different extractions processes with ethyl acetate summarized in
Fig. 1. When OMW was subjected to extraction, after a simple maceration process ,without steeping, they were
obtained extracts that were able to reduce the surface tension of water between 48.4 and 54.6 mN/m with a CMC
of 0.26-0.69 g/L; whereas when this residue was subjected to a steeping process at the optimum temperature for
microorganisms (37 °C), for 15 days, the extract was able to reduce the surface tension of water between 46.7 and
44.8 mN/m with a CMC between 0.22 and 0.23 g/L. Although both results are promising, as OMW can serve as
a direct source of biosurfactant extracts even without steeping, the steeping process significantly enhanced the
yield and purity of the biosurfactant extract, leading to lower CMC values. Figure 2 shows the kinetic profile of
surface tension with concentration of the different biosurfactant extracts, under all the conditions assayed when
extraction was carried out with ethyl acetate; whereas Fig. S1 (supplementary material) shows the extraction
yields achieved.

Hence, when the liquid-liquid extraction of biosurfactants was carried out to the whole OMW residue
(without solids removal) and macerated in the same amount of water for one hour, without applying the steeping
process, the biosurfactant extract solubilized was able to reduce the surface tension of water up to 48.4 mN/m
with a CMC of 0.26 g/L and an extraction yield of 87 g/Kg of OMW. However, when the steeping process was
performed it was likely that microbial biomass growth was stimulated, leading to an enhanced biosurfactant
production. This improvement resulted in a reduction of the CMC to 0.22 g/L and a minimum surface tension
of 46.7 mN/m. Nevertheless, the more significant characteristic is the increase of extraction yield that improved
up to 104.6 g/lkg OMW after the steeping process. The quantity of biosurfactant extracted from OMW yielded
significantly higher yields in comparison to the biosurfactant extract obtained from corn steep liquor in a
previous work, using a similar protocol but employing chloroform, that resulted in a biosurfactant yield of
12 g/kg of CSL?. The optimized chloroform-based extraction of biosurfactants from corn steep liquor, gave
biosurfactant extract with a CMC of 399.4 mg/L, like the cationic surfactant cetyltrimethylammonium bromide,
that are less favorable that those achieved in the current work.

On the other hand, when the extraction was carried out under the same circumstances but removing the
solids, the differences noticed, with and without steeping, were more notable. It was observed that without
solids and without steeping the surface activity of the extract obtained were the lowest detected being only able
this extract to reduce the surface tension of water up to 54.6 mN/m with a higher CMC (0.69 g/L). In contrast
when the OMW underwent the steeping process for 15 days at 37 °C, and solids were removed previously
to the extraction process, the biosurfactant extract obtained was able to reduce the surface tension of water
up to 44.8 mN/m with a CMC of 0.23 g/L and a yield of 23.3 g/kg OMW. Therefore, it can be inferred that
new compounds are released to water during the steeping process due to the spontaneous growth of biomass.
Hence, depending on the protocol used for the extraction, extracts with different surface tension activities can
be obtained, being remarkable that the steeping process promoted the production of biosurfactants, being the
extraction of surface-active compounds more favorable when this was carried out with the whole OMW, being
the extraction yield under these circumstances 77.7% higher. Based on this, it can be presumed that part of the
biosurfactant compounds is linked to the microbial biomass that constitute part of the solids contained in OMW.

Furthermore, before the liquid-liquid extraction with ethyl acetate, the surface tension of water in contact
with OMW was measured, yielding values of 48.0 mN/m (without steeping) and 46.1 mN/m (with steeping)
with a CMC of 2.2 and 1.4 g/L, respectively (see Fig. S2 in supplementary material). It can be observed that
the minimal surface tension values of water in contact with OMW, before extraction, are similar than those
observed in water in presence of biosurfactant extract obtained with ethyl acetate (Fig. 2). This suggest that this
water content biosurfactants at concentration above of CMC. However, it is noteworthy that the aqueous phase
contains a higher concentration of impurities, deduced by the higher values of CMC (2.2-1.4 g/L). Moreover,
when OMW without steeping was subjected via Soxhlet to an extraction with ethyl acetate during 60 min the
extract obtained was able to reduce the surface tension of water up to 56.3 mN/m with a CMC of 0.49 g/L
(Fig. 2), corresponding with an extraction yield of 158.3 g/Kg OMW (Fig. S1 in supplementary material). The
yields obtained with Soxhlet extraction are the highest; however, the surface tension activity of this extract is
less favorable compared to that achieved after 15 days of steeping process at room temperature followed by ethyl
acetate extraction. This suggests a higher content of non-surface-active compounds, likely antioxidants or fatty
acids. Ethyl acetate is one of the solvents usually selected for extracting antioxidants from agri-food residual
streams®*0.
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Fig. 2. Variation of surface tension of water in presence of decreasing concentrations of biosurfactant extract
obtained from OMW with ethyl acetate: in presence of solids and without steeping process (a), in presence
of solids with steeping process (b), without solids and without steeping process (c), without solids and with
steeping process (d) with Soxhlet technique (e).

CMC and yield values were analyzed for statistical significance using the Tukey-b post-hoc test at a confidence
level of p <0.05. This analysis aimed to assess whether the differences between values obtained with or without
steeping were statistically significant. The results revealed that a prior steeping step significantly impacted the
CMC values in both extraction methods. Regarding extraction yields, the steeping process with solids resulted
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in significant improvements in the amount of biosurfactant extracted, while steeping without solids showed no
significant positive difference.

Elemental analysis and Fourier transform infrared (FTIR) spectroscopy characterization

Regarding their chemical composition biosurfactant extract obtained after ethyl acetate extraction was
composed by 0.11+0.02% N, 74.41 +0.06% C what it is compatible with the presence of phospholipids analogous
biosurfactants. The high carbon content, along with the surface-active properties mentioned earlier, suggests a
phospholipid-like nature. The nitrogen content in samples extracted with ethyl acetate was minimal, indicating
a lack of significant amounts of lipopeptides or glycopeptides. Thus, it can be speculated that endogenous
microorganisms that growth in mill olive waste produce surface active agents rich in those major components of
the nutritional source and in this case the substrate is rich in fat.

Comparing the ATR-FTIR spectra of extracts obtained with ethyl acetate to other biosurfactants, such
as surfactin and fengycin, as well as other naturally derived biosurfactants, revealed that the highest degree
of similarity was with biosurfactants extracted from corn steep liquor using chloroform, rather than those
extracted with ethyl acetate. The Pearson correlation coeflicient (r_) ranged from 0.93 to 0.94 for all ethyl acetate
extracts, except for the one obtained via Soxhlet extraction, which showed a r_of 0.73 (see Table 1 and Fig. 3).
It can be inferred the presence of molecules in the extract, obtained via Soxhlet, that are not biosurfactants,
for instance antioxidants or fatty acids (see Table 1 and Fig. 3B) that is in consonance with the highest CMC
value of this biosurfactant extract. The ATR-FTIR spectra comparison with the extract obtained from corn
steep liquor with ethyl gave a lower r_value (0.51-0.52) probably because, in corn steep liquor, ethyl acetate has
preference for other substances rather than phospholipids, whereas chloroform, in corn steep liquor, has more
affinity for phospholipids. It can be hypothesized that the biocompounds extracted by ethyl acetate from corn
steep liquor are not present in OMW, as indicated by the lower similarity in their ATR-FTIR spectra. Moreover,
Fig. S3 (supplementary material) includes the ATR-FTIR of all the biosurfactant extracts obtained with ethyl
acetate in comparison with the other biosurfactant extracts used as controls, including commercial lipopeptides,
and biosurfactants produced by L. pentosus or from corn steep liquor. ATR-FTIR is an interesting technique,
and it has been used to determine cell wall composition of a large diversity of fruits and vegetables®! and to
predict the production of biosurfactants or Gramicidin S in natural extracts on corn kernel aqueous stream by
Aneurinibacillus aneurinilyticus®?. Other authors have been used ATR-FTIR spectroscopy for a fast quantitative
determination of rhamnolipids from cultivation broth3?.

The spectra shown in Fig. 3A display pronounced bands between 2922 and 2953 cm™!, which are attributed
to CH, stretching of fatty acids, along with prominent bands at 1741 cm™ and 1709 cm™!, corresponding to
C=0 stretching in phospholipids and fatty acids. These bands are also close to the C=0O stretching of amide
I in peptides, which typically occurs between 1600 and 1700 cm~'. However, for the biosurfactant extract
obtained from OMW using ethyl acetate after steeping or via Soxhlet extraction, it is more likely that the band
at 1741-1743 cm™! matches to the stretching of phospholipids or fatty acids, with the presence of amide I, being
negligible. Typical phospholipid bands are found between 1765 and 1720 cm™!, which are associated with C=0
stretching vibrational modes*. In Fig. 3B, the functional groups observed in the biosurfactant extract from
Soxhlet extraction, between 1258 and 790 cm™!, are commonly detected in virgin olive 0il®>. The bands in this
region align with the stretching vibrations of C-O ester groups and CH, wagging, while the band near 700 cm™!
is produced by the overlapping of the (CH,)  rocking vibration and the of cis-di-substituted olefins®. Hence,
it can be speculated that Soxhlet extraction increase the amount of oil in the biosurfactant extract. Therefore,
considering the ATR-FTIR spectra of Fig. 3 it can be interfered that biosurfactant extract obtained from OMW
is like biosurfactant extract obtained from corn steep liquor via chloroform extraction, with a notable presence
of phospholipids, along with a small presence of lipopeptides similarly to biosurfactant extract obtained from
corn steep liquor via chloroform.

Sample | BS-CSL-Chloroform | BS-CSL-Ethyl acetate | Surfactin | Fengycin | BS-L. pentosus
1 0.94 0.52 0.48 0.26 0.20
2 0.94 0.49 0.46 0.24 0.17
3 0.94 0.52 0.47 0.25 0.19
4 0.93 0.54 0.49 0.28 0.21
5 0.73 0.50 0.34 0.23 0.36
6 0.46 0.82 0.77 0.85 0.91
7 0.54 0.81 0.79 0.84 0.90

Table 1. Pearson coefficients (rp) obtained after comparing ATR-FTIR of OMW biosurfactant extract with
ATR-FTIR of biosurfactant extracts obtained from corn steep liquor using chloroform (BS-CSL-chloroform)
or using ethyl acetate (BS-CSL-ethyl acetate), surfactin, fengycin, and biosurfactant from L. pentosus (BS-

L. pentosus). 'Biosurfactant extract obtained from OMW with ethyl acetate in presence of solids without
steeping; 2 Biosurfactant extract obtained from OMW with Ethyl acetate in presence of solids with steeping;

3 Biosurfactant extract obtained from OMW with ethyl acetate in absence of solids without steeping; *
Biosurfactant extract obtained from OMW with ethyl acetate in absence of solids with steeping; ®> Biosurfactant
extract obtained from OMW via Soxhlet with ethyl acetate; 6 Biosurfactant extract obtained from OMW with
PBS without steeping; 7 Biosurfactant extract obtained from OMW with PBS and steeping.
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Fig. 3. (a) ATR-FTIR spectrum of biosurfactant extract obtained from corn steep liquor using chloroform
in comparison with biosurfactant extract obtained from OMW using ethyl acetate; (b) ATR-FTIR spectrum
of biosurfactant extract obtained from corn steep liquor using chloroform in comparison with biosurfactant
extract obtained from OMW using ethyl acetate via Soxhlet.

In comparison with other biosurfactants produced from waste oil in controlled fermentations, Gautam
et al.® reported that 71.4% were glycolipids and 28.6% were lipopeptides, ranging with production yields in
the fermented medium between 1.4 and 50 g/L. The microorganisms more frequently used was P. aeruginosa
and B. subtilis. These biosurfactants extracts reduced the surface tension of water between 26.4 and 45 mN/m,
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being the lowest value corresponding to a rhamnolipid produced by P. aeruginosa using 5% of waste frying
oil as substrate, in controlled fermentation, with a yield of 2.8 g/L!?. The highest surface tension values (45
mN/m) correspond with an extract composed by surfactin and produced by Bacillus pumilus using also 5% with
a yield of 5.7 g/L!. The highest production yields (34 and 50.0 g/L) were achieved using Candida bombicola
corresponding with sophorolipids®’. The surface tension reduction achieved by the extracts produced from
OMMW after steeping process are comparable with those reported by de Oliveira and Garcia-Cruz!?, for surfactin
produced by B. pumilus, although in the current work using OMW the yields obtained were more favorable.
Probably the microorganism present in OMW were adapted to the carbon source present in OMW whereas
when a controlled fermentation is employed usually microorganisms are not adapted. The extracts obtained after
steeping process by liquid-liquid extraction after solid removal of OMW involve the presence of hydrophilic-
lipophilic substances as the liquid-liquid extraction with ethyl acetate it is carried out to those compounds that
were soluble in water during the steeping process. However, no significant differences were observed in terms
of elemental composition. This is consistent with the similarity found with the biosurfactant extract obtained
directly from corn steep liquor also coming from a water steeping process. Hence, Rodriguez-Lopez et al.'®
obtained a biosurfactant extract from corn steep liquor, also extracted with ethyl acetate, that was able to reduce
the surface tension of water up to 37 mN/m with a CMC of 0.18 g/L. Moreover Martinez-Arcos et al.>* have
reported that the biosurfactant extract obtained from corn steep liquor was able to reduce the surface tension of
water up to 43.8 mN/m with a CMC of 0.3 g/L. It is important to mention that the extraction process applied to
corn steep liquor was carried out with a lower amount of residual stream per batch.

Wettability properties

Regarding wettability properties Fig. 4 shows the contact angle of biosurfactant extracts obtained from OMW
using ethyl acetate in comparison with a control with water. The most favorable results were obtained with
the extracts produced from OMW after steeping using the whole residue (36.43 +1.54°) (Fig. 4C), whereas
when the extract was obtained after the removal of solids the contact angle was less favorable and increased
up to 53.10+1.04° (Fig. 4E). Therefore, it can be speculated that the extract obtained after steeping process
contains a higher amount of surface bioactive compounds. The contact angle of extracts obtained with ethyl
acetate via Soxhlet showed the least favorable results (62.03 +0.92°) (Fig. 4F) similarly to the control with water

(a) (b)

(c) (d)

(e) ®

Fig. 4. Contact angle of glass surface coated with water (a) with extracts obtained from OMW with ethyl
acetate: in presence solids and without steeping process (b), in presence of solids with steeping process (c),
without solids and without steeping process (d), without solids and with steeping process (e), and via Soxhlet

(f).
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(61.17+£0.96°) (Fig. 4A) what reinforce the idea that extraction via Soxhlet increases the concentration of non-
surface-active bio compounds. Knoth et al.*® reported contact angle values of 35° when working with glass
and 64° when working with mineral wax for the biosurfactant extract obtained from corn steep liquor using
chloroform. Tukey-b post-hoc test revealed that the steeping process significantly improved the wettability of the
extracts in the presence of solids, but not in the absence of solids.

Oil spreading test

Concerning the oil spreading test with biosurfactants extracts obtained using ethyl acetate (Fig. S4 in
supplementary material), both in the case of extracting with solids and without solids, the previous steeping
process improved the results obtained. In this case, the clear area obtained 24 h after starting the test when the
extraction was carried out with solids, was significantly increased from 1.16 to 1.89 cm?, meanwhile with the
extraction without solids was only increased from 0.98 to 1.23 cm? (Fig. S4). This supports the hypothesis that
some of the biosurfactant compounds are linked to the biomass that constitute part of the solids contained
in OMW, hence it would be more efficient to perform the extraction with the OMW in its entirety, but it also
demonstrates the advantages of steeping prior to extraction, since in both cases the areas obtained were increased
significantly by using the extracts produced after steeping. Finally, the clean area when using the extract obtained
via Soxhlet was 6.55 cm?, which may be attributed to the presence of phospholipids, also found in olive 0il*.

Evaluation of aqueous extraction of biosurfactants from olive waste

Evaluation of surfactant properties

With the aim of obtaining more hydrophilic and cell-bound biosurfactants OMW was subjected to an extraction
process with PBS following the protocol established for the extraction of cell-bound biosurfactants with PBS.
The extracts obtained from the solid fraction containing biomass were able to reduce the surface tension of
water up to 50.4 mN/m (Fig. 5A) and 51.3 mN/m (Fig. 5B) for OMW subjected and non-subjected to a steeping
process, with a CMC of 0.19 and 0.27 g/L, respectively. Figure 5 shows the kinetic profile of surface tension with
concentration of biosurfactant extract under all the conditions assayed when extraction was carried out with
PBS; whereas Fig. S5 (supplementary material) shows the extraction yields achieved.

Again, it was observed that the steeping process increased significantly the concentration of biosurfactants,
reducing the CMC 29.6%. These data are in consonance with the properties of hydrophilic biosurfactant extracts
produced from lactic acid bacteria in controlled fermentations under the same extraction method. Hence
Gudina et al.? have reported that Lactobacillus paracasei isolated in a Portuguese dairy industry and cultivated
in Man, Rogosa and Sharpe (MRS) broth, a standard medium where glucose was replaced by lactose, was able
to produce an extract that was able to reduce the surface tension of water up to 41.8 mN/m with a CMC of
2.5 g/L. Other authors?! have reported that L. pentosus and L. paracasei cultivated in a fermentation medium
containing glucose and of xylose for L. pentosus or glucose for L. paracasei produced extracts that reduce the
surface tension of water up to 52.8 and 46.9 mN/m with a CMC of 1.26 and 1.35 g/L respectively, observing that
the surface activity properties of extract obtained from OMW after the steeping process is similar to the activity
of L. paracasei extract growth on glucose but with more favorable CMC values. Tukey-b post-hoc test revealed
that the steeping improves the results significantly, both in yield and CMC.

Elemental analysis and Fourier transform infrared (FTIR) spectroscopy characterization

In terms of chemical composition, the biosurfactant extract contained 1.27 +0.01% nitrogen and 58.7+0.01%
carbon. Furthermore, based on the nitrogen percentage, it can be inferred that the extract contains approximately
7.9% peptides or proteins, likely forming part of glycopeptides or glycoproteins. Infrared absorption bands
associated with peptide bonds include NH stretching around 3300 and 3100 cm™, C=0 stretching between
1600 and 1700 cm™, CN stretching, and NH bending within the ranges of 1480-1575 cm™! and 1229-1301 cm™'.
These characteristic bands are also observed in biosurfactant extracts derived from OMW extracted with PBS,
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Fig. 5. Surface tension values obtained with decreasing concentrations of biosurfactant extract obtained from
OMW with PBS: without steeping process (a), and with steeping process (b).
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as well as in those obtained from L. pentosus (See Fig. 6). ATR-FTIR analysis revealed a high similarity with the
biosurfactant extract produced by L. pentosus but also with some coincidence with bands found in fengycin
(Fig. 6a), displaying prominent bands between 2922 and 2854 cm™!. These characteristic absorption bands,
represented by low transmittance bands, correspond to the symmetric stretching of CH, in the fatty acid chain of
fengycin (Fig. 6A) also observed in the biosurfactant extract produced from corn steep liquor using chloroform

3 -
w o ~ o — :
- o e - - 5
8 &m 2 3 192 120
| 1o ; ! ¥
i P g 2 100
- E: " 80 ¥
: : : ]
: E 60 B
a4t g
' 0 B
6 s )
3 w un
g =4 &= 2
L S
0
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™®)
——BS OMW PBS ——Fengydin
(a)
@ Qo ~ o -g -
2 o o - = s
2 & S 122 120
: 2 Lo i
oy Vo = 100
¥ i y
i ] §
g
- 40 'o_o‘
v z g
8 20
-
0
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™®)

——BS OMWPBS ——BS-L-Pentosus

(b)

Fig. 6. (a) ATR-FTIR spectrum of biosurfactant extract obtained from OMW using PBS in comparison with
fengycin; (b) ATR-FTIR spectrum of biosurfactant extract obtained from OMW using PBS in comparison with
the biosurfactant extract produced from L. pentosus.
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(a) (b)

(¢)

Fig. 7. Contact angle of glass surface coated with water (a) and with the extracts obtained from OMW with
PBS: without steeping process (b) and with steeping process (c).

(Fig. 3A) and in both biosurfactants extracts obtained from OMW via ethyl acetate or PBS, compatible with
the presence of CH, stretching of fatty acids. Additionally, two bands at 1743 cm™, and 1612 cm™ can be
observed, corresponding to C=0 stretching, the second one corresponding with amide I in peptides. Moreover,
a pronounced band around 3300 cm™ also suggests the existence of NH stretching corresponding with peptides.
These features are also present in the ATR-FTIR spectrum of fengycin and in the biosurfactant extract obtained
from L. pentosus. Moreover, significant bands between 1026 and 1072 cm™' were observed, indicating the
presence of sugars*’ in the OMW biosurfactant extract obtained with PBS, also observed in the ATR-FTIR
spectrum of L. pentosus biosurfactant extract, but not detected in fengycin.

It can therefore be considered that the biosurfactant extract from OMW obtained via PBS extraction is a
mixture of glycopeptides, like those found in biosurfactant extracts from L. pentosus, and may also contain
lipopeptides resembling those in fengycin, along with some phospholipids also present in the biosurfactant
extract obtained via ethyl acetate extraction. Furthermore, fengycin shows a characteristic band for amide
I1I in the 1200-1300 cm™ range, associated with CN stretching and NH bending. This band is absent in the
biosurfactant extract from L. pentosus as well as in the OMW biosurfactant extract obtained after steeping and
PBS extraction.

Wettability properties

To assess the wettability of the biosurfactant extracts obtained from OMW using PBS, the glass surface was coated
with a solution of the biosurfactant extract at the same concentration used in the previous study with extracts
obtained from OMW using ethyl acetate. Figure 7 includes the contact angle of OMW biosurfactants extracts
obtained with PBS. These showed similar activity (31.07+2.10°) (Fig. 7C) than the extracts obtained from OMW
with solids extracted with ethyl acetate (36.43+1.54°) (see Fig. 4C) and, as in ethyl acetate extraction, the pre-
steeping process helped to improve significantly the results obtained from 44.47 +0.64° (Fig. 7B) to 31.07+2.10°
(Fig. 7C). The contact angle values are in the range of the biosurfactant extract obtained from corn steep liquor in
previous works®, although these values varying with the concentration of biosurfactant, and the material support
used during the analysis. The wettability of a surface depends on the adhesion and cohesion forces between a solid
substrate and a liquid. The contact angle determines whether the interaction results in high or low wettability.
According to the American Society for Testing and Materials (ASTM) standard, low advancing contact angles
occur when contact angle are lower than 45°. Hence, the biosurfactant extracts obtained from OMW increase
the wettability significatively of the tested surface. Tukey-b post-hoc test that prior steeping implies a significant
improvement in the wettability of the extract.

Oil spreading test

Concerning the oil spreading test (Fig. S6 in supplementary material) biosurfactant extract coming from OMW
subjected to a steeping process, after 24 h, increased in 7.15 cm? the clear area, while without steeping the
increase was 3.87 cm? in comparison with the control with water, this is in consonance with the lower CMC and
contact angles observed in those extracts obtained after the steeping process. Rodriguez-Lépez et al.? observed
a clear zone in oil spreading test after 1 h and 24 h using L. pentosus biosurfactant produced in controlled
fermentation of 14.6 cm? at concentration of 14.5 g/L; whereas when concentration was reduced at 7.25 g/L these
values were reduced up to 7.1 and 9.6 cm?. In both cases the concentration used of biosurfactant produced by L.
pentosus was much higher than that used for the OMW biosurfactant extract (1 g/L).

Conclusions

This work demonstrates that two extractive techniques, one based on organic solvent extraction using ethyl
acetate and other based on aqueous extraction using PBS, can be used to obtain biosurfactants extracts form
olive mill waste. The results indicate that both methods can yield biosurfactants, and extracts of different nature
can be obtained depending on the method used. The incorporation of a steeping process prior to extraction
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significantly enhances biosurfactant yield and effectiveness, probably due to the stimulation of microbial biomass
growth, which contributes to the increased production of biosurfactants. The biosurfactants obtained from
OMW are effective in reducing the surface tension of water and demonstrated various properties such as wetting
and oil spreading abilities, reporting different levels of effectiveness depending on whether the biosurfactants
were more lipophilic or hydrophilic, influenced by the extraction method and steeping processes. The ATR-FTIR
spectroscopy analysis showed similarities with other known biosurfactants, like glycopeptides extracted from L.
pentosus or with natural biosurfactant extracts obtained from corn steep liquor, using chloroform, containing
phospholipids and lipopeptides, but with higher extraction yields.

The results highlight the promise of using OMW as an economically viable and sustainable source for
biosurfactant production, offering opportunities for applications in bioremediation and cleaner production
processes in various industries as well as humectant and surfactant in cosmetic industry. Overall, this work
underscores the viability of utilizing OMW as a spontaneous source for biosurfactant extraction, contributing
to waste valorization and the development of environmentally friendly processes. However, future studies are
needed for a more thorough characterization of the extracts to determine the molecular composition of the
various bioactive compounds present. Additionally, it will be essential to evaluate the bioactivity of these extracts to
establish their most appropriate applications, with particular focus on the cosmetic industry, given the wettability
properties demonstrated by these extracts.

Data availability
The original contributions presented in the study are included in the article/supplementary material, further
inquiries can be directed to the corresponding author/s.
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