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Biosurfactants are surface-active compounds derived from microorganisms and offer several
advantages over chemical surfactants, such as low toxicity, good biodegradability and ecological
acceptability. Even though interest in biosurfactants is increasing, these bioproducts do not compete
economically with synthetic surfactants due to the overall costs of the bioprocess. The use of
inexpensive raw materials is an important approach to reduce these costs since the substrate price
account for 10 to 30% of the final product expenses. In this study, papaya (Carica papaya L.) waste was
used as a substrate to produce biosurfactant by Bacillus subtilis UFPEDA 86 strain. In addition, culture
medium pH was corrected from 5.25 to 6.8 in order to analyze the influence of this variable on the
biosurfactant production. The submerged fermentation was carried out on a shaker incubator at 37°C,
200 rpm for 96 h. Biomass and substrate concentration, surface tension, emulsification index and
critical micelle concentration were analyzed. The strain was well adapted to both substrates studied,
without and with pH correction. Using the broth without pH correction (pH=5.25), a maximum cell
concentration of 1.07 g L™ at 36 h a 25.5% surface tension reduction, emulsification index of around
61% and critical micelle concentration of about 35 mg L™ was obtained. Using the broth with pH
correction to 6.8, better results; maximum cell concentration of 1.14 g L at 24 h, a 32.5% surface
tension reduction, emulsification index of around 66% and critical micelle concentration at about 35 mg
L™ was obtained. The papaya waste proved to be an effective substrate in the biosurfactant production
by B. subtilis UFPEDA 86 and the pH variable proved to be of great importance in the yield of this process.
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INTRODUCTION

Surfactants are amphipathic molecules, consisting of and interfacial tensions between immiscible compounds.
hydrophobic and hydrophilic portions, which act Its amphiphilic capacity increases solubility and mobility
preferentially at the interface between fluid phases with of hydrophobic and organic compounds insoluble in
different polarities, promoting the reduction of surface aqueous solutions (Ghojavand et al., 2008; Singh et al.,



2007; Ying, 2006). Thus, surfactants are applied in a wide
variety of industrial processes involving emulsification,
foam, detergency, wetting, dispersion or solubilization
(Nitschke et al., 2004).

Most of the surfactants produced are chemically
derived from petroleum. However, increasing environ-
mental concerns have led to the search of natural
surfactants as an alternative to the traditional synthetic
products (Barros et al., 2007). Natural surfactants
synthesized by microorganisms are called biosurfactants
and offer several advantages over chemical surfactants
such as low toxicity, biodegradability, ecological
acceptability, stability to extreme temperature, pH or
salinity conditions and the possibility of production from
renewable sources (Lobato, 2013; Rocha, 2017). In
addition to these characteristics, biosurfactants have a
wide variety of potential applications, which make them
even more interesting. The main applications of these
biological compounds are in the advanced oil recovery
and in the bioremediation fields, however, they can still
be used as emulsifiers, functional ingredient, micro-
biological, pharmaceutical and therapeutic agent, and as
additives in health and beauty products (Ghojavand et al.,
2008).

Biosurfactants have awide variety of chemical structures,
including glycolipids, lipopeptides, phospholipids, fatty
acids or neutral lipids, among others (Geys et al., 2014;
Gudifia et al., 2013). Bacillus species produce a broad
spectrum of lipopeptide biosurfactants, which are cyclic
molecules consisting of a variable-length fatty acid
(hydrophobic fraction) bound to a short peptide chain
(hydrophilic fraction) of seven or ten amino acids. Among
them is the surfactin, a lipoheptapeptide produced by
Bacillus subtilis strains and one of the most effective
biosurfactants known so far (Singh et al., 2009).

In spite of the increasing interest in biosurfactants,
these compounds do not compete economically with
synthetic surfactants due to the high process costs
associated with inefficient methods of bioproducts
recovery and the use of costly substrates, which account
for about 10 to 30% of the overall production cost
(Lobato, 2013; Tuleva et al., 2009). A method to reduce
such costs is the use of alternative substrates with a
good balance of carbohydrates and lipids to provide
efficient ~ microorganism  growth  conditions and
biosurfactant synthesis. In this sense, by-products of
agroindustry activity are great substrate sources for
biosurfactant production and their use can diminish the
environmental problems caused by their inadequate
disposal, as well as the costs associated with effluent
treatments (Gallert and Winter, 2002; Makkar and
Cameotra, 2002; Mukherjee and Das, 2005). Thus, the
use of agroindustrial wastes brings value to these
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materials and contributes to the sustainability of their
economical chain (Rocha, 2017).

Papaya (Carica papaya L.) peels, for example, provide
a good alternative substrate for fermentation since they
have a good nutritional balance and are usually
discarded in the fruit processing industries (Gondim et al.,
2005; Lima et al., 2008). According to Gondim et al.
(2005), the main macronutrient present in the papaya
waste is carbohydrate, which makes this residue an
excellent energy source and a good substrate for
fermentation. In addition, the peels of this fruit have pH
around 5.5, which makes them less acidic when
compared to the other fruits peels and therefore less
aggressive to the microorganism. According to data
provided by the quality control of Brasfrut® (Feira de
Santana, BA, Brazil), about 65 tons of papaya wastes
were eliminated by this company in 2016. Despite the
good characteristics of the papaya waste and the
sustainability involved in its use, no study is reported in
the literature using these residues as a substrate for the
biosurfactant production.

In this context, the present work aimed to evaluate the
biosurfactant production by Bacillus subtilis strain
UFPEDA 86 using papaya (C. papaya L.) waste from the
industrial fruit processing as substrate, and to analyze if
the pH modification of the culture medium is effective in
the biosurfactant production. Cell growth, substrate
consumption, surface tension reduction, emulsification
index and critical micelle concentration were evaluated
during 96 h of fermentation.

MATERIALS AND METHODS
Microorganism maintenance

B. subtilis UFPEDA 86 used in this study was kindly provided by the
Department of Antibiotics of the Federal University of Pernambuco,
Brazil. The strain was maintained in Luria-Bertani agar medium, as
proposed by Cold Spring Harbor protocols (2010), with
modifications. The modified medium was composed of 10.0 g L™
tryptone; 5.0 g L™ of yeast extract; 5.0 g L™ NaCl and 20.0 g L™
agar. The pH of the medium was adjusted to 6.8 using 1 M NaOH
or 1 M HCI. The inoculation was performed in a laminar flow
chamber and the tubes were incubated at 37°C for 24 h and then
stored at 4°C. This procedure was repeated monthly for strain
maintenance.

Pre-inoculum and inoculum

The broths used as pre-inoculum and inoculum, proposed by Bugay
(2009, modified), had the same composition: 20.0 g L™ glucose; 3.0
g LT KH2POg4; 7.0 g L Ko HPO4; 0.2 g L™ MgS04.7H,0; 1.0 g L
1(NH4)2S0, and 1.0 g L™ of yeast extract, pH corrected to 6.8 using
1 MNaOH or 1MHCI The pre-inoculum was prepared by
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Figure 1. Biosurfactant production steps.

transferring three culture loops to a 125 mL Erlenmeyer flask
containing 30 mL of the medium and then brought to an incubator
under orbital shaking (Tecnal® TE-424) at 37°C and 200 rpm for 6
h. For the inoculum, 250 mL Erlenmeyer flask containing 50 mL of
the medium was used. At this stage, an aliquot corresponding to
10% (v/v) of the inoculum (5 mL) was withdrawn from the pre-
inoculum and transferred to the Erlenmeyer flask which was also
incubated under orbital shaking at 37°C and 200 rpm for about 16
h.

Substrate preparation

The papaya (Carica papaya L.) waste used in this work was
obtained from Brasfrut®, a fruit processing industry located in the
city of Feira de Santana, Bahia, Brazil. The residues were
homogenized with distilled water in a 2 L domestic blender
(Philips® 500 W) at the concentration of 250 g L™ (Souza et al.,
2012). Then, they were filtered and centrifuged (Hitachi Ltd. CR22G
1) at 10,000 rpm at 25°C for 10 min until the removal of all the solid
particles and obtaining of the aqueous extract (broth) used as
substrate in the fermentation. In order to check the influence of pH
on the biosurfactant production, a similar medium with pH corrected
to 6.8 was prepared.

Biosurfactant production

The production was carried out by submerged fermentation in an
orbital shaker incubator at 37°C and 200 rpm during 96 h. Samples
were collected at regular intervals to monitor the biomass
concentration, substrate concentration, surface tension variation,
emulsification index and critical micelle concentration. The sampling
intervals were: 4 in 4 h in the first 12 h and then 12 in 12 h until
complete 96 h of culture. The samples were collected and
centrifuged at 10,000 rpm at 25°C for 10 min to separate the
biomass from the supernatant (cell-free fermented broth), which

contained the biosurfactant. Figure 1 shows, in a simplified way, the
biosurfactant production steps.

Determination of biomass concentration and cell productivity

The biomass concentration was determined by the dry mass
method (Triboli, 1989). In this method, 50 mL of the samples were
transferred to pre-weighed tubes and then centrifuged at 10,000
rpm at 25°C for 10 min. The pellet formed was used to determine
the cell concentration and the supernatant was separated for further
analysis. The pellet was washed with distilled water and centrifuged
3 times to remove residues from the supernatant. After washing, the
samples were placed in a drying oven (Tecnal® TE-392/2) at 65°C
for 24 h until constant weight. After this time, the tubes were placed
in a desiccator for 5 min and weighed. The biomass concentration
(g L™, [X], was expressed according to Equation 1.

[X] = W x 1000 (1)

Where, mgry = mass of the tube with dry biomass (9); Memptyy = Mass
of the empty tube (g).

The cell productivity (Px; g L h™) was determined by Equation 2
described by Schmidell et al. (2001).

Xm—Xo
Pr == @

Where, Xm = maximum cell concentration (g L‘l); Xo = initial cell
concentration (g L™) and t = total time of the fermentation (h).

Determination of substrate concentration

concentration)

(sugars

The sugars quantification was performed by the 3,5-dinitrosalicylic
acid (DNS) method, which determines reducing sugars, as



proposed by Miller (1959). The samples were initially hydrolyzed in
test tubes by the addition of 1 mL of the supernatant and 0.5 mL of
pure HCI. The tubes were taken to a water bath for 10 min at 70°C
and then cooled on ice bath for approximately 5 min. After this
period, 2 mL of 4 N NaOH was added and the tube content was
completed to 10 mL using distilled water.

After hydrolysis, aliquots of 200 pL of the hydrolyzed samples
were transferred to test tubes containing 200 pL of DNS reagent.
The tubes were then brought to a water bath at 100°C for 10 min
followed by ice bath for 5 min. After this procedure, it was added 5
mL of distilled water, followed by agitation in a vortex (Phoenix®
AP56) and absorbance reading in a spectrophotometer (Shimadzu
Corp. UV-1800) at 540 nm. A sample containing 0.5 mL of distilled
water was used as blank in place of 0.5 mL of the hydrolyzed
sample. A calibration curve was constructed by correlating the
concentration of glucose and fructose with the absorbance reading.

Determination of the surface tension

The surface tension of the cell-free fermented broth was monitored
for 0, 4, 8, 12, 24, 36, 48, 60, 72, 84 and 96 h by the Du Nouy ring
method using tensiometer (Kruss K20) at temperature of + 25°C
(Kuyukina et al., 2001).

Determination of emulsification index

Cell-free fermented broths were mixed to hydrophobic compounds -
soy oil, gasoline and diesel - in test tubes in the ratio of 4:6,
respectively, and homogenized in a vortex at full speed for 1 min.
The tubes were allowed to stand at room temperature for 24 h and
at the end of the time measurements were made of the height of
the emulsified layer and total height of the liquids in the tube using
a ruler. The emulsification index was obtained by Equation 3
described by Cooper and Goldenberg (1987).

Ely (%) === x 100 (3)

Where, Ely4 = emulsification index (%); EL = height of the emulsified
layer (cm); TH = total height of the liquids (cm).

Determination of critical micelle concentration (CMC)

Different concentrations of the cell-free fermented broth containing
surfactin produced after 24 h of fermentation were obtained by
performing several dilutions of this broth in distilled water (Santa
Anna et al., 2002). Surface tension of the resulting solutions was
measured at 25°C, as described previously. The CMC was
determined by plotting the surface tensions (mN m™) as a function
of the concentration (mg L™) and it was found at the intersection
point between the two lines that best fit the pre- and post-CMC data
(Gudina et al., 2010).

RESULTS AND DISCUSSION

Biomass concentration, cell productivity, substrate
concentration and surface tension

The curves shown in Figure 2, plotted using Origin 8.1
(OriginLab CO., MA, USA), represent the cell growth
(biomass), the substrate consumption and the surface
tension behavior along 96 h of fermentation using the
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broth prepared from papaya (Carica papaya L.) waste as
substrate without pH correction (Figure 2A) and with the
pH adjusted to 6.8 (Figure 2B).

When analyzing the biomass curve in Figure 2A, the
following stages of microbial growth are defined: Latency
phase (lag phase) from 0 to 2 h; exponential phase (or
log phase) from 2 to 36 h; stationary phase from 36 to 60
h and decline phase from 60 h.

The small lag phase demonstrates that the Bacillus
subtilis UFPEDA 86, although usually cultivated in media
containing glucose as the main carbon source, was easily
adapted to the substrate used in this study,
demonstrating the versatility of this microorganism when
using more complex substrates.

Observing the biomass curve in Figure 2B, for
fermentation with pH adjusted to 6.8, the following stages
of microbial growth are defined: Latency phase (lag
phase) nonexistent in the time interval analyzed;
exponential phase (or log phase) from 0 to 24 h;
stationary phase from 24 to 60 h and decline phase from
60 h.

The absence of the lag phase demonstrated that the
microorganism was adapted almost instantaneously to
the complex medium used in this work. This fast
adaptation may be due to the change in the pH of the
medium since the microorganism was cultivated at a pH
close to neutrality and this one was maintained during
fermentation. In this way, this variable showed important
influence in terms of process optimization, once the
exponential phase, which is associated with the formation
of the bioproduct, was more quickly achieved.

The maximum cell concentration obtained using the
broth without pH correction was 1.07 g L* at 36 h and
114 g Lt using the broth with pH correction at 24 h,
which shows that Bacillus was able to develop in both
culture media proposed in this study. The biomass
productivities, for the broths without pH correction and
with 6.8 pH were 0.011 and 0.012 g L™ h™, respectively.
The difference in biomass productivities in the two
fermentation configurations studied was very low.
However, in the broth fermented at 6.8 pH, this parameter
was reached 12 h earlier, compared to the broth with no
pH adjustment. In this way, the industrial relevance of pH
correction of the culture medium has once again been
demonstrated, since there will be time savings in the
formation of the bioproduct.

In terms of cell performance, Silva et al. (2015) studied
the growth of Bacillus subtilis UFPEDA 86 for 48 h using
glucose and sodium nitrate as carbon and nitrogen
sources and obtained a maximum cellular concentration
of 0.4 g L and productivity of 0.008 g L™ h™, values
lower than what was obtained for the medium used in this
study, which demonstrates that the strain had a good
suitability when it used papaya waste as substrate, as
well as the good nutritional source that the papaya waste
is.

Analyzing the substrate curves (Figure 2), it was
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observed that the highest consumption occurred during
the exponential phase of microbial growth, as expected,
because at this stage, in addition to consuming the
substrate for cell maintenance, the microorganism also
uses it for development. It was also noted that the
consumption was high, with almost substrate exhaustion
which may have caused a series of processes that affect
the microorganism survival. These processes include:
induction of chemotaxis and motility, degradative
enzymes synthesis, development of genetic competence,
production of peptidic antibiotics and sporulation
(Marahiel et al., 1993).

The measurements of surface tension over time is an
indirect method to monitor the production of biosurfactants
and are therefore of great importance in the study of
these bioproducts. As the microorganism grows, it
synthesizes the biosurfactant and this metabolite is
excreted in the metabolic broth, reducing the surface
tension (Lima et al., 2016). Analyzing the behavior of the
surface tension for the curve with no pH correction
(Figure 2A), it was observed that there was a decrease
from 41.2 to 30.7 mN m™, which means a reduction of
approximately 25.5% in 24 h of culture. When the
behavior of this variable was observed for the curve with
pH correction (Figure 2B), a decrease of 41.2 to 27.8 mN
m™ was noted, which means a reduction of about 32.5%
in the same 24 h of culture. These values indicate
favorable results for the substrate used in the present
work since the literature indicates that effective
biosurfactants should reduce the surface tension of the
medium by at least 20% (Ehrhardt, 2015).

A study by Rocha (2007) using a B. subtilis (LAMIOQ7)
strain and nutrient broth and diluted cashew juice
(varying concentrations of 10 to 50%) as substrates
showed no biosurfactant was produced; once
biosurfactant production did not occur, there will not be
cellular growth and alteration of the surface tension
during the 72 h of fermentation, indicating that the
proposed medium need supplementation in order to form
the bioproduct. In the present study the papaya waste
was homogenized at a concentration of 25% (m/v), and
cellular growth and reduction of the surface tension
occurred, that is, the medium offered sufficient nutrients
for the formation of the bioproduct.

Rocha (2007) also carried out the supplementation of
the diluted cashew juice with nitrogen sources and
verified that there was a reduction in surface tension of
about 11.94% after 48 h of cultivation, a lower value and
in a longer time than that obtained in the present work.

The study conducted by Ehrhardt (2015) using a strain
of B. subtilis and pineapple wastes as substrate in the
biosurfactant synthesis showed a decrease in surface
tension from 64.54 to 48.25 mN m™ after 24 h, which
means a reduction of about 25.2%, a value similar to that
found in the present study using the papaya waste as
substrate without pH correction. However, this value was
lower than that obtained when the papaya waste broth
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with pH corrected to 6.8 was used, which indicates once
again the importance of controlling the pH variable to
obtain better yields in the fermentation process.

Emulsification index

The emulsification index is also an indirect measurement
of the biosurfactant production and it is of great
importance since it provides quick results on the
formation of biosurfactant and also allows the evaluation
of its stability, regarding the emulsion maintenance.
Figure 3, plotted using Origin 8.1 (OriginLab CO., MA,
USA), shows the emulsification indexes along 96 h of
fermentation of papaya residues with no pH modification
(Figure 3A) and with 6.8 pH (Figure 3B). The hydrophobic
compounds used for emulsification were soy oil, gasoline
and diesel.

Analyzing the results of Figure 3, it was observed that
both fermented broths were able to emulsify the three
tested hydrophobic compounds after 12 h of fermentation,
and the highest emulsification was observed for soy oil,
whose values were higher than 50% in all the essays.
The good emulsification in soy oil suggests a potential
use of the produced biosurfactant in the food industry as
emulsifying agents, conferring the formation of desired
food consistency and texture, as well as phase dispersion
(Banat et al., 2000). The emulsification index in soy oil
shown in Figure 3A was around 61% and in Figure 3B
was around 66% in 12 h of fermentation. In both cases,
the emulsification index was bigger than what was found
by Silva et al. (2015), who used glucose and sodium
nitrate as carbon and nitrogen sources and obtained
emulsification index of 34.5% in the fermentation time of
24 h using sunflower oil as a hydrophobic compound.
The highest emulsification indexes were obtained in the
exponential phase of growth, as expected, because it
was in this stage that the most pronounced reduction of
the surface tension was observed, indicating a higher
biosurfactant production.

The high emulsification index obtained by the soy oll
suggests a higher affinity of the biosurfactant produced in
the present work by the functional groups found in this oil
that is basically formed by fatty acids of 16 and 18
carbons, as reported by Fonseca and Gutierrez (1974).
Gasoline and diesel are made up of mixtures of
hydrocarbons ranging from 4 to 12 carbons for gasoline
and 8 to 16 carbons for diesel, as described by the
National Agency for Petroleum, Natural Gas and Biofuels
(2016). Figure 3 also shows that the emulsification index
for gasoline was superior to the one found for diesel in all
tests even though both were formed by a mixture of
hydrocarbons. The difference in the emulsification
behavior of diesel and gasoline may suggest a better
emulsification of short chain hydrocarbons regarding the
biosurfactant produced in this paper, as already reported
by Barros et al. (2008), but other studies are required for
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Figure 3. Emulsification indexes of the supernatants along 96 h of fermentation using soy oil, gasoline
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this analysis.

Critical micelle concentration

An important distinction to be made is between an

effective biosurfactant and an efficient biosurfactant.
According to Oliveira et al. (2013), effectiveness is
measured by the minimum value to which the surface
tension can be reduced, whereas efficiency is measured
by the biosurfactant concentration required to produce a
significant reduction in the surface tension of water. The
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latter can be determined from the critical micelle
concentration (CMC) of the biosurfactant.

CMC is the amphiphilic component concentration in
solution at which the micelles formation is initiated. At low
biosurfactant concentrations in the fluid, the tendency of
the molecules is to agglomerate on the surface. However,
the higher the concentration of these compounds on the
surface, the greater the tendency to form micelles. At a
maximum concentration, the surface will be saturated
with biosurfactant to the point that the addition of more
biosurfactant will characterize the formation of this
molecular aggregate. The lower the CMC, the better the
efficiency of the biosurfactant whose concentration
values range from 1 to 200 mg L™ (Costa, 2005; Ferreira,

2016). It is important for several biosurfactant applications
to establish their CMC, because above this concentration
no further effects are observed in the surface activity.
Figure 4, plotted using Excel 2016 (Microsoft® CO., WA,
USA), shows the critical micelle concentration of the
broths without pH correction (Figure 4A) and with 6.8 pH
(Figure 4B), using the cell-free fermented broth after 24 h
of culture.

Analyzing Figure 4, it is noted that the critical micelle
concentration for with and without pH correction
corresponded to approximately 35 mg L. However, it
can be seen in Figure 4A that the CMC is given by the
point whose surface tension corresponds to 45.1 mN m™
and in Figure 4B the CMC is obtained at the point where
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the surface tension corresponds to 33.3 mN m™.
Although the biosurfactant concentrations obtained were
the same (same efficiency), the biosurfactant produced
using the substrate with pH correction to 6.8 was more
effective in reducing surface tension, which enforces the
importance of the substrate and pH variables in the
bioprocess.

Reis et al. (2004) investigated biosurfactant production
by B. subtilis ATCC 6633 using commercial sugar,
sugarcane juice, mannitol and soy oil. The commercial
sugar had a greater reduction of the surface tension and
CMC of 78.6 mg L™ in 48 h of culture, that is, a higher
concentration and a longer fermentation time than what
was achieved in the present study. Ferreira (2016) used
a biosurfactant produced by B. subtilis using algaroba
(Prosopis juliflora) as a substrate for advanced oil
recovery and obtained CMC value of 50 mg L™, also
higher than what was obtained in the present study.

Oliveira et al. (2013) obtained CMC from cell-free
fermented broths using different initial concentrations of
clarified cashew apple juice as substrate and found
values between 10 and 65 mg L™ Such variations in
CMC values for surfactin have been commonly described
by other authors who explained that such changes
depend on the nature of the solvent used to dissolve
surfactin as well as the purity of the surfactin preparation.
From the results obtained in the present study, 35 mg L™
are within the range obtained by the aforementioned
author and are in agreement with results more commonly
described in literature ranging from 1 to 200 mg L™t
according to Costa (2005), which shows the potential of
using papaya (Carica papaya L.) wastes as a carbon
source for the production of surfactin by B. subtilis
UFPEDA 86.

Conclusion

Papaya (C. papaya L.) waste was effective as a substrate
source in biosurfactant production by B. subtilis UFPEDA
86, since they caused a significant reduction in the
surface tension of the medium. In addition, cell growth
occurred quickly, which demonstrated the adaptability of
the microorganism to this alternative substrate. By
correcting the pH of the culture medium to 6.8, a better
adaptation of the microorganism and, consequently, a
greater reduction of the surface tension was observed,
which shows that the pH variable is of great importance
regarding the vyield of this bioprocess. The results
suggest that papaya (C. papaya L.) waste can be a
valuable substrate for biosurfactant production by B.
subtilis and can also be an opportunity to reduce the
environmental pollution caused by its disposal from the
agro-industrial processing. In addition, both the waste
producer and the biosurfactant producer will benefit,
since the waste will have added value however they will
not be as high as that of the conventional substrates.
Therefore, the use of low cost waste to produce a

valuable bio-product provides a way to seek technological
innovations by reducing costs and increasing profits,
which is the main goal of efficient and accurate
agricultural management.
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