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Editorial on the Research Topic

Biosurfactants: From renewable resources to innovative applications

The Research Topic entitled “Biosurfactants: From Renewable Resources to Innovative

Applications” has meticulously contributed original research and review articles towards

pioneering applications of biosurfactant/s (BSs) in plentiful areas like medical,

pharmaceutical, agriculture, bioremediation, waste-water treatment, etc.

The multifarious functional potential, phase behaviour, huge structural diversity,

biodegradable and eco-friendly nature of BSs offer enormous opportunities to explore

them for innovative applications. Emphasis on employment of appropriate, precise,

accurate methodologies are mandatory to achieve effective isolation, production,

extraction and characterization of BSs. Continuous efforts are desirable in the BSs

fermentation processes to develop commercially sound technology. Nevertheless,

challenges like requirement of desirable microbial strains, growth substrates, high

monetary inputs, downstream processing etc. hinder the economical production of

BS. Legalizing the BSs production technology through vigorous experimental

conditions are indispensable. Genome mining studies offer new-fangled avenues of

BSs producers for benefit of mankind.

The various articles published under this Research Topic deliver guiding principles

and vital operating protocols to elevate the production of BSs from diverse

microorganisms. Contributors have portrayed putative ground-breaking applications

of BSs in varied industries. Review article of Salek et al. showcased extensive uses of

rhamnolipids (RL), sophorolipids (SL), mannosylerythritol lipids (MEL) and cellobiose

lipids (CL) in medical, agriculture, bioremediation, food, detergent, household-care

agents and clean-up strategies.

Regardless of the empathetic knowledge of BS molecule; there is a prerequisite to

investigate the process at the bioreactors level to establish economical level production.

Beck et al. reported MEL fermentation from Moesziomyces aphidis in a bioreactor with

monitoring of kinetics for process parameters (substrate consumption rates, product

formation rates). An enhanced level of biomass along with yield ofMEL has been achieved
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successfully through an exponential fed-batch approach.

Another research group of Oraby et al. has optimized

fermentation process for CL from Ustilaginaceae sp. using

modelling and techno-economic studies.

The purification process of microbial metabolites has a

prodigious impact on monetary inputs and further their

applicability. Till today, plentiful procedures have been

employed to produce and purify BS. Conventionally, the

freeze-drying technique is employed to produce

lipopeptides from Bacillus subtilis. Vassaux et al. have

operated the spray-drying process to purify three

lipopeptides - surfactin, mycosubtilin and plipastatin

without affecting their antimicrobial and surfactant

potential. Therefore, the proposed innovative technique can

replace the conventional freeze-drying steps from an

industrial perspective.

Indigenous microbes dwelling in oil/hydrocarbon/metal-

polluted sites attain incredible potential to utilize those

resources as compared to non-native entities. The genomic

analysis of BS producing microbes from such habitats is

imperious to improve future production processes and

discovery of bioactive compounds of industrial interest.

Yasmin et al. reported genome studies of BS producing B.

subtilis strains. Researches have revealed protein-coding

genes responsible for virulence, metal or multidrug

resistance, flagella assembly, biosynthesis of secondary

metabolites along with their role in emulsification, utilization

and degradation of oil. The distinctness in gene operons and

their involvement in the biosynthesis of surfactin along with

their efficiency in degradation of oil has been explained in this

article.

Removal of inorganic-based contaminants from soils and

water bodies is extremely challenging. The existing remediation

techniques are insufficient to manage and remove the pollutants

completely. Nanoparticles (NPs), due to their extraordinary

physico-chemical and functional properties have been utilized

for remediation purposes. Moura et al. have demonstrated an

attractive and low-cost green approach for remediation of

contaminated water. Researchers have presented the

functionalization of zero-valent iron (nZVI) with RL to

remove inorganic pollutants from simulated groundwater. The

role of RL in reducing the aggregation tendency of NP and

removal of nitrate form contaminated water has been explained

deeply.

BSs pose their candidature to deal with dreaded diseases like

cancer. Till today, several studies have been reported for

anticancer activity of RL. However, few studies have

included triple-negative breast cancer. Additionally, the

mechanistic role of RLs detailing molecular aspects has not

been revealed completely. Mishra et al. have demonstrated

noticeable anticancer activity of Pseudomonas aeruginosa

origin RL against breast cancer cell lines. The radical

scavenging activity of RL affects the cell line through the

inhibition of p38 MAPKs. Targeting p38 for anticancer

therapy is imperative due to its involvement in signalling

pathways. Around 12 different congeners have been explored

for anticancer activity of RL.

Worldwide, the agriculture sector is under continuous

coercion to enhance productivity and meet the ever-rising

food demands of the escalating population. The various

factors (climate change, pesticide resistance etc.) lead to the

emergence of pathogens in plants and reduce crop

productivity. Additionally, humans are adversely impacting

the environment through the use of enormous amounts of

agrochemicals and intensive agronomic practices. Therefore,

it is obligatory to develop an eco-friendly sustainable

approach to deal the challenges. Karamchandani et al. has

demonstrated antimicrobial activities of chitosan, chitosan

NPs and BS singly and in combinations against selected

phytopathogens. This work has led a strong hope to

develop nano-formulation for sustainable and green

agriculture. Like bacteria, filamentous fungi also

proficiently produce several fungicidal compounds

including BSs. Piegza et al. have used Trichoderma

citrinoviride for production of BS in media accompanied by

lytic enzymes inducers. Biocontrol potential of fungal derived

BS has been demonstrated in this research article.

In summary, the valuable research presented in this

thematic issue clearly demonstrated that breakthrough

approaches are mandatory in the isolation, extraction and

recovery of BS from various microbial sources. Selection of

suitable microbial producers along with cheap or renewable

agro-industrial substrates under precise optimizing

fermentation parameters could lead not only great success

at large-scale but also an economical production of BS.

Further, BSs can be used singly or in combinations due to

their functional potential in defeating dreaded pathogens or

against cancer. Elucidation of mechanisms at biochemical,

cellular levels along with preclinical or nonclinical studies is

mandatory to broaden the applications of BSs. Information

on the structure and function relationship of pure and/or a

mixture of BSs would be undoubtedly obliging to recommend

their many more extraordinary applications. Overall, the

considerate knowledge about the innovative production

technology, detailed physicochemical properties,

innovative applications, molecular level studies of BSs

have been contributed magnificently by the scientific

fraternity.
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Trichoderma citrinoviride: Anti-Fungal
Biosurfactants Production
Characteristics
Michał Piegza*, Kamil Szura and Wojciech Łaba

Department of Biotechnology and Food Microbiology, Wroclaw University of Environmental and Life Scinces, Wrocław, Poland

The mechanism of direct impact of Trichoderma fungi on other organisms is a multilayer
process. The level of limiting the growth of other microorganisms is determined by the
strain and often by the environment. Confirmation of the presence of extracellular
biosurfactants in certain strains of Trichoderma considered as biocontrol agents was
regarded as a crucial topic complementing the characterization of their interactive
mechanisms. Selected strains of T. citrinoviride were cultured in media stimulating
biosurfactant biosynthesis, optionally supplemented with lytic enzyme inducers. Results
confirmed the anti-fungal properties of surface-active compounds in the tested culture
fluids. Preparations that displayed high fungal growth inhibition presented marginal
enzymatic activities of both chitinases and laminarinases, implying the inhibitory role of
biosurfactants. Fractions from the foam of the culture fluid of the C1 strain, cultured on
Saunders medium, and HL strain on MGP medium, without an additional carbon source,
exhibited the most prominent ability to inhibit the growth of phytopathogens. Filamentous
fungi capable of producing fungicidal compounds, including surfactants, may find
applications in protecting the plants against agri-food pathogenic molds.

Keywords: T. citrinoviride, biosurfactant, biocontrol, anti-fungal activities, surface, active agent

INTRODUCTION

In recent years, plant protection has become the dominant field for biological control. The
application of living organisms as pesticides has become a vital alternative to the standard use
of their chemical equivalents. The use of traditional pesticides tends to be severely limited due to
numerous undesirable effects on human health and the environment (Thomas and Willis, 1998).
Some of the microorganisms inhabiting the soil, in particular the rhizosphere, displayed the ability to
control the expansion of plant pathogens (Sjingh et al., 2007). The term “biological control” has been
diversely defined by various biologists, and the first definitions focused on the use of predators and
insect parasites to combat other organisms. In the agricultural industry, the activity limiting the
development of pathogens has been noticed among many species of bacteria and filamentous fungi.
The ability of biological control over microorganisms is attributed not only to the competition for
nutrients or the biosynthesis of lytic enzymes (Piegza et al., 2014) but also to other compounds
secreted into the medium, including those of a biosurfactant nature (Banat et al., 2000).

The genus Trichoderma itself was proposed for the application in biocontrol due to the fact that
these fungi are effective producers of extracellular hydrolases, including chitinases and glucanases
(Harman, 2006). Majority of Trichoderma species have been extensively evaluated in terms of both
the produced compounds and their genome sequences (Schuster and Schmoll, 2010). The
Trichoderma citrinoviride C1 strain, formerly known as T. hamatum C1, has been the target of
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research on the directional use in the protection of plants against
pathogens for many years. The beginning of this type of
experiments dates back to the 1980s, and the results indicated
the antagonistic behavior of T. hamatum in relation to other
species of filamentous fungi (Chet et al., 1981). In subsequent
years, the research focused mainly on determining the ability of
this strain to produce lytic enzymes (CWDE—cell wall degrading
enzymes), predominantly chitinases and β-1,3-glucanases,
causing the degradation of pathogen cell walls as the main
mechanisms of interaction with fungal pathogens (Witkowska
and May 2002; Witkowska et al., 2009; Piegza et al., 2015; Piegza
et al., 2016). It is worth to emphasize that T. citrinoviride C1 can
facilitate efficient biotransformation, e.g., cortexolone to 1-
dehydrocortexolone through 1-dehydrogenation (Bartmańska
and Dmochowska-Gładysz, 2007). Recent studies have also
indicated the mycoparasite activity of this species against the
pathogens of the ginseng plant (Panax ginseng). The inhibitory
effect concerning Botrytis cinerea is probably due to its ability to
inhibit the expression of B. cinerea genes responsible for growth
and virulence. On the other hand, stimulating the expression of
ginseng genes is related to the response to pathogens, and the
production of phytohormones and extracellular enzymes that
degrade the pathogen cell walls is also considered (Park et al.,
2019). Trichoderma citrinoviride exhibits a potential towards
biological control as its high larvicidal and ovicidal activity has
been verified against the parasitic cotton root nematode
Meloidogyne incognita (Fan et al., 2020). Moreover, there is
available reference that confirms the ability of T. citrinoviride
isolated from rotting algae to inhibit and inactivate the toxic
cyanobacteria Microcystis aeruginosa (Mohamed et al., 2014).
The complexity of biocontrol mechanisms means that the
discovery of any additional factor that may affect the
correlation between organisms inspires thorough study. Such a
factor was the confirmation that T. citrinoviride strains are
capable of biosurfactants biosynthesis (Piegza et al., 2021).

The antibiotic activity of biosurfactants produced by
microorganisms may play the role in competition,
pathogenesis, and self-protection. At the same time, however,
deepening knowledge of their chemical structure and mode of
action seems important for medicine or industry. Also,
information on their antiprotozoal, anti-cancer, and potentially
weakening biofilms is relatively sparse (Markande et al., 2021). By
modifying the liquid surface tension, biosurfactants may enhance
the bioavailability of exogenous compounds, such as nutrients, by
increasing their absorption, and endogenous metabolites,
including phenazine antibiotics, resulting in their increased
biological activity. Additionally, microbial surface-active
compounds may help to protect plants against pathogens
(D’aes et al., 2010). Due to their amphiphilic nature, they can
interact with biological membranes, which also consist essentially
of amphiphilic lipid bilayers. This enables the activity of
biosurfactants as cytolytic agents with a broad spectrum of
activity, due to the capability of cell membrane disruption
and, as a result, inactivation of bacteria, fungi, oomycetes, and
neutralization of viruses (Hutchinson and Johnstone, 1993).
Microbial biosurfactants are usually characterized by the
specificity of action towards particular microorganisms. These

differences in the activity are attributed to the structural
properties of both the surfactant and the cell membrane of the
affected microorganism (D’aes et al., 2010). The first
experimental observations of brown spots induced on edible
mushrooms by P. tolaasii, as a result of pore formation in cell
membranes and surface-active properties of tolaasin, indicated
that these compounds may be responsible for antagonistic
interactions between microorganisms (Hutchinson and
Johnstone, 1993; Saikia et al., 2021).

The aim of the study was to assess the ability of selected
Trichoderma citrinoviride strains towards the production of
biosurfactants that accompany lytic enzymes, with properties
limiting the development of pathogenic filamentous fungi. For
this purpose, the surface tension was evaluated in culture fluids,
enzymatic activities were determined, and inhibitory potential
was assessed against phytopathogenic fungi, in relation to the
composition of culture media.

MATERIALS AND METHODS

The research involved filamentous fungi from the collection of
the Department of Biotechnology and Food Microbiology of the
Wrocław University of Environmental and Life Sciences:
T. citrinoviride C1, T. citrinoviride HL, and T. citrinoviride B3
(Piegza et al., 2021).

Cultures were carried out in 250 ml Erlenmeyer flasks
containing 50 ml of medium. Each tested strain was cultured
in Mineral-Glucose-Peptone (MGP) (M) medium (Piegza et al.,
2021) or Saunders medium (S), optionally supplemented with
6 g/L yeast biomass (dry biomass of Saccharomyces sp. and
Yarrowia sp. equal) and 10 g/L mushroom biomass (dry
biomass of champignon and Fusarium sp—4:1) that served as
an inducer and a source of carbon (Mx and Sx, respectively). The
cultivation was carried out for 5 days under agitation at 160 rpm,
at 25°C (Advanced ADS10000, VWR, USA), and the post-culture
fluids of each variant were collected.

Surface tension measurements were performed immediately
after the collection of culture fluids. For this purpose, the tear-off
method was used, based on the measurement of force necessary to
detach the ring from the surface of the liquid (Rakowska and
Porycka, 2009; Piegza et al., 2021). The measurements were
performed on a Krüss K6 manual tensiometer, at room
temperature.

From each culture fluid variant three fractions were analyzed:
the raw culture fluid (R), foam obtained from a culture fluid (F),
and the residue after foaming (FR).

Phytopathogenic fungi (Lecanicillium lecanii, Fusarium
sporotrichioides, Penicillium spp, Rhizopus nigricans,
Aspergillus niger CZ, Paecilomyces variotii DSM 1961, Botrytis
cinerea 5s, Fusarium culmorum, Mucor hiemalis, Epicoccum
nigrum, and Fusarium poae 1) were deep inoculated into PDA
medium (Difco). The 6-mm-diameter wells were cut into each
plate with a plug, and 100 µL of a specific culture fluid fraction
was introduced into the wells. The test was performed for the
fluids of each of the three tested Trichoderma citrinoviride strains,
obtained in Saunders medium (S), Saunders medium enriched
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with yeast biomass (inductors) (Sx), MGP medium (M), and
MGP medium enriched with yeast biomass (inducers) (Mx). The
plates were incubated for 7 days at 4°C. After incubation, the
effect of metabolites present in the culture fluids on the growth
inhibition of phytopathogenic fungi was determined. For this
purpose, clear zones were measured around the wells in which no
fungal growth was observed. The zone of inhibition was
compared with the growth of filamentous fungi around the
wells of the plates where 100 µL of distilled water was
introduced into the wells.

Laminarinases and chitinases activities were assayed in each
fluid fraction with the DNS method, using laminarin and chitin,
respectively, substrates, by running the enzymatic reaction for
30 min at 50 °C and pH 5.0. Reaction products, i.e., glucose in the
case of laminarinases and glucosamine in the case of chitinases,
were determined colorimetrically using dinitrosalicylic acid
(Sigma) (Piegza et al., 2016), in order to determine the effect
of enzymes on the inhibition of the test filamentous fungi.

Statistical analysis: One-way analysis of variance (ANOVA)
was applied along with Duncan’s test to determine statistically
homogeneous groups. Statistica 13 (TIBCO Software, Inc.)
software was used.

RESULTS

The post-culture fluids of Trichoderma citrinoviride C1, HL, and
B3 cultivated on Saunders (S, Sx) and MGP media (M, Mx) with
and without yeast biomass were subjected to a series of tests to
determine their ability to produce biosurfactants with fungicidal
characteristics. The first measurements of surface tension were
carried out in order to assess whether the metabolites present in
the tested fluids exhibit surface-active properties. In all post-
culture fluids, a reduction in surface tension was found (Table 1).
It is worth emphasizing that in the case of C1 and B3 strains, the
addition of fungal and yeast biomass did not affect the final result.
Conversely, in the case of the HL strain, the Saunders medium
with the addition of biomass turned out to be more effective. The
obtained results indicate the possible occurrence of surface-active
compounds, which allowed continuing the research in order to
determine their characteristics.

In order to determine the fungicidal properties of the obtained
preparations, the diffusion test was carried out against 11 species
of phytopathogenic fungi (Table 2). Majority of crude culture
fluids demonstrated an intense inhibitory effect towards

Fusarium sporotrichioides and Paecilomyces variotii DSM 1961.
On the contrary, no clear zones were observed for in tests with
Lecanicillium lecanii and Epicoccum nigrum.

The comparison of the inhibitory effect of individual post-
culture fluid fractions revealed the highest fungicidal properties of
foam preparations. In the vast majority of cases, the compounds
present in the F fraction induced the largest inhibition zones.
Foam fractions from cultures of the C1 strain in MGP and HL in
Saunders medium exhibited significant activity against the
majority of the tested phytopathogens. Clear zones in plate
tests occurred in 8 out of 11 species of filamentous fungi
tested (Table 2).

For selected culture variants (S, M), the foam fraction was
separated with ultrafiltration, on a membrane with a 10 kDa
cutoff, to separate the low molecular weight biosurfactants from
larger accompanying proteins, including enzymes (Table 3). The
well diffusion test was repeated with 20 µL of fractions <10 kDa
and 50 µL of the residual fraction <10 kDa. As a result, it turned
out that low molecular weight biosurfactants derived from the
foam after culturing the HL and C1 strains restricted the growth
of Fusarium and Aspergillus strains. The extent of inhibition was
moderate due to the use of the lowest possible amount of the
preparation. Furthermore, the >10 kDa fractions of foam
containing high molecular weight compounds retained their
antifungal activity (Table 3).

The addition of yeast and fungal biomass to cultures of
Trichoderma strains, as an inducer of the biosynthesis of lytic
enzymes, resulted in the appearance of the inhibitory effect on a
greater number of species of tested fungi. However, in a few cases,
supplementation caused an opposite effect and reduced the zones
of inhibition.

In all tested samples, a dominant activity of laminarinases over
that of chitinases was observed. As expected, higher activities
were achieved generally in cultures with the addition of inducers.
Moreover, it is worth noting that the biosynthesis level of
laminarinases did not differ significantly depending on the
producer strain.

The enzymatic activities were determined in three fractions of
culture fluids. The highest value of laminarinases activity was
0.481 U/ml, observed in the R fraction of the C1 strain grown in
Saunders medium with the addition of biomass. The following
highest values of activity, at the level of ca. 0.3 U/ml, were found
for the HL strain in MGP and Saunders medium, as well as the B3
strain in Saunders medium, in each case with the addition of
inducing biomass. The lowest activities were recorded for the C1
strain grown in Saunders medium without biomass enrichment,
for all three fractions, especially R and FR (Figures 1–3).

Comparison of culture medium variants and fractions for each
separate strain allowed distinguishing Saunders medium
supplemented with biomass as favorable for laminarinases
biosynthesis by the C1 and B3 strain. Importantly, enzymatic
activity in the raw culture fluid (R) of the B3 strain compared to
both F and FR fractions remained at a similar level and also gave
the C1 strain a comparable result. In the case of the HL strain, the
activity of laminarinases in the foam fraction (F) from the
Saunders (Sx) medium was higher than in both F and FR
fractions.

TABLE 1 | Surface tension measurements (mN/m) in post-culture fluid, (M) MGP
medium, (S) Saunders medium, (Mx) MGP medium with inductors, (Sx)
Saunders medium with inductors.

Trichoderma citrinoviride Culture medium [mN/m]

Strain S Sx M Mx

C1 32 34 37 35
HL 36 34 37,5 35
B3 32 35 38 35
H2O 72 72 72 72
Control 68 67 68 67
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The biosynthesis of chitinases in media dedicated to the
biosurfactants overproduction and supplemented with the
biomass was characterized by a much greater differentiation
than the biosynthesis of the previously discussed enzyme.
While the highest activity was recorded for the C1 strain, its

biosynthesis took place on a pure Saunders medium. More
importantly, its high level was neither recorded in the F nor in
the FR fraction. For this strain, it was also noted that the
chitinases biosynthesized on Saunders medium with inducers
remained in the FR fraction, while from the MGP medium with

TABLE 2 | The clear zones (cm) around the wells, raw fluid (R), foam (F), and residue after foaming (FR). "-"—no inhibition, (M) MGPmedium, (S) Saunders medium, (Mx) MGP
medium with inducers, (Sx) Saunders medium with inducers. E. nigrum and L. lecanii did not produce inhibition zones.

Trichoderma
fluid/

pathogen

F.
sporotrichioides

Penicillium
spp.

R.
nigricans

A.
niger
CZ

F.
culmorum

B.
cinerea

5s

M.
hiemalis

P.
variotii

F.
poae
1

C1 S; R - 1.9 - - - - - 0.6 -
C1 Sx; R 0.4 - 0.4 0.2 - - - 0.8 -
C1 M; R 0.3 - - - - - - 0.8 -
C1 Mx; R 0.4 0.2 0.4 - 0.2 0.1 0.9 0.5 -
HL S; R 0.5 - - - 0.5 - - 0.5 -
HL Sx; R 0.3 0.2 - - - - - 0.5 -
HL M; R - - 0.2 - - - - 0.5 1.6
HL Mx; R - - - - - - - - -
B3 S; R 0.7 0.2 0.4 0.2 0.6 - - - -
B3 Sx; R 0.4 - 0.3 - 0.7 - 0.4 0.5 -
B3 M; R 0.3 - - - - - - 0.9 -
B3 Mx; R 0.3 - - - 1.2 - - 0.5 -
C1 S; F - 2.1 - - - - - - -
C1 Sx; F 0.5 0.1 0.5 - - - - 0.9 -
C1 M; F 0.6 0.5 0.3 0.6 1.9 0.3 0.3 1.1 -
C1 Mx; F 0.4 0.1 0.3 - - - 0.7 0.7 -
HL S; F 0.6 0.2 0.4 0.2 0.7 0.2 - 1 0.5
HL Sx; F 0.4 0.1 - - - - - 0.9 -
HL M; F 0.4 - 0.3 - - 0.3 0.3 0.7 1.9
HL Mx; F - - - - - - - - -
B3 S; F 0.5 0.2 0.4 0.1 - - - - -
B3 Sx; F 0.3 - 0.4 - 0.4 - 0.5 0.7 -
B3 M; F 0.4 - 0.4 - - - - 0.8 -
B3 Mx; F 0.4 - - - 0.9 - - 0.7 -
C1 S; FR - 2.1 - - - - - - 0.1
C1 Sx; FR 0.5 - 0.4 0.3 - - - 0.7 -
C1 M; FR 0.2 - - - 0.5 - - 0.7 -
C1 Mx; FR 0.3 0.1 0.3 - - - 0.8 - -
HL S; FR 0.5 - - 0.1 0.5 - - 0.7 -
HL Sx; FR 0.4 0.1 - - - 0.5 - 0.8 -
HL M; FR - - - - - - - 0.7 -
HL Mx; FR - - - - - - - - -
B3 S; FR 0.5 0.2 0.5 0.2 0.3 0.2 - 0.7 -
B3 Sx; FR 0.3 - 0.3 - 0.6 - 0.4 0.6 -
B3 M; FR - - - - - - - 1.2 -
B3 Mx;FR 0.3 - - - 1.1 - - 0.5 -

TABLE 3 | Clear zones diameter (cm) in inhibition test with foam fractions (F) after separation through ultrafiltration. “-”—no inhibition, (M) MGP medium, (S) Saunders
medium. E. nigrum and M. hiemalis did not produce inhibition zones.

Trichoderma
strain

Culture
medium

Fraction R.
nigricans

L.
lecanii

Penicillium
spp.

F.
poae

F.
sporotrichioides

A.
niger
CZ

HL S <10 kDa - - - 0.20 0.10 0.10
>10 kDa 0.20 - 0.10 0.70 - 0.10

HL M <10 kDa - - - 0.20 0.20 -
>10 kDa 0.20 0.20 0.10 0.45 - 0.10

C1 M <10 kDa - - - 0.20 0.10 -
>10 kDa 0.20 1.00 0.10 0.15 0.40 0.30

B3 S <10 kDa - - - - - -
>10 kDa 0.20 - 0.10 0.50 - 0.10
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inducers migrated to foam (F). For the B3 strain, where the
highest levels of chitinase biosynthesis were recorded in Saunders
medium with inducers, these activities were evenly distributed in

both foaming and foaming residues (F and FR). The chitinases
biosynthesis by the HL strain, as well as their activity in all three
assessed fractions, with the exception of the high level of chitinase

FIGURE 1 | Enzymatic activities in three fractions: raw (R), foam (F), foaming residue (FR), of Trichoderma citrinoviride B3 strain cultivated in different culture media,
after separation with foaming technique (M) MGP medium, (S) Saunders medium, (Mx) MGP medium with inductors, (Sx) Saunders medium with inductors. One-way
analysis of variance (ANOVA) was applied; a . . . i—homogeneous groups according to Duncan’s test.

FIGURE 2 | Enzymatic activities in three fractions: raw (R), foam (F), foaming residue (FR), of Trichoderma citrinoviride C1 strain cultivated in different culture media,
after separation with foaming technique (M) MGP medium, (S) Saunders medium, (Mx) MGP medium with inductors, (Sx) Saunders medium with inductors. One-way
analysis of variance (ANOVA) was applied; a . . . i—homogeneous groups according to Duncan’s test.

FIGURE 3 | Enzymatic activities in three fractions: raw (R), foam (F), foaming residue (FR), of Trichoderma citrinoviride HL strain cultivated in different culture media,
after separation with foaming technique (M) MGP medium, (S) Saunders medium, (Mx) MGP medium with inductors, (Sx) Saunders medium with inductors. One-way
analysis of variance (ANOVA) was applied; a . . . i—homogeneous groups according to Duncan’s test.
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obtained in Saunders culture with inducers, was practically equal.
Certainly, the level of activity, as in all the cases, depended on the
volume of foam obtained and thus the volume of the residual
fraction, but in order to assess the inhibitory role of
biosurfactants, this was not relevant as the main object of the
study (Figures 1–3).

As to the fractions of C1 and HL strains that exhibited
significant clear zones in the well test or the action against
many fungal species, with the tested enzymatic activities, they
are characterized by a very low activity of chitinases and relatively
low of laminarinases. Due to low enzymatic activities and large
inhibition zones, the obtained results may indicate the presence of
fungicidal biosurfactants in the post-culture fluids, which were
predominantly present in the F fraction. In terms of the
production of these compounds, the T. citrinoviride C1 and
HL strains cultivated in both Saunders and MGP media,
without the addition of yeast and fungal biomass, deserve
special consideration.

DISCUSSION

Biosurfactants produced by filamentous fungi using renewable
substrates (sources) become a versatile and sustainable
alternative to synthetic petroleum-based surfactants. The
public attention is drawn to the use of environmentally safe
products obtained with “green” methods is encouraged (da
Silva et al., 2008). The results obtained in the experiment
allowed us to conclude that the filamentous fungi of the
Trichoderma citrinoviride species have the ability to secrete
extracellularly not only hydrolytic enzymes but also
presumably biosurfactants with antimicrobial characteristics.
The latter may have a direct effect on the microbial cells and
additionally support the action of hydrolases.

Leaving aside the basic theories of the phenomenon of
Trichoderma fungi involved in biocontrol processes, based
mainly on CWDE, the presented results may additionally
constitute an important aspect in the discussion explaining the
evolutionary purpose of microbial biosurfactants biosynthesis.
The considered concepts of biosurfactants role indicate the
emulsifying properties and solubility improvement of nutritive
compounds in the immediate surroundings, changing
environmental parameters, facilitating the attachment of fungal
cells to cell walls of other organisms, but also their antibiotic
activity to counteract competitors in the environment (da Silva
et al., 2021).

The synthesis of surfactants can occur spontaneously or as a
result of induction due to the presence of lipid compounds,
temperature fluctuations, pH, stirring, cellular stress, and low
concentration of nitrogen in the medium. Probably, the main
source of biosurfactant synthesis is carbohydrates in the culture
medium. Their availability regulates the course of glycolysis and
lipogenesis, whereby the hydrophilic or hydrophobic
components of surfactant are synthesized (da Silva et al., 2008;
Kalyani et al., 2014).

The tested culture fluids exhibited a significantly reduced
surface tension, even to the level of 32 mN/m, which can be

considered a substantial result, especially when compared with
the values obtained for other microorganisms. For example,
Mennes et al. (2017) reported the capability of Aureobasidium
thailandense LB01 to produce biosurfactants on waste materials
such as olive oil mill wastewater. After partial purification, the
biosurfactants present in the culture fluid could lower the surface
tension to 31.2 mN/m. According to Fechter et al. (2017), the
high-strength bacterial biosurfactant is capable of reducing
surface tension maximally to the level 22–25 mN/m. On the
other hand, Lima et al. (2016) out of eight filamentous fungi
analyzed in terms of the production of biosurfactants picked a
single Phoma sp. strain that exhibited a promising potential. The
results indicated that the surface tension of the post-culture
extract was 51.03 mN/m. The ability of the culture extract to
emulsify diesel fuel was also demonstrated.

The emulsifying properties are a generally well-researched
phenomenon; however, it may reflect some interactions between
biosurfactant molecules and microorganisms. Hence, the focus
was on a simple but highly effective method of assessing this
relationship. The results of the diffusion tests performed revealed
a great potential to inhibit the development of pathogenic fungi
concerning the proportion of surfactants present in the tested
post-culture fluids. The preceding separation of the obtained
post-culture fluids into P, F, and FR fractions allowed us to
initially determine the inhibitory potential of the tested
biosurfactants against phytopathogens, rather than their
characteristics, as they were obtained in earlier studies (Piegza
et al., 2021).

Thus, particularly impressive inhibition was denoted in the
separated fractions of foam (F). It was the foam fractions that
caused both the largest extent of inhibition and the widest range
of inhibited fungal strains. The visible clear zones in the diffusion
plate tests occurred in 9 out of 11 species of phytopathogens
tested in the experiment. Importantly, in many trials, the
diameter of the inhibition zones was ca. 1.0 cm, and the
highest values reached 1.9 cm. In the report that involved
diffusion tests to determine the antibacterial activity of
biosurfactants clear zones of the inhibited growth of
pathogenic bacteria were notably less distinct (Wieczorek
et al., 2014). In most cases, their diameter was below 0.5 cm,
with occasional highest values of ca. 1.1 cm. At the same time, the
additional separation of foam into two fractions (above and below
10 kDa) and the well diffusion test performance allowed to put
forward the thesis about the combined action of lytic enzymes
and biosurfactants, visible in the preceding test involving
unseparated foam fractions and presenting clearly stronger
inhibition of pathogens. This type of combined effect is also
observed, e.g., with a cocktail of antibiotics and a biosurfactant
(Hage-Hülsmann et al., 2018).

Other studies confirm the capability of different species of the
genus Trichoderma to produce compounds of fungicidal nature.
In the study by Witkowska et al. (2009), T. harzianum T33 was
used in an inhibitory test against pathogenic F. poae, while T.
citrinoviride T2 and C1 against F. avenaceum. The test showed
distinct zones of pathogen growth inhibition around the discs
with Trichoderma strains. In the mentioned report and in the
results from the presented study, impressive zones of inhibition of
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pathogen growth were obtained in the case of the T. citrinoviride
C1 strain. This may signify the profound effectiveness of its
prospective use in the protection of plants against
phytopathogens. Comparable positive results of the plate tests
were also observed in the trials with the use of HL and B3 strains.
The number of positive results from the diffusion tests, as well as
the satisfactory extent of the clear zones around the wells, may
indicate the potential fungicidal characteristics of biosurfactants
produced by the T. citrinoviride strains. The conclusions from
this experiment allow us to imply that filamentous fungi of the T.
citrinoviride species possess the ability to biosynthesize
biosurfactants with anti-fungal characteristics. The
abovementioned test results indicated the possibility of using
Trichoderma fungi to produce natural surfactants, causing
inhibition of other, especially pathogenic fungal species.
Similar features of these compounds are described in the
literature. Surfactants isolated from Aspergillus ustus MSF3
showed significant inhibitory activity against Candida albicans
and gram-negative bacteria. Sophorolipids from the mutant
strain Candida bombicola ATCC 22214 are used in the
cosmetics industry due to their properties, including radical-
scavenging, stimulating fibroblast metabolism, and hygroscopic
properties supporting the physiological health of the skin
(Bhardwaj et al., 2013). Rhamnolipids produced by few species
are recognized as a plant protection against many different
bacteria and fungi (Vatsa et al., 2010). The awareness that the
fraction derived from the foam of T. citrinoviride post-culture
fluids is characterized by the greatest intensity of inhibiting the
development of pathogens may be of great importance in further
directional research and facilitate the use of these compounds in
industry. Also, the knowledge that the fraction derived from the
foam of T. citrinoviride culture fluids is characterized by the
greatest intensity of inhibitory effect against phytopathogens may
be of great importance in further research and facilitate the use of
these compounds in industry.

Demonstrating the complexity of Trichoderma secondary
metabolites may further affirm the importance of their
introduction in environmentally friendly agricultural
cultivation. Because of the recent emphasis on their
antimicrobial properties and plant growth promotion,
biosurfactants gain exceptional significance. Surface-active
compounds are already used to remediate soil of trace
elements and toxic residues. However, typical surfactants of

chemical origin contradict the concept of ecological neutrality.
Hence, the application of microbiological surfactants could have a
positive impact on halting soil degradation with simultaneous
support of plant development and maintenance of natural
microbial balance (Kumar et al., 2021).

The possibility of using ecological fungicides may be of great
importance, in particular for the agrotechnical industry. In the era
of constant struggle to replace chemical pesticides, their natural
equivalents that do not pose an environmental burden and
effectively inhibit the development of pathogenic fungi turn
out to be a favorable research object. The properties of T.
citrinoviride involved in this study may contribute to the
broader use of this species in the search for new solutions for
the biological control of plant pathogens.

CONCLUSION

The complexity of processes involved in microbial coexistence,
especially in the context of their competition for living space, is
still a boundless field for further discoveries. Previous findings
regarding Trichoderma fungi indicated the participation of
CWDE, a broadly understood competition mechanism, or
antibiosis based on peptaibols or terpenes. However, within
the same species, differences in the biocontrol mechanisms
were pointed out. The finding that the most active strains in
this regard additionally produce biosurfactants, of which
synergistic action with other compounds is confirmed in the
literature, appears to be an important contribution to the
understanding of the biology of Trichoderma fungi.
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A biosurfactant producing bacterium was identified as Pseudomonas aeruginosa
DNM50 based on molecular characterization (NCBI accession no. MK351591).
Structural characterization using MALDI-TOF revealed the presence of 12 different
congeners of rhamnolipid such as Rha-C8-C8:1, Rha-C10-C8:1, Rha-C10-C10, Rha-
C10-C12:1, Rha-C16:1, Rha-C16, Rha-C17:1, Rha-Rha-C10:1-C10:1, Rha-Rha-
C10-C12, Rha-Rha-C10-C8, Rha-Rha-C10-C8:1, and Rha-Rha-C8-C8. The radical
scavenging activity of rhamnolipid (DNM50RL) was determined by 2, 3-diphenyl-1-
picrylhydrazyl (DPPH) assay which showed an IC50 value of 101.8 μg/ ml. The cytotoxic
activity was investigated against MDA-MB-231 breast cancer cell line by MTT (4,5-
dimethylthiazol-2-yl-2,5-diphenyl tetrazolium bromide) assay which showed a very low
IC50 of 0.05 μg/ ml at 72 h of treatment. Further, its activity was confirmed by resazurin
and trypan blue assay with IC50 values of 0.01 μg/ml and 0.64 μg/ ml at 72 h of
treatment, respectively. Thus, the DNM50RL would play a vital role in the treatment
of breast cancer targeting inhibition of p38MAPK.

Keywords: MDA-MB-231 cell lines, rhamnolipid, MTT, trypan blue, p38MAPK, TNBC, resazurin, cytotoxic

INTRODUCTION

Biosurfactants are a group of amphipathic compounds that moderate the surface and interfacial
tension of liquids (De almeida et al., 2016; Gudiña et al., 2016). They harbor saturated and
unsaturated fatty acids as hydrophobic moieties along with polysaccharides, peptides, amino
acids, and anions/cations as hydrophilic moieties. There are different groups of biosurfactants,
out of which glycolipids are the most preferred due to their low molecular weight (Banat et al.,
2014a). Also, they can be synthesized using hydrocarbons, agro-industrial waste, frying and olive oil
wastes (Inès and Dhouha, 2015). Rhamnolipids (RLs) are the extensively studied glycolipid based
biosurfactant due to its properties such as low critical micellar concentration (CMC: 10–200 mg/ L),
surface tension reduction (up to 28–31 mN/ m), high emulsification index (60–70%), and high
production in a short period of time (Gudiña et al., 2016).

Different microorganisms can produce different congeners or homologs of RLs by using a variety
of sugars, hydrocarbons, and other oil/dairy product wastes (Shao et al., 2017; Pathania and Jana,
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2020). Pseudomonas aeruginosa, a predominant microbial
species, can produce various RL congeners with the most
common ones as Rha-Rha-C10-C10, Rha-C10, Rha-C10-C10,
and Rha-Rha-C10 (Hošková et al., 2015). RLs have gained
importance in various industries such as food, healthcare,
pharmaceuticals, and petrochemicals due to their wide range
of properties along with enhanced oil recovery, biodegradation,
and bioremediation. RLs are known to inhibit proliferation of
cancer cells by inducing apoptosis. They regulate humoral and
cellular immune response by acting as immunomodulators. They
act as antimicrobial agents as they can lower the surface
hydrophobicity, thus destroying the cytoplasmic membrane
causing killing of bacterial cells. They are also involved in
synthesis of nanoparticles. Thus, RLs have high biological
applications because of its antimicrobial, anticancer,
antioxidant, immunomodulatory property and their capability
of nanoparticles synthesis (Banat et al., 2014b; Thakur et al.,
2021).

Rhamnolipid is recovered from cell free culture broth by
solvent extraction or acid precipitation method in partially
purified form. Structural elucidation of any surface-active
compound is of utmost importance and cannot be
confirmed merely with TLC and FTIR as both of them
carries some drawbacks and hence it should be
accompanied by other methods such HPLC-MS/UPLC-MS
and NMR spectroscopy (Twigg et al., 2020). MALDI-TOF is
the emerging technology and can be used to characterize
biosurfactants (Price et al., 2009). As RLs are composed of
mono-RLs and di-RLs along with different congeners,
MALDI-TOF has emerged as the screening strategy where
new congeners can be determined at intimal stages (Sato et al.,
2019).

Breast cancer is one of the most prominent malignant
diseases in the world. Worldwide, there are 3,465,951
incidences and 1,121,413 deaths respectively, according to
GLOBOCAN 2020. In 2020, 1,204,532 new cases and 436,417
deaths were recorded in India (Sung et al., 2021). Breast cancer
affecting the female population continues to increase annually
and there is no ideal treatment for the disease (Wu et al., 2017).
Doxorubicin, etoposide, and mitoxantrone are some of the
widely prescribed anticancer drugs. One of the major causes
of high mortality in people with cancer is resistance developed
to the classical chemotherapeutic agent, which is being
considered to be a major hindrance, leading to major
obstructions in cancer treatment (Housman et al., 2014;
Wambang et al., 2016; Wang et al., 2019). Besides this, the
limited solubility, stability, bio-distribution, and cytotoxic effect
on normal cells significantly reduces the effectiveness of
chemotherapeutic drugs. Thus, it is essential to create
efficient alternative formulations, selectively targeting cancer
cells without causing substantial harm to healthy cells (Haque
et al., 2021). The life expectancy of cancer patients would be
significantly influenced by the development of new
chemotherapeutic/chemical substances/agents. RLs have
recently been discovered as a promising antitumor agent
interfering with the proliferation of cancer cells of different
origins (Chen et al., 2017).

Rhamnolipids have shown a significant effect on human as
well as animal cancer cells in the recent past. It is reported that
di-RLs produced from Pseudomonas aeruginosa B189 inhibit
the proliferation of a breast cancer cell line MCF-7 and an insect
cell line C6/36 (Thanomsub et al., 2006). This anticancer
property of RLs was further tested on various cell lines such
as BV-173, SKW-3, HL-60, and JMSU-1 derived from tumors of
different origin with IC50 values of 50–140 µM (Christova et al.,
2013). RLs isolated from Pseudomonas aeruginosa MR01
inhibited HeLa cancer cells growth at the concentration of
5 μg/ ml (Loftabad et al., 2010). Burgos-Díaz et al. (2013)
reported anticancer activity of glycolipid from Sphinobacterium
detergens against colorectal cancer cell line. Trehalose lipid, a
glycolipid from Mycobateria, was used as an antitumor agent
(Fracchia et al., 2015).

Similarly, Rahimi et al. (2019) investigated the cytotoxic
effect of RL-1 and RL-2 isolated from Pseudomonas
aeruginosa MR01 against MCF-7, a breast cancer cell line.
The results clearly indicate the antiproliferative effect of RLs,
emphasizing induction of apoptosis. They reported increased
expression of p53 gene in mRNA levels, indicating induction of
cell cycle control by RLs in cancer cells. All these reports give
insight into the use of RLs as a potential therapeutic
antitumor agent.

TNBC, commonly referred to as triple negative breast cancer
cell line, lacks expression of ER−a estrogen receptor, PR−a
progesterone receptor, and HER 2-a human epidermal growth
factor receptor 2 (Chavez et al., 2010). Poor long-term outcomes
are associated with it, as compared to other breast cancer (Li et al.,
2017). The MDA-MB-231 cell line also lacks expression of these
receptors and thus is an aggressive and invasive breast cancer cell
line (Cailleau et al., 1978). It is insensitive to anti-hormone-based
therapies, including tamoxifen due, to the absence of ER
expression (Osborne and Schiff, 2011). It accounts for
approximately 15% of breast cancer diagnosed worldwide,
which amounts to almost 200,000 cases each year. It is more
commonly diagnosed in women younger than 40 years,
compared with hormone receptor-positive breast cancer
(Swain, 2008). These types of breast cancer have limited
treatment options and thus it is commonly used for
development of novel therapeutic approaches by exploring
molecular basis of this type of breast cancer (Mohammed
et al., 2020).

The involvement of p38MAPK signaling pathway, a group of
stress-activated kinases in apoptotic cell death phenomenon,
makes this pathway striking for cancer researchers (García-
Cano et al., 2016). The inhibition of p38MAPK plays a
remarkable role in cancer therapy. P38MAPK is a crucial
player in response to chemotherapy, as apoptosis is the main
mechanisms associated with it (Sanchez-Prieto et al., 2000; Cai
et al., 2006). In few cases of colorectal cancer, experimental
evidence supports the fact that p38MAPK inhibition by itself is a
promising target in cancer therapy (Gupta et al., 2015; Igea and
Nebreda 2015). In primary acute myeloid leukemia, the
p38MAPK inhibition overcomes the resistance to compounds
such as Birinpant (Lalaoui et al., 2016). Ongoing trials showed
these inhibitors safety for ralimetinib and ARRY-614 (Garcia-
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Manero et al., 2015; Patnaik et al., 2016). The implication of
active p38MAPK in cancer is not a genetic alteration in the
MAPK, instead a pathological context of a tumor. Thus, it is
advisable to search for P38MAPK inhibitor for cancer
researchers (Pritchard and Hayward 2013). Hence, the use of
p38MAPK can be considered as a potential target for cancer
therapy. A new era of better prognosis and personalized
treatment can be led by a deep understanding of the role of
p38MAPK in cancer therapy.

The DNM50RL (a mixture of mono-RL and di-RL congeners)
used in the present study was produced using Pseudomonas
aeruginosa DNM50. MALDI-TOF was used to characterize RLs
in view to identify its different congeners. Radical scavenging
activity was assessed though DPPH assay. Cytotoxic effect of
DNM50RL was assessed against MDA-MB-231 triple negative
cell line through MTT, Resazurin, and Trypan blue assay. Since
p38 plays a crucial role in anticancer therapy, inhibition of
phosphorylated p38 was examined using Western blot analysis.

MATERIALS AND METHODS

Chemicals Used
Chemicals and media used in the present study were obtained
from Himedia (Mumbai, India), Sigma Aldrich Pvt. Ltd.
(United States), and Merck and Co. Inc. (United States).

Characterization of Microbial Strain
Pseudomonas aeruginosa DNM50 used in the present study was
previously isolated from oil contaminated soil sourced from
railway tracks of Wadi, Kalaburagi, Karnataka, India, in
A-DBT Research Laboratory, Gulbarga University, Kalaburagi.
Seven different screening methods were used to confirm its
efficiency for biosurfactant production, and the data was
reported in our earlier study (Mishra et al., 2021).

Pseudomonas aeruginosa DNM50 was identified and
characterized using 16 S rRNA sequencing. Spin column kit
(Qiagen, Hilden, Germany) was used to extract chromosomal
DNA while purification of bacterial 16 S rRNA (1500) was done
by using exonuclease I-Shrimp Alkaline phosphatase (Exo-SAP)
(Darby et al., 2005). For the amplification of 200 ng/ µL of 16 S
rRNA genes, PCR technique was applied using universal primers,
27F (AGAGTTTGATC(C/A)TGGCTCAG) and 1492R (TACGG
(C/T) TACCTTGTTACGACTT) (Clarridge 2004; Mulla et al.,
2016; 2018). Amplicons of PCR amplified genes were sequenced
by following the method of Sanger (Sanger et al., 2000) using ABI
3500xL genetic analyzer (Life Technologies, United States).
Sequencing files (.ab1 format) were edited with
CHROMASLITE (version1.5) and then analyzed with the
Basic Local Alignment Search Tool (BLAST) against the
closest culture sequence retrieved from the National Centre for
Biotechnology Information (NCBI) database, which identifies
regions of local similarity between sequences. The evolutionary
history and evolutionary analysis were deduced by Neighbor-
Joining method and MEGA 6, respectively (Altschul et al., 1990;
Tamura et al., 2013).

Characterization of Rhamnolipids
The RLs produced by Pseudomonas aeruginosa DNM50 under
submerged process was subjected for its chemical
characterization. The production medium used was neem oil
cake extract (19.5%), as a sole source of nutrition. The extract of
neem oil cake (pH 7.5) was prepared (Amena et al., 2010),
sterilized and inoculated with 10% of 24 h culture followed by
incubation at 40°C with agitation of 200 rpm for 5 days. Growth
stages of the culture, production levels of RL, and surface tension
(SFT) reduction of the production medium were recorded for a
period of 5 days. All experiments were carried out in triplicates.
The mean values were plotted along with standard deviation
(Hazra et al., 2010; Samykannu and Achary, 2017; Chopra et al.,
2020).

Cell free broth was used for extraction of RLs as per the
modified procedure described by Chandankere et al. (2013).
After 3 days of fermentation, culture broth was centrifuged for
10 min at 10,000 rpm. The cell free broth was filtered through
0.45 µM filter and extracted three times with equal volume of
chloroform. The organic phase was collected, and solvent
evaporated using a rotavapour. The resulting brownish
semisolid compound was dried in an oven at 70°C and
subjected to TLC (compared with reference standard of RLs
from AGAE technologies, USA). The extracted RL (DNM50RL)
was further analyzed by HPLC (not reported here) and
MALDI—TOF.

Thin Layer Chromatography
For thin layer chromatography, a sample of DNM50RL was
dissolved in chloroform and 20 µL of the aliquot was applied
to pre-coated silica gel (F 1500 LS. 254; Schleicher-Schull,
Germany). A mixture of butanol:acetic acid:water in the ratio
of 2:1:1 (v/v/v) was used as the mobile phase. Molisch reagent
(α-naphthol in ethanol with 10% H2SO4), ninhydrin reagent, and
iodine vapors were used for detection of carbohydrate, proteins,
and lipids, respectively (Loftabad et al., 2010).

Matrix Assisted Laser Desorption/Ionization Time of
Flight
To elucidate the structure of RLs, MALDI-TOF was performed
using an Applied Biosystem Ultraflextreme, Bruker Daltonic
Germany Mass Spectrometer in reflection mode (Maiqian
et al., 2010).

Antioxidant Activity
DPPH Assay
The 2,2,-diphenyl-1-picrylhydrazyl (DPPH) free radical
scavenging potential of DNM50RL was examined according
to the method described by Li et al. (2014). A concentration
range of 0.00625–5 mg/ml was used for both DNM50RL and
ascorbic acid (standard). The absorbance at 517 nm determines
the reduction of DPPH radical and the calculation for radical
scavenging activity was done as follows,

DPPH radical scavenging % � [(A0-A1)/A0] x 100. where
DPPH absorbance is denoted by A0 and absorbance of sample is
denoted by A1.
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The antioxidant property is measured in % radical scavenging
activity and the results are presented as the average of three
independent experiments.

The IC50 (effective concentration to scavenge DPPH radical)
value of DNM50RL was determined by GraphPad prism software
version 9.1.0.221. The dose response curve is plotted between
DPPH radical scavenging activity and the concentration.

Cytotoxic Activity
Cell Cultures
MDA-MB-231, a tumorigenic, invasive, metastatic, and TNBC
representative cell line was procured and authenticated from
National Centre for Cell Sciences (NCCS), Pune, India. The
cells were cultured in L-15 (Leibovitz’s 15) medium with
2 mM L-glutamine and 10% FBS (fetal bovine serum) and
were maintained at 37°C.

MTT Assay
5 × 104 cells (MDA-MB-231) were cultured in 96-well plate (Nunc
MicroWell™) in complete Dulbecco’s Modified Eagle Medium
(DMEM) medium and incubated overnight at 37°C in 5% CO2.
Cells were exposed to different concentrations (0.01, 0.05, 0.1, 0.5,
1.0, and 5.0 μg/ ml) of compound in triplicates with vehicle control
(0.05% DMSO served as negative control) and positive control
(Etoposide in the concentration range of 1—1000 µM). 24 h of
post-treatment, 10 μL of 4,5-dimethylthiazol-2-yl-2,5-
diphenyltetrazolium bromide (MTT) (5 mg/ ml) was added in
each well and incubated for 4 h at 37°C. The resultant purple
formazan crystals were solubilized in 150 μL of DMSO. The color
development was recorded at a test wavelength of 570 nm and a
reference wavelength of 630 nm (Varioskan™ Flash Multimode
Reader, Thermo Scientific, Switzerland). The cytotoxicity in
percentage was derived against control cells as 100% (Riss et al.,
2016; Byrappa et al., 2017). The cytotoxicity measurements were
depicted in the dose-response curve for a period of 24, 48, and 72 h.
The IC50 value (half-maximal inhibition concentration) was
determined using GraphPad Prism software version 9.1.0.221
using nonlinear regression (curve fit).

Resazurin Assay
5 × 104 MDA-MB-231 cells were grown in 96-well plate (Nunc
MicroWell™) in complete L-15 medium and incubated overnight
at 37°C. Cells were treated with increasing concentrations (0.01,
0.05, 0.1, 0.5, 1.0, and 5.0 μg/ml) of the compound in triplicates
with vehicle control (0.05% DMSO served as negative control)
and a positive control (Etoposide in the concentration range of
1—1000 µM). After 24 h of treatment, cells were incubated with
100 μL of resazurin sodium salt (0.01 g/2 ml sterile
PBS—phosphate buffered saline) at 37°C for 4 h. The resultant
change from blue to pink color indicates the presence of viable
cells. The optical density of the colored solution was determined
at a reference wavelength of 630 nm and test wavelength of
570 nm (Infinite Pro Tecan Multimode reader, Thermo
Scientific, Finland). The percentage of cytotoxicity was
calculated against control cells as 100% (Riss et al., 2016;
Byrappa et al., 2017). The cytotoxicity measurements were
analyzed in the dose-response curve for 24, 48, and 72 h. The

IC50 value (half-maximal inhibition concentration) was
demonstrated using GraphPad Prism software version
9.1.0.221 using nonlinear regression (curve fit).

Trypan Blue Assay
5×104 MDA-MB-231 cells were seeded in 6-well plate in
complete L-15 medium and cells were treated with
increasing concentrations (0.01, 0.05, 0.1, 0.5, 1.0, and
5.0 μg/ ml) of the compound with control. After 24 h of
treatment, cells were stained with trypan blue (0.4% trypan
blue in PBS—phosphate buffered saline, pH 7.2–7.3). A
mixture of treated cells (10 µL), trypan blue (10 µL), and
PBS (980 µL) were resuspended and 10 µL of the mixture
was loaded from the edge of a coverslip placed on a
hemocytometer. The number of viable cells/mL was
enumerated by using the following formula.

Average of cells counted from four squares x 10,000 x dilution
factor (i.e., 100)

� Average cells count x 106 cells.

Cell viability (%) � (Number of live cells ÷ Number of total
cells) × 100.

Three independent readings were taken. All the measurements
were depicted in the dose-response curve for 24, 48, and 72 h
(Phillips, 1973). Etoposide in the concentration range of
1–1000 µM served as the positive control along with 0.05%
DMSO as negative control. The IC50 value (half-maximal
inhibition concentration) was determined using GraphPad
Prism software version 9.1.0.221 using nonlinear regression
(curve fit).

Western Blotting for Regulation of P38
MDA-MB-231 cells were revived and grown until 80%
confluent, the cells were trypsinized (trypsin-EDTA 0.25%),
split, and then seeded into sterile Petri dishes. After 80–90%
confluency, the media was aspirated, and cells were starved
overnight with basal media. MDA-MB 231 cells were treated
with 2 mM sodium orthovanadate for 2 h, followed by 5 µg of
compound for 24, 48, and 72 h. The cell lysate was prepared
using chilled lysis RIPA buffer. Cell lysate of 24, 48, and 72 h
was collected. After estimating protein (Bradford, 1976), the
supernatant was loaded on gel (150 µg/well) and processed for
Western blotting using a semidry blotter. The unwanted
protein binding sites on the membrane were blocked by
incubating membrane in 5% bovine serum albumin (BSA)
for 2 h at room temperature with moderate agitation. Blot was
washed three times with TBST buffer (tris-buffered saline,
0.1% tween 20) for 10 min each. Membrane was incubated
overnight at 4°C with moderate agitation in primary antibody
(phosphorylated p38, polyclonal rabbit antibody), diluted as 1:
1000 ratio in blocking buffer. After washing the blot, the blot
was incubated with secondary goat anti-rabbit HRP tagged
antibody in 1:3000 ratio for 2 h at room temperature with
gentle agitation. Following washing, the blot was developed
using enhanced chemiluminescence (ECL). Blot was stripped
and re-probed with total p38 antibody to show equal loading in

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org November 2021 | Volume 9 | Article 7612664

Mishra et al. Cytotoxicity of Pseudomonas Derived Rhamnolipids

18

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


all blots. β actin served as the loading control. Membrane was
washed with TBST extensively and continued with blocking
procedure. Quantification of protein bands were determined
by ImageJ software (Towbin et al., 1979).

Statistical Analysis
All the results were expressed as the Mean ± SD values obtained
in triplicate from three independent tests. SPSS version 22.0 was
used to perform all statistical analysis. One-way ANOVA
followed by Tukey’s HSD Post-Hoc test and Student’s t test
were used to make multiple comparisons with control groups.
*p < 0.05 represents statistically significant values.

RESULTS AND DISCUSSION

Strain Characterization
The isolated genomic DNA of the potential isolate was amplified
to obtain a PCR product, which was further purified. It was then
subjected to 16SrRNA gene sequencing and identified by
phylogenetic analysis. The consensus sequences available from
National Centre for Biotechnology Information (NCBI) were
used to perform Nucleotide Blast (Blast-n). Sequence
alignment was done using CLUSTAL–W and a phylogenetic
tree was constructed using MEGA 6 software as shown in
Figure 1. The potential isolate DNM50 was identified based
on phylogenetic analysis and designated as Pseudomonas
aeruginosa DNM50 (99% similarity with Pseudomonas
aeruginosa). The sequence was submitted to NCBI and the
GenBank accession number MK351591 was obtained.

Characterization of Rhamnolipids
A linear increase in the growth of the culture was observed up to 60 h
and was declined further. Maximum production of RLs (2.9 g/ L)
was achieved at 72 h with no significant increase up to 120 h. A
consistent decrease in SFT (from 62mN/m to 30mN/m) of the
medium was recorded up to 120 h (Supplementary Figure S1).

FIGURE 1 | Phylogenetic tree of the isolate DNM50.

FIGURE 2 | Chemical characterization of Rhamnolipid (DNM50RL)
produced from Pseudomonas aeruginosa DNM50 by (A) thin-layer
chromatography (TLC): TLC plate run in a solvent system of butanol:acetic
acid:water (2:1:1), developed with Molisch reagent (α—naphthol in
ethanol and H2SO4) showing typical brown color spots of Rhamnolipid. (B)
MALDI TOF peaks.
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Thin layer chromatogram (Figure 2A) of RLs produced by
Pseudomonas aeruginosa DNM50 showed two characteristic
spots corresponding to standard RLs on reaction with Molisch
reagent with retardation factor (Rf) values of 0.84 and 0.68
confirming the presence of mono-RLs and di-RLs, respectively.
Positive reaction with Molisch reagent and iodine vapors ratifies
glycolipid nature of RLs. No spots were observed with ninhydrin
reagent indicating absence of amino acids/proteins. Many
researchers reported similar RLs mixture with varying
composition (Haba et al., 2003; Silva et al., 2010; Abbasi et al.,
2012).

MALDI-TOF (Figure 2B) confirmed the presence of mono-
RL and di-RL congeners, specifically Rha-C8-C8:1, Rha-C10-C8:
1, Rha-C10-C10, Rha-C10-C12:1, Rha-C16:1, Rha-C16, Rha-
C17:1, Rha-Rha-C10:1-C10:1, Rha-Rha-C10-C12, Rha-Rha-
C10-C8, Rha-Rha-C10-C8:1, and Rha-Rha-C8-C8 as shown in
Table 1. The spectrum was characterized by molecular ions for
mono-RLs (m/z 470-575) and di-RLs (m/z 640-730). Major ions
at m/z 527 were attributed to [M + Na]+ adduct ions of the major
mono-RL, Rha-C10-C10 and m/z 630 and 685 were attributed to
[M + K]+ adduct ions of the major di-RLs, Rha-Rha-C8-C8, and
Rha-Rha-C10:1-C10:1, respectively. These findings were in
accordance with the work previously reported for analysis of
RLs produced by different strains of Pseudomonas aeruginosa
(Price et al., 2009; Sarachat et al., 2010; Abeer Mohammed et al.,
2018).

Based on chromatographic and spectroscopic analyses, it can
be inferred that the biosurfactant produced by Pseudomonas
aeruginosa DNM50 is comprised of congeners of mono-RLs
and di-RLs.

Radical Scavenging Attribute
DPPH assay was developed to examine the antioxidant activity,
which relies on the measurement of scavenging ability of
antioxidants to a stable free radical, DPPH. Electron of
nitrogen atom from DPPH was reduced to corresponding
hydrazine by a hydrogen atom from the antioxidant. Reduced
form of DPPH shows a color change from deep violet to yellow,
thus assessing antioxidant activity of the given compound
(Kedare and Singh, 2011). The DPPH radical scavenging

activity of DNM50RL and ascorbic acid was as shown in
Figures 3A,B.

At 5 mg/ml concentration, DNM50RL and ascorbic acid
showed a radical scavenging activity of 84.25 and 98.4%,
respectively. This activity increases with an increase in
concentration. The IC50 value was 101.8 μg/ml for DNM50RL
and 2.064 μg/ml for ascorbic acid as determined from GraphPad
Prism software. At 1 mg/ml, MCTG107b and MCTG214 (3b1)
derived biosurfactant exhibited only 9.67 ± 3.27% and 15.46 ±
4.03% inhibition for DPPH assay (Voulgaridou et al., 2021).

DPPH radical scavenging activity of 69.1 and 73.5% were
reported at 5.0 mg/ml of BS-VSG4 and BS-VS16 biosurfactants
from Bacillus strains (Giri et al., 2019). An IC50 value of 4.15 mM
for RLs from Pseudomonas aeruginosa was deduced (Abdollahi
et al., 2020). Similarly, IC50 value of 357 μg/ml was observed for
DCS1 lipopeptide biosurfactants produced from Bacillus
methylotrophicus (Jemil et al., 2017). The DNM50RL has
shown weak antioxidant activity than standard ascorbic acids
but is better than the activity reported by other related studies.
The radical scavenging activity for biosurfactants was due to the
transfer of protons or electrons, thus neutralizing free radicals.
This activity was enhanced by hydrocarbon fatty acid in RLs and
was not affected by their variation in chain length (Tofani et al.,
2010; Tabbene et al., 2012).

Cytotoxic Attribute
Cell viability assays such as dye exclusion, colorimetric,
fluorometric, luminometric, and flowcytometric are being used
by various researchers. However, measurement of cell viability/
proliferation cannot be examined by only one method, since it is
influenced by types and origins of cell lines and the mechanism of
action of the cytotoxic agents explored. Thus, it is recommended
to apply more than one assay for cell viability/proliferation
(Kamiloglu et al., 2020).

MTT assay was performed to assess the antiproliferative effect
of different concentrations of DNM50RL against MDA-MB-231
cell lines. There is a linear relationship between cell activity and
absorbance measuring growth rate of cells, thus MTT is a
quantitative and sensitive detection of cell proliferation
(Mahajan et al., 2012). MTT can be reduced through the

TABLE 1 | Molecular ions observed in MALDI-TOF for Rhamnolipids produced by Pseudomonas aeruginosa DNM50.

Rhamnolipids Molecular formula Calcd mass
units [M]

[M + Na]+ [M + K]+ [M—H +2Na]+ Observed

Obsd Calcd Obsd Calcd Obsd Calcd

Rha-C8-C8:1 C22H38O9 446.2 469 469.2 483-2H 485.2 − 491.2
Rha-C10-C8:1 C24H42O9 474.2 − 497.2 513 513.2 519 519.2
Rha-C10-C10 C26H48O9 504.3 527 527.3 − 543.2 − 549.3
Rha-C10-C12:1 C28H50O9 530.3 553 555.3 569 569.3 − 575.3
Rha-C16:1 C22H38O7 414.2 − 437.2 − 453.2 − 459.2 414
Rha-C16 C22H40O7 416.2 − 439.2 456 + H 455.2 − 461.2
Rha-C17:1 C23H40O7 428.2 − 451.2 − 467.2 − 473.2 425
Rha-Rha-C10:1-C10:1 C32H54O13 646.3 − 669.3 685 685.3 − 691.3
Rha-Rha-C10-C12 C34H62O13 678.4 701 701.4 − 717.3 − 723.4
Rha-Rha-C10-C8 C30H54O13 622.3 644-H 645.3 − 661.3 − 667.3
Rha-Rha-C10-C8:1 C30H52O13 620.3 − 643.3 658 -H 659.3 − 665.3
Rha-Rha-C8-C8 C28H50O13 594.3 − 617.3 630-3H 633.2 − 639.2 597—3H
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FIGURE 3 | The DPPH radical scavenging activity of DNM50RL and ascorbic acid (A) Scavenging %. Values represented as mean ± SD of three independent
experiments. Error bars represent SD (*p < 0.05). (B) Non-linear regression curve fit (DPPH assay). IC50 determined by nonlinear regression (curve fit [Inhibitor] vs.
normalized response–Variable slope) using GraphPad prism software.

FIGURE 4 | Antiproliferative effect of DNM50RL on MDA-MB 231 cell line by MTT assay after 24, 48, and 72 h of treatment. (A) Dose dependent inhibition. Values
represented as mean ± SD of three independent experiments. Error bars represent SD (*p < 0.05). (B) IC50 determination by nonlinear regression [curve fit (Inhibitor) vs.
normalized response–Variable slope] using GraphPad prism software.

FIGURE 5 | Antiproliferative effect of DNM50RL on human breast cancer cell lines MDA-MB- 231 cell line by resazurin assay after 24, 48, and 72 h of treatment. (A)
Dose dependent inhibition. Values represented as mean ± SD of three independent experiments. Error bars represent SD (*p < 0.05). (B) IC50 determined by nonlinear
regression [curve fit (Inhibitor) vs. normalized response–Variable slope] using GraphPad prism software.
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mitochondrial enzyme, which is possible only in the cells with
active metabolism. Hence, measurement of cell proliferation is
indicated directly by the number of metabolically active/viable
cells. With an increase in the concentration of DNM50RL, there is
an increase in inhibition of cell proliferation at 24 h. Similar dose-
dependent inhibition was observed at 48 and 72 h, with the best
results obtained when treatment was given for 72 h showing an
IC50 value of 0.05 μg/ml (Figures 4A,B).

In resazurin assay, viable cells with active metabolism cause
reduction of resazurin to resofurin product, which is pink and
fluorescent (Riss et al., 2016). The assay is more sensitive than the
MTT assay (Shum et al., 2008), hence it is used to confirm further
the antiproliferative activity of DNM50RL against MDA-MB-231
cell lines. A dose dependent trend was observed with IC50 value of
1.5 μg/ml at 48 h of treatment, though the best effect was observed
at 72 h of treatment with IC50 of 0.01 μg/ml (Figures 5A,B).

Trypan blue dye exclusion assay was further used for
evaluation of cytotoxicity activity of DNM50RL. This assay
easily differentiates live and dead cells as the dead cells take
up the dye and live cells exclude trypan blue, hence the name. It is
because live cells will retain their membrane intact and dead cells
will lose membrane integrity due to apoptosis/necrosis
(Farghadani et al., 2017). Figure 6A shows the decrease in cell
viability in 72 h by DNM50RL in a dose dependent manner
confirming its role in cytotoxicity activity against MDA-MB-231
cell line (Figure 6B). When the treatment was given for 72 h, the
IC50 value was 0.64 μg/ml. The IC50 value of DNM50RL was
lower than the positive control, Etoposide (IC50 value of 20.65,
25.77, 51.10 µM byMTT, resazurin and Trypan blue assay at 72 h
of treatment) (Supplementary Figure S2).

A number of researchers worked on cytotoxic effect of
different glycolipid based biosurfactants against different cell
lines (Table 2). However, there is limited data available on the
cytotoxic effect of RLs against MDA-MB-231 cell line.

It can be inferred from the results of all cell proliferation/
viability assays that DNM50RL is inhibiting proliferation of MDA-
MB-231 cell line in a dose dependent and time dependent manner.

Moreover, few reports showed that mono-RLs are more effective
for inhibition of breast cancer cells and some emphasize di-RLs to
bemore effective (Thanomsub et al., 2006; Jiang et al., 2014; Rahimi
et al., 2019). Due to such variations found in the biological
potentials of purified mono-RLs and di-RLs from previous
reports, the present study was aimed to reveal the biological
attributes of natural RLs in their native form. This is because an
appropriate proportion/mixture of mono-RLs and di-RLs may
have much pronounced activity than the individual congeners.
Many researchers reported a lack of cytotoxic activity of RLs
against normal human cells, e.g., Vero cells, PBMN-peripheral
blood mononuclear cells. This may be due to the presence of more
negatively charged functional groups on cancer cells and its
variation in fatty acid profiles with respect to normal cells,
which facilitates greater endocytosis activity of cancer cells
(Gudiña et al., 2013; Dwivedi et al., 2015). Reports from various
studies on RLs against different cancerous and normal healthy cells
show discrete results. This may be due to the nature of normal and
cancerous cells studied, purity and types of RL variants, and the
degree of surface tension reduction (Rahimi et al., 2019).

Downregulation of P38MAPK
Western blot analysis was done to compare the phosphorylated
(p-p38MAPK) and total (t-p38MAPK) p38MAPK protein levels
after treatment with DNM50RL (5 μg/ ml). This was done to
determine whether p38MAPK is responsible for DNM50RL
cytotoxicity in triple negative breast cancer cell line MDA-
MB-231. As shown in Figures 7A,B, the protein levels of total
p38 were higher in these cells until 72 h in control and treated
cells (lower panel) while the phosphorylated p38 was
downregulated (upper panel).

Several studies showed that p38 mitogen activated protein
kinases (MAPKs) play a critical role in cellular responses,
proliferation, survival, cell cycle, and migration in cancer. As
DNM50RL can downregulate p38 phosphorylation, it can be
proposed as a novel and potent anticancer agent with its
effectiveness at a very low concentration. RL a (Rha-Rha-C10-

FIGURE 6 | Cell viability efficacy of DNM50RL on human breast cancer cell lines MDA-MB-231 cell line by trypan blue assay after 24, 48, and 72 h of treatment. (A)
Dose dependent inhibition. Values represented as mean ± SD of three independent experiments. Error bars represent SD (*p < 0.05). (B) IC50 determined by nonlinear
regression [curve fit (Inhibitor) vs. normalized response–Variable slope] using GraphPad prism software.
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TABLE 2 | IC50 values of few glycolipid based biosurfactants against different cell lines.

Biosurfactant Source Cell line Cytotoxic assay IC50/LC50/GI50/
EC50

Treatment
time

References

Rhamnolipid 1; Rhamnolipid 2 Pseudomonas sp. HepG2 liver cancer cell line;
A549 lung cancer cell line;
MDA-MB-231 cell line; HeLa
cell line

MTT assay 140 μM, 154 μM,
86 μM, 123 µM; 79 μM,
98 μM, 58 μM, 88 µM

48 h Kamal et al.
(2012)

Glycolipid biosurfactant S9BS Lysinibacillus
fusiformis S9

HEK-293, a human
embryonic kidney cancer cell

MTT assay 75 μg/ ml (LC50) 24 h Pradhan et al.
(2014)

Monorhamnolipid (NDYS-4E) Streptomyces
coelicoflavus NBRC
(15399T)

MCF-7, a breast cancer cell
line

MTT assay 88.60 μg/ ml 48 h Allada et al.
(2015)

BS1a; BS1b R—95TM RL;
R—90 TM RL

MCF—7, a breast cancer
cell line

MTT assay 153.40 μg/
ml,98.27 μg/
ml,33.08 μg/ ml;
168.50 μg/ ml,
42.85 μg/
ml,30.05 μg/ ml

24 h,
48 h, 72 h

Akiyode et al.
(2016)

Rhizoleucinoside, a RL -
amino-alcohol hybrid

Bradyrhizobium sp.
BRAil

Murine microglia; Rat
microglia

CellTiter-Glo 2.0
(CTG 2.0) assay

6.9 µM; 22 µM 24 h Chen et al.
(2016)

Biosurfactant Lactobacillus casei HEp-2 cell line MTT assay 109.1 ± 0.84 mg/ ml to
129.7 ± 0.52 mg/ ml

48 h Merghni et al.
(2017)

Dokdolipids A, B, C Actinoalloteichus
hymeniacidonis
179DD-027

MDA-MB-231 breast cancer
cell line

Sulforhodamine
(SRB) assay

30.6, 40.4, 25.5 µM
(GI50)

48 h Choi et al.
(2019)

Monorhamnolipids;
Dirhamnolipids

Pseudomonas
aeruginosa MR01

MCF-7 breast cancer cell
line

MTT assay 25.87 μg/ ml; 31 μg/ ml 48 h Rahimi et al.
(2019)

L-SL (Lactonic form of
sophorolipids);

Starmerella
bombicola
MTCC1910

Human lung
adenocarcinoma epithelial
cell line A549;

MTT assay 50 μg/ ml, 40 μg/ ml,
880 μg/ ml, 400 μg/ ml;

24 h, 48 h Haque et al.
(2021)

Glucolipids Candida bombicola MDA-MB-231 breast cancer
cell line;

50 μg/ ml, 40 μg/ ml,
900 μg/ ml, 400 μg/ ml;
40 μg/ml, 35 μg/ml,
600 μg/ml, 100 μg/ml

MCTG107b (mixture of
rhamnolipid analogues);
MCTG214 (3b1)
(dirhamnolipids congeners)

Marinobacter strain
Pseudomonas strain

Mouse skin melanoma cell
line B16F10 HaCat
keratinocyte cell Line THLE3
liver cell line

Almar blue assay 1.3 ± 0.4 mg/ ml,
0.73 ± 0.1 mg/ ml,
0.76 ± 0.1 mg/ ml
(EC50);

24, 48, 72 h Voulgaridou
et al. (2021)

1.28 mg/ ml±0.2,
1.04 ± 0.1 mg/ ml,
0.96 ± 0.1 mg/ ml
(EC50);
1.35 ± 0.1 mg/ ml,
0.78 ± 0.1 mg/ ml,
0.55 ± 0.1 mg/ml
(EC50);
2.3 ± 0.2 mg/ml, 0.99 ±
0.1 mg/ml, 0.84 ±
0.1 mg/ ml (EC50);

RL1; RL2 Pseudomonas
aeruginosa BN10

MCF-7, breast cancer cell
line;

MTT assay 8.68 μg/ ml,
8.67 μg/ ml;

48 h Semkova et al.
(2021)

MDA-MB-231 breast cancer
cell lines

6.99 μg/ ml,
8.60 μg/ ml

DNM50RL (a mixture of mono
and dirhamnolipids)

Pseudomonas
aeruginosa DNM50

MDA-MB-231 breast cancer
cell line

MTT assay
Resazurin assay
Trypan blue assay

0.27 μg/ ml.,0.17 μg/
ml,0.05 μg/ ml

24, 48, 72 h Present study

1.25 μg/ ml, 1.52 μg/
ml, 0.01 μg/ ml
0.13 μg/ ml,0.22 μg/
ml,0.64 μg/ ml

Etoposide Standard anticancer
drug

MDA-MB-231 cell line MTT assay,
Resazurin assay
Trypan blue assay

46.59, 25.22, 20.65 µM 24h,
48h, 72 h

Present study
88.32, 60.94, 25.77 µM
70.25, 56.01, 51.10 µM
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C10) isolated from Pseudomonas aeruginosa B189 inhibited the
proliferation ofMCF-7 cells, human breast cancer cell lines with a
MIC of 6.25 μg/ml, whereas RL b (Rha-Rha-C10-C12) did not
exhibit significant cytotoxic activity. At 50 μg/ml, Rha-Rha-C10-
C10 or Rha-Rha-C10-C12 did not show cytotoxic effect against
Vero cells, a normal cell line. Thus, this report demonstrates the
toxic sensitivity of different congeners of these RLs to other cell
lines used (Thanomsub et al., 2006).

Di-rhamnolipids (Rha-Rha-C10-C10 as a major component)
produced by Pseudomonas aeruginosa M14808 showed
antiproliferative efficiency against MCF-7 and H460, a human
non-small lung cancer line with a MIC of 1 μg/ml and 5 μg/ml,
whereasmono-RLs (Rha-C10-C10 as amajor component) and crude
extract did not show any antiproliferative activity (Zhao et al., 2013).

Similar sensitivity of RLs (mono-RLs and di-RLs) against two
cancer cell lines, HepG2 (a human hepatocellular carcinoma cell
line), Caco-2 (a human colon carcinoma cell line), and a normal
cell HK-2 (a human proximal tubular epithelial cell line) were
reported (Jiang et al., 2014). Mono-RLs presented higher
cytotoxicity than di-RLs, which is due to large surface tension
reduction by mono-RLs than di-RLs. They stated that similar
sensitivity was observed for normal as well as cancerous cell
lines with or without fetal bovine serum (FBS). Addition of FBS
attenuates the cytotoxic effect of RLs. These observations revealed
that RLs reduce surface tension of the culture medium, eliciting its
cytotoxic effect, instead of causing any modification in molecular
structure. Further, mainly decreased cytotoxic effect was observed
in vivo as RLs get dissolved in simulated gastric juice. Thus, further
research to illustrate high level of biosafety of RLs in vivo offers
valuable suggestions for cancer researchers (Jiang et al., 2014).

An efficient cytotoxic potency of RLs (Rha-Rha-C10-C10 and
Rha-Rha-C10) isolated from Pseudomonas sp. strain ICTB -745 was
reported against different human cancer cell lines, e.g., lung
adenocarcinoma, hepatocellular liver carcinoma, breast
adenocarcinoma, and cervical cancer cell lines (Kamal et al.,
2012). Mono-RLs (Rha-C10-C10, as a major component) from
Pseudomonas aeruginosa BN10 had noticeable cytotoxic activity
against human urinary bladder carcinoma cell line, human
promyelocytic leukemia cell line, human pre-B leukemia cell
line, and T-cell chronic lymphocytic leukemia cell line. The

probable reason may be the structure of mono-RLs molecule,
causing high penetration in tumor cell, leading to cell viability
reduction.Mono-RLs induced cell death, aremediated by induction
of apoptosis, inactivation of cellular oncogenes or activation/
alteration of tumor suppressor process. The dose dependent
apoptotic progression of mono-RLs may be due to efflux pump
or the receptors present on cell membrane gets saturated, interfering
with the permeation of active molecules within the cancerous cells
(Christova et al., 2013). Bcl-2 and c-myc gene overexpression in
human BV-173 pre-B leukemia cell line were observed with high
doses of mono-RLs, resulting in high proliferative and anti-
apoptotic effect, which is overcome by prolonged incubation
period (≥72 h). Low cytotoxicity against Balb/c 3T3, a non-
tumorigenic mouse fibroblast cell line was confirmed by Balb/c
3T3 neutral red uptake test (Christova et al., 2013).

RL-AgNPs from Pseudomonas aeruginosa JS-11, at
concentration of 10 μg/ ml, showed a remarkable decrease in
cell viability of MCF-7 breast cancer cell lines and no
significant effect on PBMN—a normal human peripheral
blood mononuclear cell was reported. It might be because the
anionic metal nanoparticles cause greater attachment into plasma
membrane of MCF-7 cells due to the presence of a negatively
charged group on the cancer cell surface. This causes greater
endocytic activity causing internalization of metal nanoparticles
through vesicular transport pathway. Thus, the RL-AgNPs
attachment to the cell surface leads to oxidative stress and cell
membrane disruption, which assures it as a primary candidate for
novel cancer therapy (Dwivedi et al., 2015).

Although many reports are available showing the anticancer
activity of the RLs against various other cancer cell lines, there is
limited studies available on MDA-MB-231 cell lines. Also, the
mechanism of action of RLs at the molecular level is still
insufficiently understood. A future study to elucidate the
mechanism is needed to learn its biochemical and cellular
interaction followed by preclinical studies and clinical trials at
different stages (Abbasi et al., 2013; Abalos et al., 2017). The
structure and activity relationship studies of pure or mixture of RLs
would also offer advantages for researchers to elucidate their biological
characterization and predict the biological function of various RL
congeners in combination or in particular (Chen et al., 2017).

FIGURE 7 | (A)Western blot for antibody phosphorylated p38 and total p38. β actin served as loading control. (B)Graph representing the ratio of phosphorylated p38
(p-p38)/total p38 (t-p38). The intensity related to expression of p-p38 and t-p38was analyzed using ImageJ software. All the results are presented as themeans ±SDof three
independent measurements. Error bars represent standard deviation. (*) Differences were considered significant at p < 0.05 as compared with control groups.
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CONCLUSION

Lower toxicity and higher biodegradability attributes of
biosurfactants are always advantageous over chemical
surfactants for significant biotechnological applications.
Isolated and identified strain of Pseudomonas aeruginosa
DNM50 in the present study is novel due to the significant
cytotoxic effect of its RL against triple negative breast cancer
cell lines. Twelve different congeners were detected by MALDI-
TOF, which contributes to the functional efficiency of RLs.
DNM50RL seems to be a potential molecule in the future for
cancer therapy due to its very low IC50 value against MDA-MB-
231 cell line and its significant role in inhibition of p38MAPK.
Therefore, the DNM50RL can be a prospective natural,
therapeutic anticancer agent.
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Impact of the Purification Process on
the Spray-Drying Performances of the
Three Families of Lipopeptide
Biosurfactant Produced by Bacillus
subtilis
Antoine Vassaux1, Marie Rannou1, Soline Peers2, Théo Daboudet1, Philippe Jacques2,3 and
François Coutte1,2*
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Viollette, Lille, France, 2LIPOFABRIK, Villeneuve d’Ascq, France, 3TERRA Teaching and Research Centre, Université de Liège,
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Gembloux, Belgium

Lipopeptides produced by Bacillus subtilis display many activities (surfactant, antimicrobial,
and antitumoral), which make them interesting compounds with a wide range of applications.
During the past years, several processes have been developed to enable their production and
purification with suitable yield and purity. The already implemented processes mainly end with
a critical drying step,which is currently achieved by freeze-drying. In this study, the possibility to
replace this freeze-drying step with a spray-drying one, more suited to industrial applications,
was analyzed. After evaluating their thermal resistance, we have developed a spray-drying
methodology applicable for the three lipopeptides families produced by B. subtilis,
i.e., surfactin, mycosubtilin (iturin family), and plipastatin (fengycin family). For each
lipopeptide, the spray-drying procedure was applied at three steps of the purification
process by ultrafiltration (supernatant, diafiltered solution, and pre-purified fraction). The
analysis of the activities of each spray-dried lipopeptide showed that this drying method is
not decreasing its antimicrobial and biosurfactant properties. The methodology developed in
this study enabled for the first time the spray-drying of surfactin, without adjuvants’ addition
and regardless of the purification step considered. In the case of fengycin and mycosubtilin,
only diafiltered solution and purified fraction could be successfully spray-dried without the
addition of adjuvant. Maltodextrin addition was also investigated as the solution for the direct
drying of supernatant. As expected, the performances of the spray-drying step and the purity
of the powder obtained are highly related to the purification step at which the product was
dried. Interestingly, the impact of mycosubtilin concentration on spray-drying yield was also
evidenced.

Keywords: spray-drying, Bacillus subtilis, antimicrobial lipopeptides, biosurfactants, surfactin, fengycin,
mycosubtilin
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INTRODUCTION

Secondary metabolites, including those synthesized by multi-
enzymatic modular complexes such as polyketide synthase
(PKS), non-ribosomal peptide synthetase (NRPS), and hybrid
PKS/NRPS structure, represent an almost inexhaustible source of
interesting bioactive compounds (Demain, 2014). Non-ribosomal
peptides (NRPs) notably show a large structural diversity mainly
due to the diversity of monomers, which can compose them
(proteogenic and nonproteogenic amino acids, carbohydrates,
lipids, etc.). NRPs showing a fatty acid chain linked to a peptide
moiety are classified as lipopeptides (LPPs) (Caboche et al., 2008).

Bacillus subtilis is naturally producing and secreting three
different families of LPPs: surfactins, iturins, and fengycins.
Surfactins (surfactins, pumilacidins, and lichenysins) are cyclic
heptapeptides linked to a β-hydroxy fatty acid of C12 to C17,
known for their biosurfactant properties but also for their
antiviral and antitumoral activities. Iturins (iturins A, C, D,
and E; mycosubtilins; bacillomycins D, F, and L; and
mojavensin) consist in a heptapeptide linked to β-amino fatty
acid of C14 to C19, whereas fengycins (fengycins A and B,
plipastatins A and B, and agrastatins) show a C12 to C19

β-hydroxy fatty acid (saturated or not) linked to a decapeptide

(Jacques, 2011; Coutte et al., 2017). In addition to their
biosurfactant properties, fengycins and iturins are mainly
studied for their antifungal properties (Jacques, 2011). LPPs as
iturins and fengycins display antifungal properties and are thus
used as biocontrol agents to fight against phytopathogens. Several
studies have already demonstrated their efficiency on plant fungal
pathogens such as Bremia lactucae (Deravel et al., 2014),
Zymoseptoria tritici (Mejri et al., 2018), and Venturia
inaequalis (Desmyttere et al., 2019) and on foodborne
pathogens such as Paecilomyces variotii, Byssochlamys fulva,
and Candida krusei (Kourmentza et al., 2021). On the other
hand, the elicitor potential of surfactin and its ability to act in
synergy with the two other families of LPPs also make it a good
candidate for an efficient biocontrol agent (Ongena and Jacques,
2008). The application of these LPPs as biocontrol agents is highly
dependent on our capacity to produce and purify them with high
yields, suitable purities, and low costs. To achieve this goal,
several research teams have already developed innovative
processes, such as the disc bioreactor, the membrane
bioreactor, or the trickle-bed biofilm reactor, enabling notably
to limit the foam apparition due to the surfactant properties of
LPPs (Coutte et al., 2017). Conversely, some studies focused on
the foaming properties of LPPs to set up overflowing culture
processes (Chen et al., 2006; Gong et al., 2009; Guez et al., 2021).
In terms of purification, a downstream process encompassing
several steps of ultrafiltration/diafiltration/evaporation has
already been established and proved its worth in several
studies (Coutte et al., 2010a; Kourmentza et al., 2021)
(Figure 1). The final formulation of LPPs in powder form is
an optional step that enables to concentrate the product to
facilitate storage, while reducing the risk of product
degradation, thus increasing its shelf-life. In surfactin, iturin,
and fengycin cases, the transition from a liquid to a solid state is
conventionally operated through a freeze-drying process (Coutte
et al., 2010a; Kourmentza et al., 2021).

To dry compounds of interest, freeze-drying and spray-drying
are the most used techniques in industrial processing. Due to its
lower operating cost and its higher volume capacity, the spray-
drying technique is often preferred by food and cosmetics
industries (Vardanega et al., 2019). In a recent techno-
economic study, authors have highlighted, in one of their
scenarios, the requirement of a spray-drying step to set up a
surfactin and lichenysin industrial-scale production derived from
Bacillus fermentation (Czinkóczky and Németh, 2020).
Therefore, to fit with industrial requirements, developing a
methodology enabling LPPs to dry through spray-drying is of
prime interest. The spray-drying technique has already been
successfully used to formulate B. subtilis strains and its
associated culture broth and led to a biocontrol product
displaying long shelf-life, high viability, and capability to
prevent peach brown rot and rice blast diseases (Yánez-
Mendizábal et al., 2012; Meng et al., 2015). The antimicrobial
LPPs produced by Bacillus amyloliquefaciens were encapsulated
by spray-drying, with a limited loss of activity, thanks to the
addition of maltodextrin and porous starch as composite wall
materials (Wang et al., 2014). Regarding B. subtilis LPPs, a
surfactin-like biosurfactant, isolated from B30 strain was

FIGURE 1 | Description of the workflow for the production and
purification of lipopeptides from the fermentation of Bacillus subtilis to the
enriched lipopeptide solution in an aqueous solution. The different steps
where a sample has been taken for spray-drying experiments are
highlighted as Sample (A–C).
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reported to be successfully spray-dried after a purification step by
acid precipitation (Al-Wahaibi et al., 2014). Iturin A produced by
B. subtilis was also spray-dried to be incorporated into
microcapsules, with sodium alginate and poly(γ-glutamic acid)
as wall materials, to improve the compound stability and facilitate
its storage (Yu et al., 2017). The addition of a high amount of
maltodextrin or kaolinite as drying adjuvants also enabled the
spray-drying of surfactin without any loss in surfactant activity
(Barcelos et al., 2014).

Although biosurfactant drying feasibility through a spray-
drying approach has already been demonstrated, to the best of
our knowledge, the addition of drying adjuvants has always
been required to recover the bioactive compounds. This
addition of drying adjuvant is deleterious, as it decreases
the purity of the product, enhances the cost, and increases
the storage volumes. In this study, we investigate for the first
time and in a systemic way the spray-drying of the three
families of LPPs. The methodology that enables the drying
of B. subtilis-based biosurfactants without the addition of
adjuvants is also presented. The molecules from the three
main families of LPPs produced by B. subtilis
(i.e., surfactin, mycosubtilin, and plipastatin) have been
considered for spray-drying at three different steps of their
purification process. The preservation of the surfactant and
antimicrobial activities after drying was assessed for the
three LPPs.

MATERIALS AND METHODS

Lipopeptides Production
Surfactin, mycosubtilin, and plipastatin (LPPs) were produced in
5-L shake flasks filled at 20% with Landy media, under orbital
agitation at 160 rpm, as previously reported (Coutte et al., 2010a).
Surfactin and plipastatin were respectively produced by B. subtilis
BBG131 strain (Coutte et al., 2010a) and B. subtilis Bs2504 strain
(Ongena et al., 2007). BBG131 and Bs2504 were grown for 72 h at
37°C in a modified Landy MOPS culture medium (composition:
20 g·L−1 of glucose, 5 g·L−1 of glutamic acid, 1 g·L−1 of yeast
extract, 1 g·L−1 of K2HPO4, 0.5 g·L−1 of MgSO4·7H2O, 0.5 g·L−1
of KCl, 16 mg·L−1 of L-tryptophan, 1.6 mg·L−1 of CuSO4·5H2O,
1.2 mg·L−1 of MnSO4·H2O, 0.4 mg·L−1 of Fe2(SO4)3·7H2O, and
21 g·L−1 of 3-morpholinopropane-1-sulfonic acid MOPS,
buffered at pH 7.0 using KOH 3M). Mycosubtilin was
produced by B. subtilis BBG125 strain (Béchet et al., 2013).
BBG125 was grown for 72 h at 30°C in another modified
Landy MOPS culture medium (Guez et al., 2021)
(composition: 20 g·L−1 of glucose, 2 g·L−1 of glutamic acid,
1 g·L−1 of yeast extract, 1 g·L−1 of K2HPO4, 0.5 g·L−1 of
MgSO4·7H2O, 0.5 g·L−1 of KCl, 2.3 g·L−1 of (NH4)2SO4,
32 mg·L−1 of CuSO4·5H2O, 100 mg·L−1 of MnSO4·H2O,
30 mg·L−1 of Fe2(SO4)3·7H2O, and 21 g·L−1 of 3-
morpholinopropane-1-sulfonic acid MOPS, buffered at pH 6.5
using KOH 3M). In these culture conditions, BBG131, Bs2504,
and BBG125 were able to produce respectively 1.2 ± 0.2 g·L−1 of
surfactin, 0.4 ± 0.1 g·L−1 of plipastatin, and 0.05 ± 0.02 g·L−1 of
mycosubtilin.

Lipopeptides Purification Process
The different steps undertaken for the production and the
purification of LPP from a B. subtilis fermentation are shown
in Figure 1. At the end of the culture, the broth medium was
centrifuged in an Avanti J-E centrifugation unit (Beckman
Coulter, Krefeld, Germany) at 8,000 g for 40 min at 10°C, and
the cells were discarded. The supernatant was then 10-times
concentrated through a 10-kDa Hydrosart ultrafiltration
membrane (Sartorius, Goettingen, Germany). The resulting
retentate was then supplemented with demineralized water (4
volumes of water for 1 volume of retentate) in order to perform
four successive diafiltration processes through the
ultrafiltration membrane described above. The de-salted
resulting retentate was subsequently supplemented with
ethanol 100% (3 volumes of ethanol for 1 volume of
diafiltered retentate) to reach a final concentration in
ethanol at 75%. On the one hand, the addition of ethanol
precipitates most of the proteins included in the retentate, and
on the other hand, it leads to the disruption of the LPP micelles
into free LPP molecules (with a molecular weight <10 kDa).
The ethanolic fraction obtained was subsequently filtrated
through the same membrane described above in order to
separate the precipitate fraction (retentate) from the pre-
purified LPP fraction (permeate). Finally, the ethanol
contained in the pre-purified LPP fraction was evaporated
using a rotary evaporator (Rotavapor® R-300, Büchi
Labortechnik AG, Flawil, Switzerland).

Evaluation of the Lipopeptides Thermal
Resistance
Before proceeding to LPP spray-drying, a preliminary experiment
has been carried out to determine the resistance of surfactin,
mycosubtilin, and plipastatin to high-temperature treatment.
LPPs (surfactin, mycosubtilin, and plipastatin) formulated in
powder form were supplied by Lipofabrik (Lipofabrik,
Villeneuve d’Ascq, France). LPP powders were solubilized with
demineralized water at a concentration of 1 g·L−1 for surfactin
and plipastatin and 0.5 g·L−1 for mycosubtilin. LPPs were held in
an aqueous solution, in a closed container avoiding evaporation,
in a sand bath (VWR, Fontenay-sous-Bois, France) heated at
20°C, 75°C, 92°C, 109°C, 126°C, 134°C, or 143°C for 1 min. Before
and after the thermal treatment, the number of LPPs was
quantified by ultra-high-performance liquid chromatography
(UPLC) according to the method described in Lipopeptide
Quantification and Purity Determination. LPPs were
considered to be stable at the tested temperature when the
same amount of LPPs was quantified before and after the
thermal treatment.

Spray-Dried Materials
The characteristics of all the spray-dried LPP samples (LPP
concentration and volume of the solution) of this study are
presented in Supplementary Table S1. For each modality, the
experiment (production, purification, and spray-drying) was
performed in triplicate. Two types of LPP samples were spray-
dried: either already formulated LPPs in powder forms

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org December 2021 | Volume 9 | Article 8153373

Vassaux et al. Spray-Drying of Bacillus’s Lipopeptides

31

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


(Supplementary Table S1A) or LPPs in solution sampled at
different steps of the LPP production and purification using
membrane ultrafiltration workflow (Figure 1; Supplementary
Table S1B). LPPs (surfactin, mycosubtilin, and plipastatin)
formulated in powder form, supplied by Lipofabrik
(Lipofabrik, Villeneuve d’Ascq, France), were resuspended
with demineralized water before the spray-drying step.
Surfactin, plipastatin, and mycosubtilin samples of various
purities were sampled at different steps of the LPP purification
process (A, untreated supernatant; B, concentrated and
diafiltered LPP solution; C, enriched LPP solution after
ethanol evaporation) before the spray-drying process. The
addition of maltodextrin as an aid for spray-drying was also
evaluated with mycosubtilin supernatant. Thus, supernatant
from fermentation broth and containing 1 g·L−1 of
mycosubtilin was also spray-dried after the addition of 2.5%
and 5% w/v maltodextrin (Glucidex IT 12) supplied by
Roquette (Lestrem, France).

Spray-Drying Conditions
The spray-drying of the solutions was carried out in the Büchi
Mini Spray Dryer B-290 (Büchi Labortechnik AG, Switzerland)
configured with an inlet temperature of 140°C and exhaust
temperature of 70°C. The pressure of the spraying air was at
40-mm water column, and the pumping flow was maintained at
8.5 ml·min−1. During the spray-drying procedure, inlet and outlet
air characteristics (temperature, percentage of humidity, dew
temperature, and wet bulb temperature) were analyzed using
the Testo 625 psychrometer (Testo, Titisee-Neustadt, Germany).
These values were used to establish a water balance as well as an
energy balance.

Analysis of the Spray-Drying Performances
In order to calculate the yield of the spray-drying process, the dry
matter of the obtained powder was determined with a desiccator
(Presica XM60, Presica Instruments AG, Dietikon, Switzerland)
set on 102°C. The yield (Y) and the specific LPP yield (YLPP),
expressed in percent, were respectively calculated according to
Eqs 1, 2:

Y � DMpowder pmpowder

DMsolution pmsolution
(1)

YLPP � Plipopeptide pmpowder

Clipopetide pVsolution
(2)

with the following parameters:

DMpowder : the dry matter of the obtained spray-dried
powder (%);
mpowder : the mass of the obtained spray-dried powder (g);
DMsolution : dry matter of the aqueous solution before spray-
drying (%);
msolution : mass of the aqueous solution before spray-drying (g);
Plipopeptide : the LPP purity in the spray-dried obtained
product (%);
Clipopeptide : the LPP concentration in the spray-dried solution
(g·ml−1);

Vsolution : volume of the aqueous solution before spray-
drying (ml).

Analysis of the Spray-Dried Products
(Activity Assays)
In order to ensure that the spray-drying process is not altering
LPP properties, several activity assays were carried out on the
obtained spray-dried products. The surfactant properties of the
three kinds of spray-dried LPPs (surfactin, mycosubtilin, and
plipastatin) were evaluated by measuring the surface tension
according to the Du Nouÿ method using a tensiometer TD1
(Lauda, Lauda-Königshofen, Germany) as described previously
(Leclère et al., 2006). This was carried out in distilled water at pH
8. The values were compared with the surface tension measured
on LPP solutions before spray-drying using the same
methodology. The surfactant properties of LPPs are considered
to be conserved if the values measured after spray-drying fit with
those measured before spray-drying.

Anti-Legionella activity of surfactin was performed in a
microtiter plate to evaluate the minimal inhibitory
concentration (MIC) of surfactin against Legionella
pneumophila strains. The strains L. pneumophila 2-15-1 and
2-15-2 used in this study were isolated and identified from
sanitary water by the Institut Scientifique de Service Public of
Liège and kindly made available to us for this study. The MIC has
been determined following the standard protocol (Loiseau et al.,
2015). Briefly, 100 µl of sterile liquid Buffered Yeast Extract (BYE)
broth have been dispensed in each well of a 96-well plate. Then,
9 two-fold dilutions of surfactin (before spray-drying and after
spray-drying) in BYE broth were made starting at a concentration
of 50 mg·L−1. Wells were inoculated by dispensing 5 µl of a
105 CFU·ml−1 of bacterial culture in the growth phase. Wells
containing only 100 µl of BYE broth and wells inoculated BYE
broth were used respectively as negative and positive controls.
Plates were incubated at 37°C for 48 h. The MIC has been
determined at the lowest concentration where no visible
growth is observed in the wells. The mean value of MIC was
presented.

The antifungal activities of plipastatin samples were
determined against V. inaequalis S575 by measuring the EC50

as recently described (Desmyttere et al., 2019). The mean value of
EC50 was presented.

The antifungal activity of mycosubtilin was evaluated using
the microwell dilution method in a 96-well microplate.
Saccharomyces cerevisiae DSM1333 strain was grown overnight
at 37°C on Potato Dextrose Agar (PDA), dispersed in water,
adjusted to a final OD600nm of 0.04, and used as an inoculum.
Mycosubtilin samples were dissolved in dimethyl sulfoxide
(DMSO) and then diluted in Roswell Park Memorial Institute
(RPMI) 2× media to reach a final concentration of 0.4 g·L−1.
Ninety-six-well microplates were prepared by dispensing 100 µl
of RPM 2× media in all wells except in the negative control.
Initially prepared mycosubtilin samples measuring 200 µl were
added to the first wells. Two-fold serial dilutions of 100 µl were
made from columns 1 to 10 in a concentration range from 0.8 to
400 mg·L−1. The inoculum measuring 100 µl was added to each
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well except in the negative control. Distilled sterile water
measuring 100 µl was added to the negative control. The final
volume of each well was 200 µl. The plate was incubated at 37°C
for 12 h. After incubation, the lowest concentration of each
extract showing no yeast growth or turbidity was taken as its
MIC value. The mean value of MIC was presented.

For these three antimicrobial assays, mean values of MIC or
EC50 and CIs (α � 0.05) were calculated from three technical and
three biological replicates using R software nlstools package (R
version 3.5.3, R Core Team, 2019).

Lipopeptides Quantification and Purity
Determination
The determination of the LPP concentration and purity in the
samples before and after the spray-drying process was performed
by UPLC. The LPPs in powder form, either those before spray-
drying (surfactin, plipastatin, and mycosubtilin provided by
Lipofabrik, Villeneuve d’Ascq, France) or those obtained after
each spray-drying experiment, were solubilized in 100%
methanol at a concentration of 1 g·L−1. Prior to being injected,
all samples were centrifuged (10,000 g, 10 min). The high-
concentrated samples such as those sampled at the late phase
of the LPP purification process (diafiltered fraction and enriched
LPP fraction) were diluted with demineralized water in order to
be properly quantified by the apparatus. All the measurements
have been done with an injection volume of 20 µl into an
Interchim C18 column (UP5TP18-250/030 C18, Interchim,
Montluçon, France) equipped on an ACQUITY UPLC system
(Waters, Milford, MA, USA) coupled to a UV detector (detection
at 215 nm). The solvents used, water of high-performance liquid
chromatography (HPLC) grade with 0.1% trifluoroacetic acid
(Solvent A) and acetonitrile of HPLC grade with 0.1%
trifluoroacetic acid (Solvent B), were provided by Sigma
Aldrich (St. Louis, MO, USA). The solvent flow was
0.6 ml·min−1 throughout the chromatography column.

To quantify surfactin, plipastatin, and mycosubtilin, the same
analysis method was applied with the following gradient: from 0 to
5 min, 95% A/5% B; from 5 to 40min, a linear gradient from 95%
A/5% B to 0% A/100% B; from 40 to 45min, 0% A/100% B; and
from 45 to 56min, 95% A/5% B. The concentration of the sample
was determined by comparison with 98% surfactin, 95% iturin A,
and 90% fengycin standards, all provided by Sigma Aldrich (St.
Louis, USA). The elution time of surfactins, mycosubtilins (and
iturin A), and plipastatins, under the above-described analysis
conditions, were respectively 36–41, 24–26, and 27–33min. The
retention time and second derivative of the absorption spectrum
between 200 and 400 nmwere used to identify the elutedmolecules
(Empower Software, Waters).

The purity of the analyzed powders was determined by
analogy with the corresponding LPP standard of known
purity. Both the analyzed samples and the corresponding
standard were solubilized at a concentration of 1 g·L−1 in
100% methanol. After analysis according to the method
described above, the purity (Psample in %) was determined
according to the following equation (with Pstandard as the
purity of the standard in %; Asample as the total specific area of

the sample in µV·s−1; and Astandard as the total specific area of the
standard in µV·s−1):

Psample � Pstandard pAsample

Astandard

RESULTS AND DISCUSSION

Impact of Spray-Drying on Lipopeptides
Activities
Prior to considering spray-drying as an appropriate method to
formulate LPPs in powder form, it is important to ensure that this
operation is not negatively impacting LPP activities. First of all,
evaluation of the thermal resistance of the LPPs of B. subtilis was
carried out. Commercial powders of the three LPPs (i.e., surfactin,
plipastatin, and mycosubtilin, provided by Lipofabrik
(Lipofabrik, Villeneuve d’Ascq, France)) were exposed 1 min
to different temperatures (up to 143°C) in order to evaluate
their thermal resistance and then were quantified by UPLC.
Regarding the applied temperature, any degradation of the
three LPPs tested was observed after exposure (data not
shown). This result enables us to confirm that the structures of
these LPPs are preserved after a short-time exposure at high
temperatures (up to 143°C). This observation is in line with other
previous studies that have demonstrated that the surfactant
properties of surfactin for instance are preserved after a short-
time exposure at temperatures of up to 170°C (Barcelos et al.,
2014). Then, these different commercial LPPs in powder form
have also been resuspended in demineralized water and
subsequently spray-dried. Activities of the obtained dried LPPs
have then been evaluated and compared with the activities of the
non-spray-dried initial samples. The surfactant activity has been
monitored for each LPP, while anti-Legionella activity was
measured for surfactin samples, and antifungal activities were
evaluated for both mycosubtilin and plipastatin samples.

Lipopeptide Surfactant Activity
In order to assess the preservation of the biosurfactant activities of
the three spray-dried LPPs, a surface tension measurement was
performed according to the Du Nouÿ method on samples before
and after the drying process. The results obtained are presented in
Figure 2 for each LPP: surfactin (A), mycosubtilin (B), and
plipastatin (C). No significant differences can be highlighted
between the surface tension of mycosubtilin and plipastatin
before and after spray-drying. Critical micellar concentrations
(CMCs) of these molecules were calculated and are presented in
Table 1 in comparison with the values found in the literature. The
micellization process of these amphiphilic molecules is dependent
on the chemical structure (chemical composition, length, and
isomery of the fatty acid chain) and on environmental parameters
of the study (buffer, pH, and temperature) (Deleu et al., 2013). In
the scientific literature, CMC of the different LPPs was measured
in different aqueous solutions (water or saline buffer) and was
from 10 mg·L−1 for surfactin in pH 8.5 in 5 mM of Tris–HCl or in
0.1 M of NaHCO3 buffer (Thimon et al., 1992; Abdel-Mawgoud
et al., 2008) to 25 mg·L−1 in water (Cooper et al., 1981), from
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39 mg·L−1 in 0.1 M of NaHCO3 (Thimon et al., 1992) to
44 mg·L−1 for mycosubtilin in KCl 0.1 M (Maget-Dana et al.,
1992) and from 2 mg·L−1 (Eeman et al., 2014) to 4 mg·L−1 for
fengycin (plipastatin) in PBS buffer (Mantil et al., 2019). A slight
impact can be observed on the surface tension profile of the
surfactin with a surface tension approximately 10% higher in the
surfactin samples, which has undergone a spray-drying step, from
the concentration of 10 mg·L−1. Nonetheless, the biosurfactant
properties of the spray-dried surfactin samples have been
preserved. The lower CMC value of mycosubtilin obtained
here could be explained by the nature of the isoforms present,
probably different from those tested in the literature, but also the
difference in the ionic strength of the solution assay.

Lipopeptide Antimicrobial Activity
An antagonist antimicrobial assay was performed in order to
determine whether the spray-drying procedure has an impact on
the antibacterial activity of surfactin and on antifungal activities
of mycosubtilin and plipastatin. The anti-Legionella activity of
surfactin has been described for the first time several years ago by
Loiseau et al. (2015). In this work, we investigated this specific
antibacterial activity of surfactin against the opportunistic
pathogen L. pneumophila before and after spray-drying. The
results obtained are summarized in Table 2. The results
obtained for surfactin against the two strains of L.
pneumophila showed a different sensitivity of the LPP between
them where the L. pneumophila 2-15-1 seems to be 1.6 times
more sensitive than the strain L. pneumophila 2-15-2
(2.6–4.2 mg·L−1). The MIC values obtained against these two
strains are in agreement with those published by Loiseau et al.
(2015) where MIC values between 2 and 4 mg·L−1 were found
against these pathogen species (Loiseau et al., 2015). The spray-
drying process seems to slightly reduce the activity of surfactin, as
the MIC obtained for the two L. pneumophila strains are
approximately 1.2 times higher than the surfactin before
spray-drying. However, this is not significant in terms of the
different confidence intervals.

The antimicrobial potential of mycosubtilin and plipastatin
was respectively assessed through the determination of the MIC
for S. cerevisiae (Table 2) and the EC50 for Venturia inaequalis
(Table 2). The obtained results enable us to conclude that the
spray-drying process did not impact the antifungal potential of
the mycosubtilin toward S. cerevisiae, as the same MIC of
4.1 mg·L−1 [2.1–6.3] was obtained before and after the spray-
drying process. A slight impact of the drying process can be
noticed on the antifungal potential of plipastatin, which seems to
be increased after spray-drying, but this is not significant
regarding CIs obtained for both samples (before and after
spray-drying; see Table 2). Nonetheless, taken as a whole, the
results demonstrate that the antimicrobial properties of both
mycosubtilin and plipastatin have been maintained after the
drying process.

Performances of the Spray-Drying Process
Regarding the Considered Purification Step
After demonstrating, on highly pure molecules, that spray-drying
does not affect the activities of LPPs (surfactant and
antimicrobial), we were interested in the performances of this
drying process on different LPP preparations resulting from the
different steps of the ultrafiltration purification process, namely,
the cell-free supernatant, the diafiltered fraction, and finally the
purified fraction. These different steps are presented in Figure 1.
The dry matter of the spray-dried LPP solution and of the
obtained powder, as well as the LPP purity in the dried
product, is depicted in Table 3. From these first results, it can
be concluded that spray-drying is a very efficient process to obtain
LPPs in powder form with a high dry matter of 93.6% ± 2.2%
whatever the considered family of LPPs is; nevertheless, the state
of purification of the latter has an important impact.

FIGURE 2 | Surface tension profiles of surfactin (A), mycosubtilin (B),
and fengycin (C) samples before and after the spray-drying process. Each
value is an average based on three distinct samples measured in triplicates
according to the Du Nouÿ method.
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The results presented in Table 3 show that the purification
process has a significant impact on the purity of the dried LPPs
obtained. This result was expected from our previous work on
this purification process (Coutte et al., 2010b; Jauregi et al., 2013).
The purity obtained with diafiltered solution of surfactin
(between 50% and 60%) using the same ultrafiltration
procedure is in accordance with that previously published by
our team (Coutte et al., 2013). Nevertheless, a small decrease in
the performance of the last purification step (enriched LPP
fraction) can be noticed for surfactin and mycosubtilin in
comparison with the ones previously obtained (82.4% ± 1.0%
and 78.3% ± 12.6%, respectively) (Coutte et al., 2013; Deravel
et al., 2014), but this remains in very high values compared with
other studies using the ultrafiltration process (Wei et al., 2010).
Regarding the purification of plipastatin alone, there is little work
in the scientific literature because it is often combined with
surfactin (Coutte et al., 2010b; Coutte et al., 2017). Our results
obtained using a cut-off of 10 kDa are satisfactory with respect to
the literature, not only at the diafiltration step where the purity of
more than 30% is obtained (Ben Ayed et al., 2015) but also after
the last purification step. Indeed, a work using a combination of
ultrafiltration, acid precipitation, and nanofiltration has shown
that it was possible to obtain fengycin with a purity close to 95%,
which is close to the purity of our enriched plipastatin fraction
(97.7%) (Sen and Swaminathan, 2005). It should also be noted
here that there is a significant difference in the purity of surfactin
and plipastatin (or mycosubtilin) after the diafiltration step. This
can be explained by the fact that the concentrations of the
solutions are very different between these molecules (4.73 g·L−1
for surfactin, 1.22 g·L−1 for mycosubtilin, and 1.46 g·L−1 for
plipastatin).

The results presented in Figures 3A,B reveal, for the first time,
that the yield of the spray-dried process is also related to the
purity of the treated product. This is verified with spray-drying
cell-free supernatant only, where the yield in LPP is quite low in
the case of supernatant containing surfactin. For the latter two, a

thick yellow paste is formed and sticks in an uncontrolled way all
the parts of the spray-drier (data not shown). This phenomenon
seems to be close to the one described by Barcelos et al. (2014),
using crude LPP extract produced by B. subtilis LBBMA RI4914.
A fermentation broth, even without cells, remains a complex
matrix composed of numerous molecules that are more or less
soluble in an aqueous solution (cell proteins, organic acids,
biopolymers, sugars, etc.). This set of molecules (and
particularly proteins) and the interactions they may have with
each other when the solvent is removed can explain the formation
of this sticky paste. Interestingly, in our study, this phenomenon
does not appear when the supernatant contains only surfactin.
Surfactin and plipastatin were produced by two strains derived
from B. subtilis 168, thus showing a very similar potential of
primary and secondary metabolite production profile (which is
not the case for the mycosubtilin producing strain). Nevertheless,
the overproduction of surfactin certainly limits the production of
other metabolites by this strain, which may interfere with the
spraying process. For surfactin, the yield of LPP recovered after
the diafiltration step (diafiltered sample) is similar to the one
obtained after the ethanol evaporation step (±80%). For
plipastatin a slight decrease in the yield of LPP can be
observed between the diafiltration and last purification steps
(100%–78%). Nevertheless, for mycosubtilin, the yield of LPPs
of the sample “purified fraction,” obtained after the ethanol
evaporation step, is two times lower than the one obtained
before this last step of purification (95% compared with 52%).
This result seems to correlate with a decrease in the global spray-
drying yield after this step of purification (Figure 3A). This is a
surprising result, which led us to investigate deeper the case of
mycosubtilin.

The Specific Case of Mycosubtilin
As shown in Figures 3A,B, a decrease in the yield of spray-drying
of mycosubtilin after the last step of the purification process
(ethanol evaporation) is observed. For a better understanding of

TABLE 1 | Critical micellar concentration of the lipopeptides produced by Bacillus subtilis before and after spray-drying process.

Sample type CMC (mg·L−1)
before

spray-drying

CMC (mg·L−1) after
spray-drying

CMC (mg·L−1) from
literature

References

Surfactin 10.1 8.4 ± 0.7 10 – 25 Cooper et al. (1981); Thimon et al. (1992); Abdel-Mawgoud et al. (2008)
Mycosubtilin 27.2 26.8 ± 1.5 39 – 44 Maget-Dana et al. (1992); Thimon et al. (1992)
Plipastatin 9.2 10.2 ± 0.8 2 – 4 Eeman et al. (2014); Mantil et al. (2019)

Note. CMC, critical micellar concentration.

TABLE 2 | Determination of the lipopeptide activities before and after the spray-drying process: anti-Legionella activity for surfactin samples (A), antifungal activity against
Saccharomyces cerevisiae for mycosubtilin samples (B), and antifungal activity against Venturia inaequalis for plipastatin samples (C).

Sample A MIC L. pneumophila
2-15-1 (mg·L−1)a

MIC L. pneumophila
2-15-2 (mg·L−1)a

B MIC S. cerevisiae
(mg·L−1)a

C EC50 V. inaequalis (mg·L−1)a

Before spray-drying Surf. 2.6 [1.6–3.6] 4.2 [2.1–6.2] Myco. 4.1 [2.1–6.3] Plip. 0.0124 [0.0062–0.0249]
After spray-drying 3.3 [1.9–4.7] 5.2 [3.4–7.0] 4.1 [2.1–6.3] 0.0077 [0.0066–0.0086]

Note. MIC, minimal inhibitory concentration.
aMean value and CIs are presented from three biological and three technical replicates.
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this phenomenon, we studied the impact of the initial
concentration of mycosubtilin in the solution to be spray-
dried. Samples from 0.9 to 10 g·L−1 of mycosubtilin were
spray-dried to mimic the concentration conditions obtained
after the diafiltration or after the ethanol evaporation steps of
purification. The results are presented in Figure 4. Interestingly,

the total yield and the LPP yield decrease with the increase in the
concentration of mycosubtilin, until a limit concentration of
approximately 3.5 g·L−1. Indeed, results obtained for solutions
below 3.5 g·L−1 are 90% ± 10% for LPP yield and 83% ± 5% for
total yield. For solutions above 3.5 g·L−1, these results decrease to
50% ± 10% and 48% ± 10%. The ethanol evaporation process,
which generates a high concentration, obviously has an important
impact on the agglomeration phenomenon. The behavior of
mycosubtilin in an aqueous solution is totally different from
that of the other families of LPPs. It was shown that in the case of
iturin A, micelles are formed at the CMC and larger vesicular
structures at higher concentrations (Grau et al., 2001). In a more
recent study, authors have investigated the behavior of the three
families of LPPs using cryo-transmission electron microscopy,
X-ray diffraction, and small-angle X-ray scattering. Their results
confirm that mycosubtilin at high concentration has a distinct
mode of self-assembly into extended nanotapes based on the
stacking of LPP bilayers (Hamley et al., 2013). Moreover, Jauregi
et al. (2013) have shown that mycosubtilin can interact with
protein during the concentration/purification process by
ultrafiltration (Jauregi et al., 2013). The amphiphilic,

TABLE 3 | Dry matter values measured for each spray-dried lipopeptide sample on the liquid solution before drying (Sample) and on the dried powder obtained (Product).

Sample type Sample DM (%) Product DM (%) Product purity (%)

Surfactin A—Supernatant 3.14 ±0.13 94.45 ±1.27 3.4 ±0.5
B—Diafiltered LPP fraction 0.81 ±0.07 95.55 ±0.72 58.8 ±2.2
C—Enriched LPP fraction 0.62 ±0.02 96.48 ±0.23 82.4 ±1.0

Mycosubtilin B—Diafiltered LPP fraction 1.51 ±0.45 93.63 ±0.89 8.7 ±1.8
C—Enriched LPP fraction 0.61 ±0.10 90.94 ±1.60 63.1 ±10.0

Plipastatin B—Diafiltered LPP fraction 0.67 ±0.02 93.22 ±0.54 31.0 ±5.4
C—Enriched LPP fraction 0.52 ±0.05 90.72 ±1.62 97.7 ±4.0

Note. The lipopeptide purity in each spray-dried product is also indicated.
DM, dry matter; LPP, lipopeptide.

FIGURE 3 |Overview of the performances of the spray-drying process in
terms of process yield (A) and lipopeptide specific yield (B). The drying
performances of the three lipopeptides sampled at different steps of the
purification process (supernatant, diafiltered fraction, and enriched
lipopeptides fraction) are compared with each other and with reference
samples corresponding to spray-dried and resolubilized commercial
lipopeptides. Any analyzable dry product was obtained after spray-drying of
mycosubtilin or fengycin supernatant. Each drying experiment was performed
on three distinct samples coming from different production batches; mean
values and standard deviation are presented.

FIGURE 4 | Impact of the mycosubtilin concentration on the total yield
and the lipopeptide yield of the spray-drying process. Gray triangle, total yield;
black circle, lipopeptide yield. Each drying experiment was performed on
distinct samples coming from different production batches.
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tensioactive, and uncharged nature of mycosubtilin and its ability
to interact with proteins are important parameters to consider in
a drying process. Indeed, it is likely to adsorb at the air–water
droplet interface, where inadequate surface energies may expose
the hydrophobic region and induce LPPs to aggregation, as it is
well known for proteins (Lee, 2002; Ameri and Maa, 2007). To
prevent this phenomenon, excipients/surfactants are commonly
used for the drying process (especially for protein), but they also
make the preparation stickier, which leads to a higher wall
deposition and yield losses (Ameri and Maa, 2007). Knowing
the propensity of mycosubtilin to agglomerate and its surfactant
properties, it does not seem surprising to observe this wall
deposition. Wall deposition is a key processing problem
during spray-drying. This phenomenon is greatly impacted by
the technical parameters of the apparatus (size and geometry of
spray dryer, wall surface energy, etc.) and the operational
conditions (inlet–outlet temperature, feed rates, and
excipients) but not exclusively (Keshani et al., 2015). The
impact of the concentration of the feed solution on the spray-
drying efficiency has already been observed in the case of
carbohydrates (Elversson and Millqvist-Fureby, 2005). Indeed,
the concentration influences the particle size, with an increase in
particle size until a plateau is reached. The authors also showed
that the solubility of the carbohydrates had an impact on the
particle size, the less soluble they were and the larger the particle
size (Elversson and Millqvist-Fureby, 2005). Thus, these results
show that the success of the spray-drying of this particular LPP is
therefore also dependent on its concentration. It is advisable to
limit its concentration below 3.5 g·L−1 to obtain a good yield.

Finally, to deepen your knowledge on the direct spray-
drying of the supernatant containing mycosubtilin (at low
concentration), some additional trials were run to determine
if the addition of charge (i.e., maltodextrin) can enable to
obtain a dry product from a mycosubtilin-based supernatant.
Maltodextrin is commonly used in spray-drying as a drying
aid; it is used during the process to reduce not only the
thermoplasticity and hygroscopicity but also the stickiness
and product deposition (Keshani et al., 2015; Lee et al., 2018).
Two proportions of maltodextrin were evaluated: 2.5% and
5% (w/v). In both cases, an analyzable dry product was
obtained with the addition of maltodextrin. With 5% w/v
of maltodextrin, the mycosubtilin supernatant containing
6.64% of dry matter was dried into a powder at 96.57% dry
matter, with 1.39% LPP purity, and with a process yield of
70.18% and an LPP yield of 67.1%. With 2.5% w/v of
maltodextrin, the mycosubtilin supernatant containing
4.33% of dry matter was dried into a powder at 91.32% dry
matter, with 2.15% LPP purity, and with a process yield of
88.05% and an LPP yield of 89.76%. In both cases, the
antifungal properties of mycosubtilin were only slightly
impacted (compared with the value obtained with purified
mycosubtilin, i.e., 4.1 mg·L−1 [2.1–6.3]) with a MIC against S.
cerevisiae of 5.2 mg·L−1 [3.1–7.3]. This confirms the results
obtained by Barcelos et al. (2014), who showed that the
addition of maltodextrin at 10% is effective for the spray-
drying of supernatant of B. subtilis-containing LPPs.
Nevertheless, we demonstrated that 4 times less

maltodextrin is sufficient as filler to make the spray-drying
of these supernatant-containing LPPs easier.

CONCLUSION AND PROSPECTS

This study is the first one to systematically investigate the spray-
drying of concentrated solutions of LPPs produced by B. subtilis.
We have shown that this process produces a very high dry matter
(up to 95%) and that surfactant and antimicrobial activities of the
different LPPs are maintained. In addition, a more detailed study
of the impact of the ultrafiltration purification process on the
yield of the drying step demonstrated that this yield is directly
impacted by the concentration of LPP, more particularly in the
case of iturinic molecule such as mycosubtilin. Wall deposition
phenomena were highlighted either when cell-free supernatants
(for mycosubtilin and plipastatin) were used directly without
additives or when the concentration of mycosubtilin was higher
than 3.5 g·L−1. A specific study on the use of maltodextrin as an
additive also showed its effectiveness for the direct drying of cell-
free supernatants by limiting wall deposition phenomena. In the
future, the impact of the operating conditions of the spray-drying
process could be investigated (inlet temperature, feed
concentration, and feed rate) in order to improve the yields of
this process and constrain the phenomena of wall deposition. A
granulometric study using microscopic means could also provide
valuable information to characterize the formation of micellar
aggregates, which can be involved in wall deposition phenomena.
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Growing demand for biosurfactants as environmentally friendly counterparts of chemically
derived surfactants enhances the extensive search for surface-active compounds of
biological (microbial) origin. The understanding of the physicochemical properties of
biosurfactants such as surface tension reduction, dispersion, emulsifying, foaming or
micelle formation is essential for the successful application of biosurfactants in many
branches of industry. Glycolipids, which belong to the class of low molecular weight
surfactants are currently gaining a lot of interest for industrial applications. For this reason,
we focus mainly on this class of biosurfactants with particular emphasis on rhamnolipids
and sophorolipids, the most studied of the glycolipids.

Keywords: biosurfactants, glycolipids, rhamnolipids, sophorolipids, lipopeptides, global use of surfactants

1 INTRODUCTION

There is a high demand for surfactants across almost every sector of modern industry as they are
found in a wide range of household products. The global consumption of surfactants increases
every year and its global production is expected to reach US$ 28.8 billion until 2023
(Kaczerewska et al., 2020). Surfactants are used extensively in the household and personal
care market, with the latter constituting approximately 14% of the global surfactant use, with the
Asia-Pacific region being the largest consumer (Costello 2018). Other uses of surfactants cover
the oil and gas industry, transport, industrial clean-up processes and the food industry (Shukla
2016; Costello 2018).

Many surfactants used in industry are produced synthetically from petrochemical feedstock,
which is neither sustainable nor environmentally friendly. Additionally, synthetic surfactants are
recognized as being relatively eco-toxic and of low biodegradability. This has led to an interest in
biosurfactants as green solutions that are environmentally friendly by virtue of their low toxicity and
biodegradability compared with their synthetically derived counterparts. According to Global
Market Insights, Inc. (Global Market Insights Inc. 2018), by 2024 the biosurfactant demand in
personal care market should reach USD 300 million, while the general U.S. biosurfactant market size
may exceed even USD 600 million and for the United Kingdom the estimates are as high as USD 210
million. Due to the high demand for cleaning products (both domestic and industrial) detergent use
of biosurfactants is expected to dominate the global biosurfactant applications by 2022 (Research and
Markets 2017).
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Despite the ever-increasing demand, the commercial
production of biosurfactants is still a challenge due to high
raw material costs. About 30–50% of the total cost comes
solely from the preparation of culture medium for
biosurfactant production secreted by microorganisms
(Ebadipour et al., 2016). Thus, current research challenges
include a decrease in the cost of raw materials, consumables,
utilities, labor, and waste treatment and disposal (Bjerk et al.,
2021). In terms of price, synthetic surfactants (priced at
approximately USD 2/kg) (Kosaric and Vardar-Sukan 2015),
are much cheaper compared to the pure rhamnolipids (priced
range between USD 1250/kg and USD 2500/kg) (www.agaetech.
com and www.sigmaaldrich.com (accessed date: 27 December
2021)). Glycolipid biosurfactants such as lactonic sophorolipids
cost around USD 55 000/kg (www.carbosynth.com (accessed
date: 27 December 2021)), whereas the cost of lipopeptide
biosurfactant surfactin is USD 17 600/g (www.sigmaaldrich.
com (accessed date: 27 December 2021)), since it is produced
in lower quantities. Compared to pure commercially available
biosurfactants, Ebadipour et al. (2016) described production of
rhamnolipids (24 g/L) with corn steep liquor at an estimated price
of USD 12/kg. According to the work of Ashby et al. (2013)
production of sophorolipids using glucose and high oleic
sunflower oil cost of USD 2.54/kg. According to Singh et al.
(2019) cost reduction using cheaper raw materials, or
agroindustrial wastes, could lead to a cost being closer to the
lucrative 2 USD/kg for commercial surfactants.

Owing to the increasing customer awareness and demand for
natural, vegan, organic and sustainable food additives,
biosurfactants seem to represent a good candidate to replace
their synthetic counterparts in food industry (Nitschke and Silva
2018). A well-studied antimicrobial and antibiofilm potential of
biosurfactants enables them to be used as antiadhesive and
biofilm-disrupting agents as well as food preservatives
(Sambanthamoorthy et al., 2014; Nitschke and Silva 2018;
Sałek and Euston 2019). Another opportunity for biosurfactant
use in food industry lies within their surface-active properties,
making them potentially highly valuable emulsifiers and
emulsion stabilisers in not only food, but also cosmetic and
pharmaceutical industry, where emulsions (especially
nanoemulsions) are used as drug-delivery systems (Dalgleish
2006; Bai and McClements 2016).

Glycolipids biosurfactants have the most potential in industry
with rhamnolipids and sophorolipids generating the most
interest especially in detergency. Therefore, this review article
focuses on the glycolipid-based biosurfactants, their functional
properties, structure and applications.

2 CLASSIFICATION OF BIOSURFACTANTS
OF MICROBIAL ORIGIN

Biosurfactants are classified according to molecular weight–low
or high. Glycolipids, flavolipids and lipopeptides are low
molecular weight (LMW) biosurfactants while lipoproteins,
polysaccharides and lipopolysaccharides belong to the high
molecular weight (HMW) class (Smyth et al., 2010). Currently,

the LMWbiosurfactants, especially glycolipids are of high interest
for exploitation in the detergent and personal care markets, but
have potential in the cosmetic, biomedical and food industries. A
review of the major LMW biosurfactants follows in the
subsequent sections, with a particular emphasis on glycolipids.

2.1 Glycolipids
Glycolipids are biosurfactants with a range of structures, made up
of a sugar polar group and a lipid group. This diverse group of
surfactants includes rhamnolipids, sophorolipids (including their
derivatives), mannosylerythritol lipids, trehalolipids and
cellobioselipids (Mulligan 2005; Franzetti et al., 2010).

A slightly different group of microbial lipids–polyol lipids,
produced by yeast and fungi, are also classified as glycolipids. The
two main categories of polyols–liamocins and polyol esters of
fatty acids (PEFA) are less studied than the other glycolipids,
however, they may present a good potential for
commercialisation (Garay et al., 2018).

2.2 Lipopeptides
Lipopeptides (LPs) are a group class of biosurfactants containing
a variable length fatty acid and cyclic peptide polar group. Several
isoforms have been identified, with surfactin, iturin, fengycin,
lichenysin among the most common, with some microorganisms
excreting more than one isoform (Mnif and Dhouha 2015b).
Bacteria, yeasts, molds and actinomycetes have been identified as
lipopeptides producers (Mnif and Dhouha 2015b). Surfactin, a
secondary metabolite of the bacterium Bacillus subtillis, is the
most studied (Mnif and Dhouha 2015b), with reported anti-
microbial and anti-mycoplasma activities, as well as cell lysate
promoter and fibrin clotting properties (Chen et al., 2015).
Bacillus sp. also produce lichenysin, iturin and fengycin, while
Pseudomonas sp. secrete tensin, pseudofactin and viscosin.
Important LP antibiotics are produced by Streptomyces sp.
(amphotericin and laspartomycin) and Pseudomonas sp.
(polymyxin). Amphotericin and lasapartomycin can be used as
therapies for difficult to treat aspergillosis and candidiasis fungal
infections as well as Leishmania parasites (Caffrey et al., 2001;
Tollemar et al., 2001). Laspartomycin can treat antibiotic-
resistant enterococci and Staphylococcus aureus (Borders et al.,
2007; Strieker and Marahiel 2009).

Lipopeptide function is linked to their surface chemistry, with
their antibiotic activity being due to their ability to adsorb to and
insert into cell membranes (Carrillo et al., 2003). Lichenysin is
reported to be the most surface active of the lipopeptides, with a
CMC half that of surfactin (Yakimov et al., 1995), a characteristic
attributed to a less polar peptide head group and longer lipid tail.
Lichenysin is also reported to be highly heat, pH and salt stable
(McInerney et al., 1990). The self-assembly of lipopetides such as
surfactin and iturin has been studied as this will influence surface
behaviour and biological activity. Surfactin has been reported to
have a low critical micelle concentration (CMC) in the range
7.5–10 μM (Heerklotz and Seelig 2001; Carrillo et al., 2003), and
iturin in the range 25–40 μM (Harnois et al., 1988; Maget-Dana
and Peypoux 1994). Surfactin also forms unusually small micelles
(Shen et al., 2009). More complex self-assembled structures have
been observed, for example for mycosubtilin produced by Bacillus
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spp. In this lipopeptide extended nanotape structures (Hamley
et al., 2013) form rather than micelles. There is a recognition that
lipopeptide phase behaviour has not been studied in the same
detail as other biosurfactants (Hamley 2015).

2.3 Flavolipids
Flavolipids, first described by Bodour et al. (2004), are a relatively
newly identified class of biosurfactants from the genus
Flavobacterium. The surfactant isolated by the authors had a
critical micelle concentration (CMC) of 300 mg/L and reduced
surface tension to 26 mN/m. A strong emulsifying ability of the
surfactant and successful mineralization of hexadecane was also
reported. The hydrophilic moiety of flavolipids is a citric acid and

two cadaverine molecules, which is unlike other lipid-based
surfactants.

The ability of flavolipids to form micelles and also vesicles in
the presence of iron (Martinez et al., 2000; Serrano Figueroa et al.,
2016) hints at complex phase behaviour, but as far as we can
determine this has not been studied in any detail.

3 GLYCOLIPIDS

The most studied group of LMW biosurfactants are the
glycolipids and there is growing interest in their application
for industrial applications due to this. There follows a detailed

TABLE 1 | Recent reports on possible applications glycolipids.

Biosurfactant Biological or Physicochemical
activity

Industrial sector References

Mannosyl erythritol lipids
(MELs)

Anti-melanogenic Cosmetic Bae et al. (2018)

MELs Anti-bacterial Foods Shu et al. (2019)
Medical

MELs Anti-bacterial Medical Ceresa et al. (2020b)
Food

MELs Nanoparticles Pharmaceutical Bakur et al. (2019)
Sophorolipids Biofilm inhibition and disruption Pharmaceutical Díaz De Rienzo et al. (2016)

Food
Packaging

Acidic sophorolipids Anti-bacterial activity Medical Lydon et al. (2017)
Free acid and lactonic
sophorolipids

Antimicrobial activity and inactivation mechanism against
pathogenic Escherichia coli O157:H7

Medical Zhang et al. (2017)
Pharmaceutical
Food

Lactonic sophorolipids Solid-lipid nanoparticles Pharmaceutical Kanwar et al. (2018)
Sophorolipids Anti-HIV activity Medical Shah et al. (2005)

Spermicidal activity
Sophorolipids Anti-bacterial Medical Díaz De Rienzo et al. (2015); Díaz De Rienzo et al. (2016);

Ceresa et al. (2020a)Anti-biofilm Food
Biomaterial

Sophorolipids Anti-cancer (breast adenocarcinoma lines MDA-MB-231) Medical Ribeiro et al. (2015)
Sophorolipids Anti-cancer Medical Shao et al. (2012)
Sophorolipids Nanoparticle synthesis Medical Singh et al. (2009); Shikha et al. (2020)
Mono & di-RLs Anti-microbial activity Medical Ndlovu et al. (2017)

Food
Mono & di-RLs Cytotoxic effect on human breast cancer cells Medical Rahimi et al. (2019)
Rhamnolipids Stabilisation of oil in high water internal phase emulsions

(HIPEs)
Food Dai et al. (2019)
Medical
Personal care
Cosmetics

Rhamnolipids Anti-bacterial activity towards food pathogens: B. cereus
and L. monocytogenes, S. aureus

Food de Freitas Ferreira et al. (2018)
Packaging

Rhamnolipids Nanoemulsions for drug delivery mechanism against
SCC7 tumour cells

Medical Yi et al. (2019)

Rhamnolipids Biodegradation of hydrophobic organic compounds Bioremediation
strategies

Zeng et al. (2018)

Rhamnolipids Microbial-enhanced oil recovery (MEOR) Environmental
protection

Câmara et al. (2019)

Petroleum
Rhamnolipid Nanoparticle synthesis Medical Kumar et al. (2010); Bharali et al. (2013); Saikia et al. (2013);

Kumar and Das (2018); Bayee et al. (2020)
Trehalolipids Anti-microbial Medical Janek et al. (2018)

Anti-adhesive Biomaterials
Trehalolipids Immunomodulato-ry and membrano- tropic activity Medical Kuyukina et al. (2015); Kuyukina et al. (2020)
Trehalolipids Anti-tumour Medical Christova et al. (2015)
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description of selected glycolipids and recent advances in their
applications. Table 1 presents a brief summary of recent reports
on the activity and potential application of glycolipids.

3.1 Rhamnolipids
Rhamnolipids (RLs) originally identified, as sugar lipids
produced by the bacterium Pseudomonas aeruginosa, an
opportunistic pathogen bacterium are one of the best-known
biosurfactants. Rhamnolipids were first mentioned as novel
biomolecules in 1946, when the antibacterial activity of
“pyolipic acid,” from P. pyocyanea (later P. aeruginosa) against
Mycobacterium tuberculosis (Bergström et al., 1946) was
reported. Three years later Jarvis and Johnson isolated and
identified pyolipic acid as “an acidic, crystalline glyco-lipide”
(Jarvis and Johnson 1949).

3.1.1 Structure and Production
The structures of RLs can vary significantly depending on the
producing microorganism, carbon source and culture conditions.
In general, RLs can be described as mono- (one rhamnose ring) or
di-rhamnolipids (two rhamnose rings connected via an α-1,2-
glycosidic bond). The lipid part has one, two or three saturated or
unsaturated ß-hydroxy fatty acids with varied chain length (C8-
C16) (Lang and Wullbrandt 1999; Gunther IV et al., 2005; Abdel-
Mawgoud et al., 2010).

The best-described microorganism producing rhamnolipids is
Pseudomonas aeruginosa. Production of RLs by this organism has
undergone extensive process and genetic optimization and scale-
up to the point where RL products are commercially available.
Despite very good functional features of RLs, the fact that they are
produced by a pathogenic strain limits their applications in many
consumer industries e. g personal care, food and cosmetics.
Therefore, an extensive search for other, non-pathogenic RL-
producers continues. Several non-pathogenic Pseudomonas
species produce rhamnolipids, such as P. alcaligenes (Oliveira
et al., 2009), P. fluorescens (Abouseoud et al., 2008), P.
chlororaphis (Gunther IV et al., 2005), P. putida (Wittgens
et al., 2011), and P. stutzeri (Celik et al., 2008; Singh and
Tripathi 2013). Apart from Pseudomonas species, other species
of bacteria such as Burkholderia plantarii (Andrä et al., 2006),
Burkholderia thailandensis (Elshikh et al., 2017), Acinetobacter
calcoaceticus (HoŠková et al., 2013; Hošková et al., 2015),
Enterobacter asburiae (HoŠková et al., 2013; Hošková et al.,
2015), and Marinobacter sp. (Voulgaridou et al., 2021) are also
known to produce RLs.

The fermentation conditions as well as the strain selection are
important for the production of the particular RLs and the
number of homologues in the product. These can vary
significantly even within the same species. Abalos et al. (2001)
identified seven homologues of RLs isolated from P. aeruginosa
AT10 grown on soybean oil refinery wastes. Two
compounds–Rha-C10-C10 and Rha-Rha-C10-C10 were
predominant in the isolated mixture and were characterised
with very high anti-fungal activity. A total number of 15
rhamnolipid homologues in a post-fermentation mixture of P.
aeruginosa 47T2 NCBIM 40044 (grown on waste cooking oils)
were identified by Haba et al. (2003). Also, in this example, the

most dominant rhamnolipid was Rha-Rha-C10-C10 (34% relative
abundance), followed by Rha-C10-C10 (19% relative abundance)
and Rha-Rha-C10-C12 (20% relative abundance). Gong et al.
(2015) presented a comparison of the yields of isolated
rhamnolipids when P. aeruginosa TIB-R02 was grown on eight
different food oil carbon sources. The di-RL Rha-Rha-C10-C10

was identified as the most abundant (>40% relative abundance)
homologue in the case of six tested oils (coconut, peanut, olive,
palm, grapeseed and soybean oil), while Rha-C10-C10 was the
most dominant (>40%) for corn and frying oils. Rha-Rha-C12-C10

was the third most abundant homologue present in all of the
isolated mixtures, but its content did not exceed 20% in any of the
cases (Gong et al., 2015).

Some researchers have developed methods for the chemical
synthesis of RLs to overcome perceived issues with scaled up
biological production (Coss et al., 2012; Palos Pacheco et al., 2017,
Palos Pacheco et al., 2021; Compton et al., 2020). Whilst these can
produce RLs at commercial scale and are marketed as green
surfactants (www.glycosurf.com), the methods are not yet seen as
economically viable compared to other synthetic surfactants
(Palos Pacheco et al., 2021). They are also bio-inspired
(synthetic) and not truly biological methods for RL production
and thus are likely to suffer from the consumer perception that
they are synthetic and not natural, even if as claimed the methods
are green (Palos Pacheco et al., 2021). Scientifically, these
synthesis methods have proven useful for the production of
specific RL congeners that allow the effect of congener
structure on surface active properties to be studied (Palos
Pacheco et al., 2021).

3.1.2 Phase Behaviour
Surfactants have long been known to display complex phase
behaviour in aqueous solution owing to their ability to self-
assemble into various structures such as micelles, vesicles,
bilayers and various liquid crystalline mesophases depending
on concentration and temperature (Tadros 2005). The phase
behaviour impacts on properties of the surfactants in industrial
applications. Rhamnolipids, and glycolipids in general, also
display this rich phase behaviour. Glycolipids, including RLs,
at concentrations around the critical micelle concentration
(CMC) form micelles that are spherical, disk-like or rod-like
(Söderman and Johansson 1999).

Many studies characterise only the CMC of the rhamnolipids,
although the micelle is only one of the potential self-association
structures formed. Nitschke et al. (2011) compared CMC and
surface tension (ST) of rhamnolipids isolated from various
Pseudomonas species. According to this study, the lowest ST
was for RLs isolated from P. chlororaphis, and varied between 25
and 30 mN/m. The RLs from P. aeruginosa were reported to
lower ST to 27.3 mN/m and have a CMC of 13.9 mg/L. Close to
that range were RLs isolated from P. alcaligenes with ST equal to
28 mN/m and CMC 30 mg/L. The highest ST among
Pseudomonas species was detected for P. fluorescens–35 mN/m
and CMC reaching 20 mg/L. In general, the CMC of
rhamnolipids can vary even between 10 and 200 mg/L
depending on the producing microorganisms, carbon sources,
medium composition and other factors such as temperature,
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aeration and pH (Nitschke et al., 2005). In practice, it has been
known for some time that self-association in rhamnolipids is
more complicated than just formation of micelles. Both Ishigami
et al. (1987) and Champion et al. (1995) observed using cryo-
TEM that rhamnolipids formed either lamellar, micelle or vesicle
phases depending on the pH. Similarly, Sánchez et al. (2007),
report a concentration-dependent micelle-to-vesicle
transformation for diRLs at pH 7.4. Small angle neutron
scattering (SANS) has revealed that both the
monorhamnolipid R1 (Rha-C10-C10) and dirhamnolipid R2
(Rha-Rha-C10-C10) form small, globular, elliptical core shell
micelles with the ratios of the minor-major axes in the range
1:2–10 (Chen et al., 2010) and average aggregation numbers
(number of rhamnolipids per micelle) of n = 50 for R1, n =
30 for R2 and n = 40 for a mixed R1/R2 micelle. The reduced
packing efficiency of the two rhamnopyranose rings in the
headgroup of R2 leads to a lower curvature of the micelle
surface, and so R2 micelles are more asymmetric than those of
R1. Palos Pacheco and co-workers (Palos Pacheco et al., 2021)
have been able to carry out detailed studies of the micellization
and aggregate structure of a homologous series of
monorhamnolipids with a single C14 chain, and second chain
lengths of 6, 8, 10, 12 and 14 carbons. This has allowed them to
study the intricacies of RL congener structure on surface
properties. Surprisingly, they find that the CMC does not vary
linearly with chain length. The CMC is lowest for RlC14C10 and
increases for smaller and higher second lipid chain lengths. The
minimum surface tension mirrors this behaviour. This behaviour
suggests that interactions within the RL congener and between
molecules at the interface is complex and plays a significant role
in their surface behaviour. Molecular dynamics simulations of RL
congeners with differing chain length (C14C14, C14C10 and
C10C14) also show differing properties of the congeners
suggesting complex surface interactions within the molecule
(Euston et al., 2021).

Molecular simulation has been used to investigate the internal
structure of RL micelles and biosurfactants in general (Euston
2017) in more detail. Schwartz and co-workers have carried out a
detailed study of the structure of micelles and vesicles for both
mono and di-rhamnolipids (Munusamy et al., 2017). They found
that for nonionic R1, spherical, ellipsoidal, torus-like, and
unilamellar vesicle structure can form depending on
aggregation number (Eismin et al., 2017), with anionic R1 also
forming long tubular structures (Luft et al., 2020). For non-ionic
R1, the aggregation number for the micelles did not go above
about n = 40, with this limited by a lack of H-bonding and a
restricted size for the hydrophobic core due to the relatively small
C10 alkyl chains. When a charge is present on the anionic R1,
larger micelles can form due to H-bonding altering the packing of
the molecules. Simulations of R2 di-rhamnolipids support the
experimental evidence that they form smaller micelles (around
n = 22) because of the presence of a second rhamnose group,
although increasing the length of the akyl chain allows for larger
micelle aggregation numbers. For di-rhamnolipids, simulation
(dissipative particle dynamics, DPD) supports the formation of
more complex phases at high biosurfactant concentration (Xu
et al., 2018). Three multilayer structures of micelles were observed

at pH < 4 depending on the concentration. At concentrations
below 10% wt of diRLs, bi-layer spherical micelles formed, with
their diameter increasing with increased concentration. Further
increase in concentration to 15–20 wt% resulted in the formation
of bi-layered rod-like micelles, which changed into net-like bi-
layered lamellar phases at 25% wt. A double bi-layer was obtained
when the concentration reached 40 wt% (Xu et al., 2018). At pH
above 7.4, novel anisotropic morphologies were discovered.
Starting from 5 to 10%, patchy spherical micelles were
observed. At 11%, rod-like micelles with a helical pattern
formed, and at 15% a net-like lamellar phase. Finally, the
formation of vesicles was observed at concentration reaching
40 wt% (Xu et al., 2018).

This research shows that RLs have the potential to be used in
preparation of advanced functional systems such as anisotropic
nanomaterials, which can be applied in biomaterials, drug
delivery systems, microelectronics, optoelectronics, sensors or
tissue engineering (Xu et al., 2018, Xu et al., 2020).

3.1.3 Physicochemical Characterisation and
Functionality
If rhamnolipids are to replace conventional surfactants in
industry, their physicochemical and functional properties need
to be comparable to those they replace. Pekdemir et al. (2005)
studied the emulsifying ability of rhamnolipids compared to
other biological surfactants (tannins, saponins, lecithin).
Rhamnolipids, like all other surfactants tested, produced oil-
in-water emulsions that were unstable and separated within
2 min. Rhamnolipid showed the best emulsifying properties in
both distilled water and seawater. Lovaglio et al. (2011) have
looked at the pH dependence of rhamnolipid emulsification.
They confirm the emulsifying ability of rhamnolipids and
show that the optimum properties are at basic pH, and that
under these conditions rhamnolipids have as good an emulsifying
ability and stability as the common anionic surfactant sodium
dodecyl sulphate. Bai and McClements (2016) have noted that
rhamnolipids can be used to form very fine (<0.15 µm) oil
droplets with medium chain triglyceride oils and also with
longer chain corn and fish oils at low surfactant to oil ratios
(<1:10). Furthermore, the emulsions were stable over a wide
range of pH (5–9), salt content (up to 0.1 M NaCl) and
temperature (up to 90°C). Instability was observed under
highly acidic conditions (pH 2–4) and high ionic strength
(NaCl 0.2–0.5 M). This was explained in terms of the decrease
in electrostatic repulsion between droplets at low pH (loss of
charge) and at high salt (charge screening effects). Özdemir et al.
(2004) have also observed that a reduced charge repulsion at low
pH leads to more compact interfacial adsorbed layers of
rhamnolipids, and alters the CMC, which will also change the
adsorption properties. A similar effect is seen with salts (Helvaci
et al., 2004) where increasing NaCl concentration up to 0.5 M
leads to more dense packing of rhamnolipids at the air-water
interface. Rhamnolipids are also able to emulsify vegetable oils
more efficiently than hydrocarbons (Janek et al., 2013), and can
form emulsions with essential oils, thus offering a way to deliver
the bioactive properties of plant extracts (Haba et al., 2014).
Russell et al. (2021), have looked at the combined emulsifying
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ability of rhamnolipids with egg white protein (EWP). They
noted that increasing the RL concentration in an emulsion
homogenised at constant EWP content led to a large decrease
in emulsion droplet size. In contrast, when lecithin or
monoglyceride was substituted for the RL, these surfactants
had little effect on droplet size. This suggests that RL interacts
with protein at the interface in a different way to lecithin and
monoglyceride.

Rhamnolipid adsorption at the air-water interface and the
relationship to foaming properties has also been studied.
Khoshdast et al. (2012) compared the ability of rhamnolipid to
other common foaming agents to form froth in froth flotation
separation of minerals in mining operations. The rhamnolipid
outperformed all tested frothers, which was explained by its
greater ability to lower surface tension and the higher
interfacial elasticity due to strong inter-rhamnolipid
interactions in the adsorbed film. The high surface elasticity of
the rhamnolipid, however, limits foaming ability under certain
conditions. During foaming through air sparging rhamnolipids
only form foams between certain limiting air flow rates (Özdemir
et al., 2004). Below the lower flow rate limit, foam cannot form
because the high surface elasticity of the monolayer rhamnolipid
resists surface film expansion. Above the upper limit of airflow,
the rigid surface film fractures because the applied stress is too
high, and the foam collapses immediately. The same authors also
looked at the foaming properties of the individual mono- and di-
rhamnolipids R1 and R2. R1 is a better foaming agent than R2
and both show a pH dependence in foaming properties, with R1
more sensitive to pH. Özdemir et al. (2004) explain this as being
due to a greater screening of the carboxyl group by the two sugar
groups in R2.

Despite foam being a desired feature and determinant of the
commercial value of many products (especially personal care
ones), making RLs a perfect candidate for commercialization, it
also can be a limiting factor in the process (Rieger 1996; Bator
et al., 2020). Extensive foaming poses a real challenge in
sustaining high product yields along with the low production
costs (Sodagari et al., 2018). Chen et al. (2010) have carried out a
detailed neutron reflectivity study of the adsorbed R1 and R2
conformations. Both R1 and R2 behave as classical surfactants
with a Langmuir-type isotherm. The surface area occupied per
molecule is 60 Å2 for R1 and 75 Å2 for R2, with the latter
reflecting the greater size of the di-rhamnolipid head group.
When mixtures of R1 and R2 adsorb to the air-water
interface, the R2 molecules are not able to compete efficiently
due to steric hindrance from the larger head group, and so a
mixed interface is dominated by adsorbed R1.

Due to their physicochemical and functional characteristics,
rhamnolipids have already been used in many branches of
industry. A lot of research has been devoted to rhamnolipid
influence on the biodegradation of petroleum hydrocarbons
(Nitschke et al., 2011; Kaczorek et al., 2013). This surfactant-
enhanced process was extensively studied in the 90’s, due to the
discovery of the ability of Pseudomonas aeruginosa to assimilate
both aromatic (including PAH–polycyclic aromatic
hydrocarbons) and aliphatic hydrocarbons. Zhang and Miller
reported the rhamnolipid enhanced dispersion and

biodegradation of octadecane (Zhang and Miller 1992, Zhang
andMiller 1994), while Deziel et al. (1996) and Arino et al. (1998)
reported the growth of P. aeruginosa on PAH showing also the
involvement of rhamnolipids in the biodegradation of those
compounds. Interestingly, the use of rhamnolipids in
bioremediation strategies is still investigated and due to the
large amounts of reports in this topic, only a few crucial
papers are mentioned.

The latest research by Fernández-Peña et al. (2020) presented
the impact of four rhamnolipids (mono-RL (C10), mono-RL
(C14), di-RL (C10) and di-RL (C14)) on the adsorption of hair-
conditioning polymers on damaged hair in order to verify
whether glycolipids such as RLs could be a good replacement
for chemically derived, commercial surfactants such as SLES. The
study showed that RLs increased a degree of surface coverage of
surfactant-polymer composition thus enhancing the deposition
and hydration efficacy on damaged hair, especially with regards
to mono-RL (C10) (Fernández-Peña et al., 2020). The positive
outcomes of this research suggest that rhamnolipids of short alkyl
chains could be used in hair cosmetics as a replacement for SLES.

Other commercial application of rhamnolipids is in
pharmaceuticals, personal care, household cleaning, petroleum
recovery, pesticides and biofungicides (Sajna et al., 2015). One
area that has received attention is in the synthesis of therapeutic
nanoparticles, and in particular gold and silver nanoparticles
(Kumar et al., 2010; Bharali et al., 2013; Saikia et al., 2013; Kumar
and Das 2018; Bayee et al., 2020). Gold nanoparticles find
application in the biomedical field as delivery systems for
therapeutic agents, and as sensor systems in diagnostic
(typically lateral flow) tests (Nejati et al., 2021). Chemical
synthesis of nanoparticles requires reduction of gold (Au3+ or
Au+) or silver (Ag+) to the ground state metal by reduction
(Iravani et al., 2014; Daruich De Souza et al., 2019). A common
reaction is the reduction of HAuCl4 using the powerful reducing
agent sodium borohydride. To stabilize the nanoparticles and to
prevent aggregation, capping agents are added to the reaction
mixture which are often surfactants. Synthetic surfactants such as
cetyltrimethylammonium bromide adsorb to the nanoparticle
surface and stabilize them though charge repulsion. Finding
new, green synthesis methods has become a priority as many
of the reducing agents and surfactants used are toxic, which
presents problems when used for biomedical applications. Green
synthesis methods where a single molecule can act as both
reducing and capping agents are desirable. Rhamnolipids have
been shown to be an effective stabilizing agent for nanoparticles
but still require a reducing agent, thus only giving a partial green
solution.

3.2 Sophorolipids
Sophorolipids (SLs) (Figure 1), first identified in the 1960’s
(Gorin et al., 1961), are a glycolipid with a sophorose polar
group (two glucose rings linked via a β1-2 glycosidic bond) and a
hydroxylated fatty acid lipid tail (C18 for those produced by S.
bombicola). A number of modified sophorolipids including
branched sophorolipids (Tulloch et al., 1968; Baccile et al.,
2017b); acetylated sophorolipids (Baccile et al., 2017a);
bolaform sophorolipids and sophorosides (Van Renterghem
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et al., 2018); petroselinic sophorolipids (Delbeke et al., 2016a) and
chemically modified sophorolipids (Cuvier et al., 2014; Baccile
et al., 2016, Baccile et al., 2019; Delbeke et al., 2016b, Delbeke
et al., 2018, Delbeke et al., 2019) have been produced and studied,
and will also be discussed here.

3.2.1 Structure and Production
Lactonic and acidic (Figure 1) are the two general forms of
sophorolipid, secreted by non-pathogenic yeasts such asCandida,
Starmerella and Pseudohyphozyma (Jezierska et al., 2018). These
general structures are further differentiated by differing degrees of
acetylation. The non-pathogenic nature of the producing
organisms is advantageous for food and cosmetic application
(Jezierska et al., 2018). Like the rhamnolipids, mixtures of
sophorolipid congeners are produced (up to 20), but only a
small number are found in significant quantities (Claus and
Van Bogaert 2017).

The optimised conditions for production of sophorolipids
depend on the selected strain, with some factors common to
all. The suggested growth temperature of Starmerella (Candida)
bombicola ATCC 2214 (the most commonly used strain to
produce sophorolipids) is 28.8°C and pH of 3.5 in the
bioreactor (Van Bogaert et al., 2007). Since yeasts are very
susceptible to any oxygen limitations, especially during the
exponential growth phase, a constant oxygen supply must be
provided throughout the entire fermentation process (Van
Bogaert et al., 2007). Interestingly, the carbon source used in
the fermentation is usually a mixture of hydrophilic and
hydrophobic compounds, where glucose or glycerol are
commonly used as hydrophilic matter. The selection of a
hydrophobic carbon source, however, is a more complicated
decision, since it can enhance the production of particular
type of sophorolipids over the other types. For example, the
use of long-chain aliphatic hydrocarbons such as hexadecane,
heptadecane or octadecane, can result in the excess formation of
diacetylated lactone-based SLs, while fatty acid esters in the
growth medium lead to formation of free-acid open-chain SLs
(Ashby et al., 2006; Jezierska et al., 2018). The selectivity of S.

bombicola for incorporating C18 fatty acids into sophorolipids
can be exploited to produce new sophorolipids such as a
petroselinic acid diacetyl sophorolipid lactone (Delbeke et al.,
2016a), where the organism is grown on petroselinic acid, a
positional isomer of oleic acid where the cis double bond is at C6
rather than the C9 in oleic acid.

In addition to the predominant C18 form of sophorolipid
produced by S. bombicola, it is possible to promote synthesis of
C16 containing sophorolipid by the organism. Geys et al. (2018)
point out that the biosynthetic pathway for sophorolipid
biosynthesis has a high specificity to C18 fatty acid substrate,
explaining the preference for this chain length in the
biosurfactant. They were able to produce C16 sophorolipids
through heterologous expression of the cytochrome P450 cyp1
(1st enzyme in the sophorolipid biosynthesis pathway) gene of
Ustilago maydis,which introduces a higher specificity to C16 fatty
acids. Feeding this modified organism with palmitic acid gives
rise to C16 sophorolipid production.

Branched sophorolipids have been known for several decade
(Tulloch et al., 1968), and revisited recently (Baccile et al., 2017b).
These are sophorolipds with a C22 behenthic acid chain with the
glycosidic bond at C13 creating two branches to the lipid chain.

Genetic modification of S. bombicola also offers the possibility
of producing novel bolaform sophorolipid derivatives, first
identified at low concentration in the wild type yeast by Price
et al. (2012). Bogaert et al. (2016) have described the production
of bolaform sophorolipids by an engineered S. bombicolawith the
lactone esterase gene knocked-out. Bolaform surfactants have a
hydrophobic moiety with hydrophilic polar groups at each end.
For sophorolipids these can be composed of either a fatty acid
chain with sophorose sugar moiety on each end (a symmetrical
bolaform sophoroside) or one sophorose and one carboxylic acid
group at the ends (a non-symmetrical bolaform sophorolipid)
(Van Renterghem et al., 2018). Delbeke et al. (2018) have
extended the range of bolaform sophorolipids and
sophorosides through chemical modification of diacteylated
lactonic sophorolipid. This allowed them to synthesise
symmetrical and non-symmetrical sophorolipids and

FIGURE 1 | Structure of di-acetylated lactonic and acidic sophorolipids (Hardin et al., 2007; Jezierska et al., 2018).
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sophorosides with longer hydrophobic linker segments and fully
acetylated hydroxyl groups (peracetylated sophorolipds). Other
green chemistry synthetic routes have also proven fertile ground
for synthetic modification of microbially produced sophorolipids.
Simple hydrogenation of the cis double bond of oleic
sophorolipids can form the unsaturated elaidic acid derivative
(Cuvier et al., 2014) leading to associated changes in self
association properties. A wide range of various amino
derivatives (quaternary ammonium and amine oxide
derivatives) have been synthesised starting from both oleic and
petroselinic sophorolipids and their biological and self-assembly
properties determined (Delbeke et al., 2015, Delbeke et al., 2019;
Baccile et al., 2019).

3.2.2 Phase Behaviour
In common with other biosurfactants, the sophorolipids display a
rich phase behaviour in solution and this aspect of their
functionality has been widely studied (Zhou et al., 2004;
Penfold et al., 2011; Baccile et al., 2012, Baccile et al., 2016;
Dhasaiyan et al., 2013; Cuvier et al., 2014; Manet et al., 2015). At
low concentrations, sophorolipids form micelles and vesicles
depending on the concentration and congener type (Baccile
et al., 2012, Baccile et al., 2016; Manet et al., 2015). Penfold
et al. (2011) employed small angle neutron scattering (SANS) to
study phase behaviour of lactonic and acidic sophorolipid at
concentrations above the CMC but below 30 mM due to the low
solubility of the lactonic form. Acidic sophorolipid forms small
micelles in this concentration range coexisting with a low
concentration of lamellar aggregates or vesicles, whilst lactonic
sophorolipids form small unilamellar vesicles at concentrations
up to 3 mM, large vesicles up to 7 mM and above that tubules in
the range 1–30 mM. Manet et al. (2015) have looked at the
structure of acidic sophorolipid in detail using scattering
(SAXS and SANS) and molecular dynamics simulations. They
found that sophorolipids form prolate ellipsoids at pH < 5, where
they are uncharged, with an unusual core-shell type micelle
structure, where there is an uneven shell (hydrophilic group)
thickness, with a very thin “shell” at the ends of the long axis of
the spheroid. Baccile et al. (2016) found a complex phase
behaviour of sophorolipids as a function of the degree of
carboxyl group ionization/pH and position. At basic pH, both
sophorolipids with an oleic or stearic acid chain form small
vesicles (Baccile et al., 2016). At acid pH, however, whist the
oleic congener again forms micelles, the stearic congener forms a
twisted ribbon type structure.

3.2.3 Physicochemical Characterisation and
Functionality
The surface and interfacial properties of SLs depend in part on
their form, lactonic or acidic, and degree of acetylation.
Sophorolipids have a relatively low CMC, similar to
rhamnolipids, but their ability to lower the surface tension is
less than for rhamnolipids, with a limiting surface tension around
35–40 mN/m (Van Bogaert et al., 2007) compared to 25 mN/m
for rhamnolipids (Nitschke et al., 2005). Lactonic sophorolipids
have a higher surface activity than the acidic form, and di-acetyl
more than the mono-acetyl form, whilst the acid form is a better

foamer (Van Bogaert et al., 2007). Sophorolipids have low
foaming ability compared to rhamnolipids (Hirata et al., 2009)
and this combined with their high surface activity makes them
useful as detergents in cleaning applications for washing
machines and dishwashers where foaming is disadvantageous
(Hall et al., 1995; Furuta et al., 2004). Zhang et al. (2004) made
various alkyl esters of sophorolipids by esterification of the fatty
acid chain of sophorolipids with sodium alkoxides of varying
chain length (methyl, ethyl, propyl and butyl) to modify the
hydrophile-lipophile balance (HLB) in the molecules. An inverse
relationship between the CMC and limiting surface tension was
found, with the CMC reducing by half for each carbon added.
This offers the opportunity to tune the surface properties of
sophorolipids through chemical modification.

The potential of sophorolipids as additives in foods and
cosmetics and the petroleum industry is evidenced by their
emulsifying activity with hydrocarbon and triglyceride oils.
Mixed lactonic and acidic and, especially, esterified
sophorolipids are better emulsifiers of pure hydrocarbon oils
and Arabian light crude than the non-ionic surfactant Triton-X
(Koh et al., 2017). A similar set of studies highlighted the ability of
sophorolipids alkyl esters to stabilise emulsions of lemon, almond
and paraffin oil (Koh et al., 2016; Koh and Gross 2016). In these
studies, the sophorolipid esters had a comparable interfacial
tension lowering ability to a mixed lactonic and acetylated
sophorolipid system at high concentration (1 mg/ml) for all
oils, but noticeably they were able to maintain this surface
activity to much lower concentrations. The various
sophorolipid forms were able to emulsify each of the oils to
varying degrees. The ethyl ester was the best emulsifier for
paraffin oil, followed by the hexyl and then decyl
(i.e., decreasing emulsifying ability with increasing alkyl chain
length) whilst for the almond and lemon oil emulsions this order
was reversed (decyl was the best emulsifier). However, even
though the ethyl ester was the poorer emulsifier for lemon oil,
the emulsions showed no separation after 1-week storage, unlike
those made from the hexyl and decyl esters. Normally, smaller
emulsion droplets would be associated with more stable
emulsions, but in this case, it was found that the larger ethyl
ester emulsions were more stable, which the authors attributed to
extensive depletion flocculation in the longer chain ester
emulsions due to formation of micelles from non-adsorbed
surfactant in the continuous phase of the emulsion. For
paraffin oil and almond oil emulsions made with the
sophorolipid esters, precipitation was observed at higher
surfactant concentrations due to the relatively low solubility of
these molecules. A notable finding from these studies was that
mixtures of lactonic and acetylated sophorolipid were poor
emulsifiers in all oil systems compared to the esterified
sophorolipids.

The chemical structure of SLs does not only influence the
functional properties of the surfactant but also affects its
biological activity (Table 1). Ma et al. (2012) studied the
surface chemistry and bioactivity of lactonic and acidic SLs
with different numbers of acetyl substitution, and chain length
and double bond numbers of the acyl chain. They concluded that
acidic SLs generally exhibited lower CMC than lactonic SLs.
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Moreover, lactonic SLs showed higher cytotoxic activity against
Chang liver cells (Ma et al., 2012). Similar studies conducted by
Shao et al. (2012) suggest that acidic SLs showed hardly any
cytotoxic activity, while lactonic SLs demonstrated significant
inhibitory effect on two esophageal cancer cell lines and with the
effect depending on the unsaturation degree of the hydroxyl fatty
acid of SLs, where the strongest cytotoxic effect was observed for
one double-bond in the fatty acid moiety.

Like rhamnolipids, sophorolipids have also been investigated
for use in the green synthesis of therapeutic nanoparticles (Singh
et al., 2009; Shikha et al., 2020). However, unlike rhamnolipids
they are able to act both as a stabilizing and reducing agent, with
the reducing ability only displayed at alkaline pH (Singh et al.,
2009) suggesting a critical role for the carboxyl group in acidic
sophorolipids. Thus, sophorolipids offer a cleaner option for the
synthesis, negating the need for toxic reducing and capping
agents.

3.3 Mannosylerythritol Lipids
A further class of glycolipids are mannosylerythritol lipids (MEL
A, -B, -C and -D), composed of a polar 4-O-β-d-
mannopyranosyl-meso-erythritol attached to a non-polar fatty
acid chain (Figure 2).

The hydrophilic group can be either acetylated with a short
(C2-C8) or medium (C10-C18) chain fatty acid (Jezierska et al.,
2018). Four main classes of MELs are defined according to the
acetylation degree at C4’ and C6’ (Figure 2)–MEL-A
(diacetylated), MEL-B and MEL-C (monoacetylated) or MEL-
D (non-acetylated) (Yu et al., 2015; Jezierska et al., 2018).

Yeasts, mainly of the genus Pseudozyma (previously
Candida) produce MELs and their structure has been
proven to be strain-dependent (Jezierska et al., 2018).
Fukuoka et al. (2007) concluded that the same or very
similar MELs are produced by strains closely related in the
phylogenetic tree. These observations were supported by
Konishi et al. (2007b), who screened 13 strains for the
production of MELs. A taxonomic study together with the
analyses of the MELs post-fermentation allowed the authors to
classify the strains into three main groups. The first group
consisted of 11 strains producing all three of MEL-A, -B and -C

with the most abundant fraction being MEL-A. These strains
were taxonomically closely related to each other and to
Pseudozyma antarctica and Pseudozyma aphidis strains,
which had already been previously identified as MEL-A
dominant producers (Kitamoto et al., 2001; Rau et al.,
2005). The second group with only one strain produced
mainly MEL-B and was related to Pseudozyma tsukubaensis,
known as a MEL-B exclusively producing strain (Fukuoka
et al., 2008; de Andrade et al., 2017). The last group, also
containing only one strain related to Pseudozyma hubeiensis
and produced predominantly MEL-C (Konishi et al., 2011).

The main substrates for MEL-producing strains are vegetable
oils, giving yields of 100 g/L and higher. However, the ability of
Pseudozyma strains to metabolize alkanes to produce MELs was
also noted (Kitamoto et al., 2001; Morita et al., 2008). A very
common carbon source used for fermentations is soybean oil, but
often the culture medium is also enriched with small amounts of
yeast extract. Factors affecting the production of MELs can be
divided into four main categories 1) the effect of yeast extract, 2)
nitrogen source and its concentration, 3) carbon source and its
concentrations, and 4) the effect of hydrophilic precursors (such
as mannose or erythritol) (Kitamoto et al., 1990; Rau et al., 2005;
Konishi et al., 2008).

The physicochemical and functional characteristics of MELs
depends on their structures, for example, MEL-C, which is
monoacetylated would be expected to present different
functionality when compared to diacetylated MEL-A.
Interestingly, when the emulsification activity of MEL-C was
tested, the results were as high as those of MEL-A and higher than
commercial surfactants Tween80 and SDS (Konishi et al., 2008).
The CMC of MEL-C was found to be 6.0 × 10–6 M when reducing
the surface tension (ST) to 25.1mN/m, which was higher than
CMC of MEL-A at 2.7 × 10–6 M (ST = 28.4 mN/m) andMEL-B at
4.5 × 10–6 M (ST = 28.2 mN/m) (Kitamoto et al., 1993; Konishi
et al., 2008).

The phase behaviour of glycolipid surfactants is very
complex and controlled by the acyl chain type and number,
and sugar head group type and stereochemistry (Kitamoto
et al., 2009). At low concentrations, MELs form micelles and
vesicles of varied shape (spherical, disc and rod) (Söderman
and Johansson 1999), and liquid crystalline lamellar phases at
higher concentrations (Imura et al., 2007). At concentrations
just above the CMC, both MEL-A and MEL-B self-associate
into large unilamellar vesicles (LUV) (Imura et al., 2006). At a
higher concentration, associated with a second CMC, MEL-A
forms a range of liquid crystalline phases depending on
temperature and concentration including sponge (L3),
bicontinuous cubic (V2), and lamella (LR) phases (Imura
et al., 2007). MEL-B, on the other hand, only exhibits one
CMC above which LUVs form, with a gradual transition to
multilamellar vesicles as the surfactant concentration increases
(Imura et al., 2006). Konishi et al. (2008) reported that the
MEL-C isolated from Pseudozyma KM-59 was able to self-
assemble into the lyotropic liquid crystalline phases–myelines
and lamella (Lα).

In general, the formation of the lyotropic liquid crystalline
phases is a favourable phenomenon of surfactants due to their

FIGURE 2 | Structure of mannosylerythritol lipids (n = 6–10) (Konishi
et al., 2007a; Yu et al., 2015). MEL-A–R1 = CH3CO, R

2 = CH3CO. MEL-B–R1

= CH3CO, R2 = H. MEL-C–R1 = H, R2 = CH3CO MEL-D–R1 = H, R2 = H.
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potential applications as nanoparticles in drug delivery systems
(Li et al., 2005; Imura et al., 2007).

3.4 Trehalolipids
The structure of trehalolipids (TLs) is also based on a hydrophilic
sugar moiety and hydrophobic fatty acid-based tail. However,
there is large diversity in the fatty acid tail, being either aliphatic
fatty acids or hydroxylated fatty acids with branched-chain types
(α-branched-β-hydroxy fatty acids) and of assorted chain lengths
(Shao 2011). The chemical structure of TLs is strongly dependent
on the producing microorganisms with differences even within
the same species (Figure 3) (Mnif and Dhouha 2015a). The most
studied trehalolipids producers are Rhodococcus species along
with other Gram-positive species such as Mycobacterium,
Nocardia, Micrococcus, Gordonia, Arthrobacter and
Corynebacterium (Van Hamme and Ward 2001; Ortiz et al.,
2008; Shao 2011).

The amount and type of trehalose lipids produced by
microorganisms also depends on the carbon source used for the
microbial growth. Hvidsten et al. (2017) reported a Gram-positive
bacterium belonging to the genus Dietizia–Dietzia sp. A14101 was
able to utilise various hydrocarbons that directly correlated to the
variety and amounts of produced trehalolipids. This clearly suggests
that physicochemical characterisation of trehalolipids cannot be
generalised as it depends on many factors. Marqués et al. (2009)
reported functional and physicochemical characteristics of
trehalolipids from Rhodococcus erythropolis 51T7 isolated from
crude oil-contaminated soil and grown on tetradecane (2% v/v).
After 72 h of cultivation, trehalolipids were extracted as a mixture of
at least six components–one major and 5minor congeners. Amulti-
component trehalolipidmixwas also observed by Singer and Finnety
(Singer and Finnerty 1990) when they grew Rhodococcus strain on
hexadecane, resulting in amixture of 11 components with onemajor
and 10 minor congeners.

The CMC and surface tension reducing ability of trehalolipids are
controlled by many factors. Tuleva et al. (2009) characterised the
trehalose lipids extracted from the bacteriumMicrococcus luteusBN56
grown on hexadecane, and found a CMC of 25mg/L. The authors
also detected the formation of strong emulsions even in the early
stages of the cultivation of the microorganism. On the other hand,

White et al. (2013) observed a CMC of 250mg/L for trehalose lipids
extracted from Rhodococcus sp., strain PML026. These trehalose lipids
were able to make emulsions of high stability over a wide range of pH
(from pH 2 to pH 10) with the highest emulsification index (EI24) at
pH 8. The emulsifying ability (EI24) was independent of temperature
over the range from 20 to 100°C. Similarly, Marqués et al. (2009)
found a CMC of trehalolipids from Rhodococcus erythropolis 51T7 of
37mg/L. The authors also presented an interesting characterisation of
emulsions formed in oil-trehalolipid-water (O–TL–W) systems,
where isopropyl myristate was used as the oil phase. The
emulsion, which was kept at room temperature for 3months
proved to be thick, stable and the microscopic evaluation showed
the emulsion particles reaching the size of 5 µm, which according to
Rosen and Kunjappu (Rosen and Kunjappu 2012), classifies it as a
macroemulsion. Trehalose lipid-water phase behaviour was studied as
a function of temperature by polarizing microscopy. Lamellar liquid-
crystalline phases were detected at low concentrations and
temperature, and hexagonal phases when higher concentrations
and temperature (70°C and higher) were applied. These findings
indicate that there is a phase inversion from anisotropic phase of the
glycolipid due to the presence of the liquid crystals (Marqués et al.,
2009). These observations seem to explain the stability of the
emulsions described by the authors.

In all studies discussed above, the trehalolipids showed a high
propensity for surface and interfacial tension reduction. Theses
promising findings suggest that trehalolipids have many
characteristics that are desirable in industrial applications, but the
dependence of trehalose producing organisms on long chain aliphatic
carbon sources, low production yields and high costs of downstream
separations are limiting factors to the scale-up of their production.

Most strains producing trehalose lipids were isolated from
oil-polluted sites and were very good at degrading polluting
hydrocarbon. The glycolipids produced by these oil degrading
bacteria improved the bioavailability of the hydrocarbon
molecules by their micellization and therefore positively
affected the biodegradation. For this reason, microbially
enhanced oil recovery, oil-spill bioremediation and
cleaning of oil storage tanks have been the main
applications of trehalolipids to date (Franzetti et al., 2010).
However, their reported interaction with cell membranes,

FIGURE 3 | Chemical structure of trehalolipid from Rhodococcus sp. (Ortiz et al., 2008).
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inhibition of human leukaemia cell lines, anti-fungal and anti-
viral properties, and the ability to inhibit protein kinase C
(PKC) activity, common in anti-tumour therapeutics,
highlight their potential in medicine (Janek et al., 2018;
Hirano et al., 2021).

3.5 Cellobiose Lipids
Cellobiose lipids have been known since the 1950’s (Haskins 1950;
Lemieux et al., 1951) andwere originally named ustilagic acid after the
organism (the corn smut fungus Ustilago maydis) that was first
observed to produce these. Since then, cellobiose lipids production
has been identified in other fungal species (Kulakovskaya et al., 2006,
Kulakovskaya et al., 2007; Golubev et al., 2008; Teichmann et al.,
2011). This class of biosurfactants comprise a cellobiose (two glucose
linked β1-4) hydrophilic headgroup with differing acetylation
patterns, usually attached to a hydroxypalmitic acid hydrophobic
moiety (Eveleigh et al., 1964). Various other congeners have been
identified including di and tri-hydroxyhexadecanoic acid chains,
dehydroyxy congeners, additional acetyl groups and octanoic acid
replacing the palmitic acid in the hydroxylated lipid chains (Spoeckner
et al., 1999; Teichmann et al., 2007, Kulakovskaya et al., 2011).
Bolaform cellobiose lipids have also been observed as fermentation
products with some organisms (Puchkov et al., 2002; Morita et al.,
2011).

3.6 Polyol Lipids
Polyol lipids (PLs) belong to the class of extracellular fungal
glycolipid biosurfactants (EFGB), however, structurally they are
different from sophorolipids and mannosylerythritol lipids by not
having a sugar component as the hydrophilic moiety but instead
have a polyol as a polar group. Only two types of PLs have been
found to date, polyol esters of fatty acids (PEFA) and liamocins
(Garay et al., 2018).

3.6.1 Polyol Esters of Fatty Acids
Polyol esters of fatty acids (PEFA) are produced mainly by the
yeasts of the genus Rhodotorula (Garay et al., 2018). As for the
other microorganism-produced surfactants, the structure and
yields of the produced PEFAs can significantly vary depending
on the secreting strain.

Nineteen PEFAs have been identified to date, allowing a
general summary of the structures to be defined (Cajka et al.,
2016; Garay et al., 2017; Garay et al., 2018). Briefly, the molecules
consist of a polyol head group (usually D-mannitol or D-arabitol
but other polyols are also possible) esterified to an acetylated (R)-
3-hydroxyacyl fatty acid via the carboxyl end (Cajka et al., 2016;
Garay et al., 2017; Garay et al., 2018). Figure 4 presents the
general structure of the PEFAs with several possible variations.

The optimal conditions for PEFA production are: temperature
between 24 and 27°C, pH = 6.3–6.5, and a medium known as
MediumA (Garay et al., 2017; Garay et al., 2018). The carbon source
most commonly used is glucose, however, glycerol, sucrose, molasses
and plant-based hydrolysates can also be used (Garay et al., 2017;
Garay et al., 2018).

Based on structural and physicochemical studies, PEFA seem
to have potential as biosurfactants. Lyman et al. (2018) report that
Rhodotorula taiwanensis MD1149 produces the hypoacetylated
PEFA (0–4 acetylation modifications) with increased surface-
active properties–mainly ST reduction to approximately 32 mN/
m (Lyman et al., 2018). The isolates of R. aff. paludigenaUCDFST
81–84 and R. babjevae UCDFST 04–877 were observed to reduce
the ST down to 33.3 and 30.4 mN/m respectively and
additionally, R. aff. paludigena UCDFST 81–84 isolate showed
antifoam activity, which is a promising feature for the industrial
application of this substance (Garay et al., 2018).

3.6.2 Liamocins
Liamocins are polyol lipids produced by various strains of
Aureobasidium pullulans. The term “liamocins” was
introduced by Price et al. (2013), despite the molecules being
known from 1964 (Garay et al., 2018).

Structural studies have shown liamocins have a single, partially
O-actetylated polyol polar group, and three or four 3,5-
dihydroxy-decanoic ester group polyester tails (three in
liamocin A1 and A2 and four in liamocin B1 and B2) (Price
et al., 2013, Price et al., 2017).

The selection of strain and culture conditions can lead to the
formation of many diverse structures of liamocins, as observed by
Leathers et al. (2015). Price et al. (2017) reported a variety of different
head groups of liamocins (D-galactitol, D-sorbitol, D- and
L-arabitol, D-xylitol, L-threitol and glycerol), when varied polyols
were used in the growth media. Interestingly, no such dependence
was shown when different sugars were used in the culture medium.

In recent years liamocins were reported to exhibit antibacterial
activity as well as being inhibitors of some cancer cell lines
(Manitchotpisit et al., 2014; Leathers et al., 2016).

Little is still known about the physicochemical properties of
liamocins and their possible application in the industry.
Liamocins isolated from Aureobasidium pullulans CU 43 were
reported to be fluorescent and able to reduce the ST to 27 mN/m

FIGURE 4 | General structure of PEFA (Garay et al., 2018). Where: R =
OH or acetyl n = 8, 10, 12, 14, 16.
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(Manitchotpisit et al., 2011). Kim et al. (2015) reported a glycerol-
based liamocin (glycerol-liamocin) from Aureobasidium
pullulans L3-GPY, which decreased the ST to 31.5 mN/m at
the concentration of 1.5 mg/L.

The abovementioned findings suggest that liamocins have the
potential of being used as biosurfactants, but a further, detailed
investigation of their functionality is needed.

4 CONCLUSION

Glycolipids are a class of biosurfactants of high potential, not only
in bioremediation and clean-up strategies, or as household-care
agents, but also as very good materials for food and medical
applications. Most importantly, they are all of natural origin and
can mostly be produced using particular organic-wastes (waste
glycerol as an example). What is more, the optimised conditions
for the production of glycolipids are easy to obtain and the costs
of the production may be lower when compared to the
chemically-derived surfactants.
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Rhamnolipids as Green Stabilizers of
nZVI and Application in the Removal of
Nitrate From Simulated Groundwater
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Environmental contamination caused by inorganic compounds is a major problem
affecting soils and surface water. Most remediation techniques are costly and generally
lead to incomplete removal and production of secondary waste. Nanotechnology, in this
scenario with the zero-valent iron nanoparticle, represents a new generation of
environmental remediation technologies. It is non-toxic, abundant, cheap, easy to
produce, and its production process is simple. However, in order to decrease the
aggregation tendency, the zero-iron nanoparticle is frequently coated with chemical
surfactants synthesized from petrochemical sources, which are persistent or partially
biodegradable. Biosurfactants (rhamnolipids), extracellular compounds produced by
microorganisms from hydrophilic and hydrophobic substrates can replace synthetic
surfactants. This study investigated the efficiency of a rhamnolipid biosurfactant on the
aggregation of nanoscale zer-valent iron (nZVI) and its efficiency in reducing nitrate in
simulated groundwater at pH 4.0. Two methods were tested: 1) adding the rhamnolipid
during chemical synthesis and 2) adding the rhamnolipid after chemical synthesis of nZVI.
Scanning electron microscopy field emission, X-ray diffractometry, Fourier transform
infrared spectroscopy, thermogravimetric analysis, Dynamic Light Scattering, and zeta
potential measurements were used to characterize bare nZVI and rhamnolipid-coated
nZVI. The effects of the type of nZVI and initial NO3 concentration were examined.
Nanoscale zer-valent iron with the addition of the rhamnolipid after synthesis achieved
the best removal rate of nitrate (about 78%), with an initial nitrate concentration of
25 mg L−1. The results suggest that nZVI functionalized with rhamnolipids is a
promising strategy for the in situ remediations of groundwater contaminated by NO3,
heavy metal, and inorganic carbon.
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INTRODUCTION

Due to the growing demand for food and the great use of fertilizers
to obtain it, the contamination of the soil and the aquifers has
demanded studies to overcome the problem. Fertilizers has caused
environmental pollution with threats to agricultural productivity,
food security, ecosystem health, human health, and economic
prosperity (Erisman et al., 2008; Klove et al., 2011; Zhang et al.,
2015; Hansen et al., 2017; Velis et al., 2017). The World Health
Organization and US Environmental Protection Agency have
established the maximum contaminant level for nitrate (NO3)
of 10 mg L−1 in drinking water (WHO, International Program
On Chemical Safety, 1996; EPA, 2002).

In recent years, nanoparticles have been used in
environmental remediation because of their great reduction
power and surface area. Nanoparticle zero-valent iron (nZVI)
has been extensively implemented for groundwater remediation
due to its low cost and the ability to reduce oxidized pollutants
(Crane and Scott, 2012; Yirsaw et al., 2015; Stefaniuk et al., 2016;
Magthalin et al., 2016). However, iron nanoparticles have some
drawbacks that need to be solved such as the issue of cluster
formation due to their interfacial energy and high surface
reactivity (Zhang, 2003; Zhao et al., 2016), as well as their
instability, which can be easily oxidized by water or oxygen in
their environment, forming a passive layer on their surface. To
diminish the tendency toward aggregation, nZVI is often coated
with surfactants (NSET, 2003; Crane and Scott, 2012), which play
major roles in improving particle mobility (Dutra, 2015),
lowering interfacial tension, and preventing the coalescence of
newly formed drops (Morsy, 2014). Xue et al. (2018) investigated
the performance of nanoscale nZVI coated with rhamnolipids
(RL) in the immobilization of cadmium and lead. They
demonstrated the effectiveness of nZVI in transforming labile
cadmium and lead into a stable fraction, with an increase of 56.40
and 43.10% in the maximum residual percentage of these metals
after 42 days of incubation, decreasing the mobility of the metals.
Nitrate may also be chemically reduced by nZVI (Huang et al.,
2011). The efficiency of nitrate removal by Fe0 is dependent on
the pH value, with rapid reduction generally occurring at pH
2–4.5 (Hausmann and Syldatk, 1998; Choe et al., 2004; Huang
and Zhang, 2004). nZVI is highly reactive in water, making it an
excellent electron acceptor (Sturm and Morgan, 1996). Sharma
et al. (2020) explored Fe3O4 nanoparticles prepared with a
coating of rhamnolipids. These materials show to be
monodispersed and stable in water under environmentally
relevant pH and ionic strength values. These nanoparticles
were used to remove dissolved inorganic carbons from water
and showed high sorption capacity at pH 6 and pH 8 in both
carbonate-free and in equilibrium with the atmosphere CO2

systems. The nanoparticles are non-toxic, abundant,
inexpensive, and easy to produce (Zhang, 2003; Cook, 2009;
Keane, 2010). The core consists primarily of zero-valent iron,
whereas the mixed-valent oxide shell is formed as a result of the
oxidation of metallic iron (Cornell and Schwertmann, 2004; Li
et al., 2006; Crane and Scott, 2014). With rapid advances in
biotechnology and increased environmental awareness, synthetic
surfactants are increasingly being replaced with biologically

produced compounds (Banat et al., 2000; Gautam and Tyagi,
2006). The aim of green synthesis and the stabilization of metallic
nanomaterial is to decrease the use of chemical methods (Park
et al., 2011). Microbial biosurfactants are extracellular
compounds produced by microorganisms, such as bacteria,
yeast, and filamentous fungi, grown on hydrophobic/
hydrophilic carbon sources (Nitschke et al., 2005; Pirôllo et al.,
2008; Tese, 2011; Lovaglio et al., 2015). Biosurfactants are surface-
active molecules with both hydrophilic and hydrophobic
moieties, which enable these compounds to interact at
interfaces and reduce the surface tension of the medium
(Mishra et al., 2009; Fernandes, 2011; Tese, 2011).
Rhamnolipids used in this study are produced by the bacteria
Pseudomonas aeruginosa that have been intensively investigated
and extensively reviewed for various applications (Ochsner et al.,
1996; Maier and Soberón-Chávez, 2000; Nitschke et al., 2005;
Akiyode and Boateng, 2018; Moutinho et al., 2021; Varjani et al.,
2021; Magri and Abdel-Mawgoud, 2022). Rhamnolipids are
comprised of one or two molecules of rhamnose linked to one
or two molecules of β-hydroxydecanoic acid (Desai and Banat,
1997; Hausmann and Syldatk, 1998; Banat et al., 2000).
Rhamnolipids are promising candidates for the stabilization of
nanoparticles. These natural compounds have been used to
stabilize silver nanoparticles (Xie et al., 2006; Reddy et al.,
2009; Kiran et al., 2010; Kumar et al., 2010; Ravi Kumar et al.,
2010; Farias et al., 2014; Salazar-Bryam et al., 2021), nickel oxide
(Palanisamy, 2008; Palanisamy and Raichur, 2009), cadmium
sulfide (Singhal et al., 2010), iron oxide (Liao et al., 2010) and
palladium-doped nanoscale zer-valent iron particles (Basnet et al.,
2013; Bhattacharjee et al., 2016). To the best of our knowledge,
there are no reports in the literature of rhamnolipid-mediated
synthesis, stabilization, and application of nZVI for nitrate
reduction. Therefore, the aim of the present study was to report
evidence for the use of a low-cost rhamnolipid biosurfactant for the
stabilization of nZVI in an aqueous solution and its use for the
removal of nitrate from simulated groundwater.

MATERIALS AND METHODS

Materials
Ferric chloride (FeCl3 6H2O, 98%), Sodium borohydride (NaBH4,
97%), and Potassium bromide (KBr, 99%) were purchased from
Sigma-Aldrich Chemical Corporation Sodium hydroxide
(NaOH, 97%), ammonium chloride (NH4Cl, 99%), and
sodium nitrate (NaNO3, 99%) were purchased from Labsynth
and phosphoric acid (H3PO4, 95%) was purchased from J. T.
Baker, Acetone (Honeyell, 100%) and deionized water were used
for nZVI synthesis. For rhamnolipid production a Ca-free
mineral salt medium containing glycerol as a carbon source
was used (Müller et al., 2011). All of the components are of
analytical grade and used without further purification. Further
de-ionized water was used in all the experiments.

Production and Extraction of Rhamnolipids
The strain Pseudomonas aeruginosa LBI 2A1, was obtained in
previous work as a part of a doctoral thesis of Lovagio (Lovaglio,
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2011). It was maintained in Lysogenic Broth (LB) plus 20%
glycerol at −20°C. For pre-culture, the microorganism was
inoculated into 25 ml of LB, then transferred to 200 ml of LB
medium containing phosphate buffer solution (pH 6.8) and 1%
(w/v) of glycerin. The system was kept on a rotary shaker for 48 h
at 180 rpm and 32°C. The pre-inoculum culture (10% v/v) at an
optical density of 0.08 (OD580) was transferred to 400 ml of
production medium containing glycerol 2% (w/v). The pH of the
medium was adjusted to 7 by adding NaOH 1 mol L−1. The
culture was incubated on a rotatory shaker for 120 h at
200 rpm and 32°C. Cells were separated by centrifugation at
12,000 rpm for 30 min at 4°C, and the cell pellet was
discarded. To the supernatant was added 85% H3PO4 1:100
(v/v) to adjust of pH of about 2-3 and ethyl acetate 1:1,25 (v/
v) for extraction of rhamnolipids. The mixture was shaken for
15 min and allowed to settle down until the phase separation. The
inorganic phase was removed and the operation was repeated
once again with the organic phase and ethyl acetate 1:1,25 for
total extraction of rhamnolipids. After that, the organic phase
containing the biosurfactant was concentrated using a rotary
evaporator.

Surface Activity Measurements and
Structural Characterization of
Rhamnolipids
Surface tension was determined by the Du-Noüy ring method
with a Krüss K6 Tensiometer (Krüss, Hamburg, Germany).
Ultrapure water was measured to calibrate the tensiometer.
Experiments were performed at room temperature; all
measurements were made in triplicate.

Synthesis and Green Stabilization of nZVI
The synthesis was based on the borohydride reduction method
(Wang and Zhang, 1997. The synthesis of nZVI was conducted in
a beaker by adding sodium borohydride (6 mmol) dissolved in
2 ml of purified water to 40 ml ferric iron solution (4 mmol), for
the reduction of ferric iron to nZVI. The solution was vigorously
stirred with a magnetic bar at room temperature. The entire
process was carried out in an argon atmosphere. The reduction
reaction is as follows (Wang and Zhang, 1997):

Fe(H2O)63+ + 3BH4− + 3H2O → Fe0 + 3B(OH)3 + 10.5H2 (1)
A black precipitate formed instantly. After 20 min of reaction, the
solid was magnetically decanted and washed three times with
acetone.

Two stabilization methodologies of nZVI (Table 1) were
compared with the bare-nZVI: synthesis of nZVI with

rhamnolipids addition in ferric chloride solution (nZVI-A)
and nZVI stocked in rhamnolipids solution (n-ZVI-S). The
rhamnolipid solution used for nZVI-A and nZVI-S was above
250 mg L−1 (CMC, critical micellar concentration). The
separation of the generated iron particles was achieved with a
magnet, followed by washing with acetone at least three times.

Nanoparticle Characterization
Characterization of the crystalline phase was determined by X-ray
powder diffraction (XRD) using a Simiens D5005 diffractometer
with a Cu Kα radiation source. The samples were recorded at
5–80° of 2θ, with a step of 0.02°. The Crystallographic Search-
Match software was used to index the samples. Fourier transform
infrared (FTIR) spectroscopy was used to confirm the obtainment
of a rhamnolipid. Thermogravimetric analysis (TGA) was carried
out to determine the total amount of nZVI and mass of the
rhamnolipids, using the STA 409C/CD system from NETZSCH
Instruments. Samples (15 mg) were analyzed from room
temperature up to 700°C under 50 ml min−1 airflow with a
heating rate of 10°C.min−1. The shape and morphology of the
dried nanoparticles were determined using scanning electron
microscopy (SEM) model JEOL 7500F, with an acceleration of
2kV. The hydrodynamic diameter and zeta potential
measurements of the particles were evaluated by Dynamic Light
Scattering (DLS) and electrophoretic mobility using laser Doppler
electrophoresis in a Zeta Sizer NanoZS fromMalvern Instruments.

Nitrate Reduction Tests
Batch experiments were conducted using 1 L bottles at room
temperature under light-excluding conditions. To create an
anaerobic environment, the deionized water used for the
preparation of the nitrate solution was boiled and the bottles
were then purged with nitrogen gas to remove dissolved oxygen.
Each bottle was filled with 1 L of initial NaNO3 concentrations
(C0) of about 25, 50, and 100 mg L−1 NO3. At the onset of the
experiment, the pH was adjusted to 4 using HCl 1 mol L−1 and 5 g
of nZVI-S, nZVI-A, or bare nZVI were added to each bottle.
Control experiments without the addition of nZVI nanoparticles
were carried out in parallel. Samples (10ml) were withdrawn every
15min for 2 h. All experiments were performed in triplicate. The
removal efficiency was calculated according to Eq. 2

removal efficiency% � (C0 − Cf)

C0
× 100 (2)

in which C0 is the initial NO3 concentration and Cf is the final
NO3 concentration. Nitrate and ammonium were quantified with
a Thermo Scientific™ Orion™ nitrate electrode and ammonia
electrode, respectively. A kinetic model for nitrate reduction by
nZVI can be described by pseudo-first-order reaction kinetics (kobs).
According to this model, the reaction rate is proportional to the
nitrate concentration, as given in the following Eq. 3:

ln(
C

C0
) � −kobs (3)

in which C0 is the initial NO3 concentration and C is the NO3

concentration at time t.

TABLE 1 | nZVI stabilization method.

Sample RL

bare-nZVI Without rhamnolipids
nZVI-A Rhamnolipids addition in ferric chloride solution
nZVI-S Stocked in rhamnolipids solution
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RESULTS AND DISCUSSION

Rhamnolipid Production
The biosurfactant from P. aeruginosa LBI 2A1 was cultivated in a
low-cost medium and formulated using an agro-industrial
substrate based on 2% (w/v) glycerol as a carbon source. The
biosurfactant was produced for 120 h at 32°C. The CMC of the
crude biosurfactant was evaluated by the Du-Noüy ring method
and its value was determined at 250 mg L−1. Although other
authors have obtained 40.7 g/L, using soybean oil and
ammonium nitrate (Sun et al., 2021), the use of a hydrophobic
carbon source is observed, which for the strain used in this article,
we have already reached up to 70.9 g/L using sunflower oil as
carbon source (data not shown). This work concern to use of a by-
product of the Biodiesel industry, such as glycerol. The FTIR
analysis of the pure rhamnolipid is shown in Figure 1. The double
bands at 2,922 and 2,854 cm−1 are assigned to C-H stretching
vibrations of aliphatic groups. The band at 1,735 cm−1

corresponds to C=O stretching bonds of ester and carboxylic
acid groups. The bands between 1,230 and 1,450 cm−1 are typical
of C-H and O-H vibrations of carbohydrates, i.e., rhamnose units
(Leitermann et al., 2008).

Characterization of nZVI
The diffractograms of the synthesized samples are shown in
Figure 2. After synthesized, the samples were evaluated
immediately and submitted to XRD analysis after 30 days.
The bare nZVI sample was indexed as metallic iron (PDF
87-7194), the peaks of which correspond to (1 1 0) and (2 0 0)
crystalline planes. After 30 days, it was observed the decreasing
of the (1 1 0) crystalline iron plane and the arising of the (3 1 1)
plane from the magnetite phase (PDF 74–419) indicates
sample oxidation. The diffractogram of the nZVI-A sample
revealed the presence of different crystalline phases. Besides
metallic iron, magnetite (3 1 1) was also observed. Oxidation
was also observed after 30 days, in which the characteristic

peaks of metallic iron disappeared, and the sample was indexed
as a mixture of magnetite and lepidocrocite (PDF 8–98)
phases. On the contrary, the nZVI-S sample had better
stabilization by rhamnolipids, and the metallic iron phase
was present on freshly synthesized and 30-day old samples.
Therefore, adding the metallic iron nanoparticles to the
rhamnolipids solution results in a more effective surface
functionalization protocol against oxidation. Scherrer’s
equation was used to calculate the average crystallite

FIGURE 1 | FTIR spectrum of rhamnolipids.

FIGURE 2 | X-ray diffraction peaks associated with nZVI particles were
recorded: freshly synthesized samples (lighter colour) and 30-day old samples
(darker colour). The Pattern Diffraction File (PDF) of metallic iron (PDF 87-
7194), lepidocrocite (PDF 8-98) and, magnetite (PDF 74-419) were
displayed as well.
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diameter (DXRD). Table 2 corroborates the SEM data,
demonstrating the nanometric size. The desired crystallinity
phase was obtained. The estimated DXRD of the nanoparticles
shows different sizes among the methods used. The DXRD

increased as follows: nZVI-A< nZVI-S< nZVI.
The surface features of the nanoparticles were evaluated

through zeta potential measurements. A zeta potential greater
than ±30 mV indicates reasonably stable nanoparticles with
low aggregation capacity due to charge equilibrium (Lowry
et al., 2016; Hunter, 1988). Figure 3 shows different isoelectric
points according to the method used to functionalize the
surface nanoparticles. The bare nZVI and nZVI-A samples
exhibited the same profile curve with an isoelectric point
(point of zero charge) (pHpzc) at 7.8, which is compatible
with the range of values found in the literature (7.5–8.9) (Su
et al., 2011; Markova et al., 2014; Wen et al., 2014; Arancibia-
Miranda et al., 2016; Habish et al., 2017). However, a shift was
observed for nZVI-S, with a reduction in pHpzc to 6, which
shows that the nZVI-S sample had more adequate coating
when the iron nanoparticle was functionalized after synthesis
due to the similarity between the rhamnolipid pKa and pHpzc
values. The pKa of the rhamnolipid is 5.6 (Sousa et al., 2014),
while the observed pHpzc was 6, demonstrating that the
surface corresponds to the rhamnolipid rather than the
nanoparticles. Regarding colloidal stability, pH 4 was
chosen to evaluate the zeta potential, once this is the point
which materials will be applied. The results show that the bare

nZVI sample had the highest value (37.2 mV), followed by
nZVI-A (35.1 mV) and nZVI-S (6.3 mV). Although the nZVI-S
sample had the lowest zeta potential value, the coating of themagnetic
core by the rhamnolipids conferred steric stability to the compound.

The average diameter size of nZVI is shown in Figure 4.
The bare nZVI had a shortened peak with a large base and an
average diameter of 50 nm, while the average diameter of the
nZVI-A and nZVI-S samples was approximately 60 and
42 nm, respectively. The larger average diameter for nZVI-
A could be related to the addition of the rhamnolipid, as this
biosurfactant has acid pH, which, in this situation, led to the
formation of large aggregates, as observed by Dahrazma, et al.
(2008) and Ishigami, et al. (1987). The formation of these
aggregates is evidenced in the DLS analysis and SEM images
(Figure 5).

Figure 5 displays the SEM images of bare nZVI, nZVI-A and
nZVI-S. Bare nZVI was agglomerated in large clusters
(Figure 5A). The morphology of nZVI differed depending on
the time of the addition of rhamnolipids. As shown in Figure 5B,
nZVI-S had less dispersed and smaller nanoparticles, whereas
those of nZVI-A tended to be more agglomerated and

FIGURE 3 | Zeta potential and pzc of nZVI.

FIGURE 4 | Average particle diameter size distribution of nZVI particles.

TABLE 2 | Average crystallite diameter according to Scherrer’s equation. *
Crystallographic plane (1 1 0) and ** (3 1 1).

Sample Crystallite diameter (nm)

nZVI-S 7.88 *
nZVI-S 30 d 7.16 *
nZVI-A 6.52 **
nZVI-A 30 d 4.77 *
nZVI 9.05 *
nZVI 30 d 11.3 **
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consequently slightly larger (Figure 5C). This pattern was
confirmed by the DLS analysis.

The thermal behavior of samples was investigated by TGA
and DTG. The results are shown in Figure 6.

It is possible to identify two different regions in the TGA curve for
bare-nZVI. The first region between 50 and 120°C, corresponds to a
weight loss, due to the removal of physically bounded water and
acetone from synthesis (Habish et al., 2017). The region near 189°C

FIGURE 5 | SEM images of (A) bare-nZVI (B) nZVI-A (C) nZVI-S.

FIGURE 6 | TGA and DTA curves for (A) bare-nZVI, (B) nZVI-A and (C)
nZVI- S.

TABLE 3 | Regions of weight loss and gain (%) of nZVI-A and nZVI-S samples.

Region Temperature °C Weight nZVI-A (%) nZVI-S

I 50–230 Loss 8 9%
II 230–480 Loss 5 5%
III 480–700 Gain 1 0.5%
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shows a slight change in the baseline without a peak and the DTA
curve shows an exothermic peak, indicating the dehydration of the
sample. In the second region, over 400°C, the gain mass is
continuous at approximately 3%, the DTA curve presents an
exothermic peak indicating oxidation on the bulk of the
nanoparticle (Földvári, 2011). For the nZVI-A and nZVI-S
samples, the TGA curve show three regions and the weight
percentages are shown in Table 3.

The first region of weight loss, comprising between 40 and
230°C, corresponds to the removal of residual water and
acetone from synthesis (Habish et al., 2017). In this range,

the DTA curve indicates an endothermic peak at 100°C, which
corresponds to a dehydration reaction. The second region of
weight loss occurs with a slight change in the baseline without
a peak between 230 and 480°C, due to decomposition and
elimination of organic backbone from rhamnolipids (Pui
et al., 2013). The third region, over 480°C, is characterized
by a slight gain of weight due to the oxidation of the nZVI. The
DTA curve of nZVI-A and nZVI-S samples shows
endothermic peaks. The DTA curve shows exothermic
signals at 230 and 480°C which is in agreement with to
weight loss phenomena. Over 480°C the DTA curve also

FIGURE 7 | Effect of time and initial nitrates concentration on nitrates reduction using nZVI at pH 4 (A) 25 mg/L NO3 (B) 50 mg/L NO3 (C) 100 mg/L NO3 and effect
of time and initial nitrates concentration on ammonia concentration using nZVI at pH 4 (D) 25 mg/L NO3 (E) 50 mg/L NO3 (F) 100 mg/L NO3.
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show exothermic characteristic, that is associated with weight
gain associated with the oxidation of the nZVI particles.

Nitrate Reduction by nZVI Under Low pH
Conditions
Fe0 is thermodynamically unstable in water. Dissolved oxygen
is an oxidant and causes rapid corrosion of iron [Eq. 4]. On
the other hand, under anaerobic conditions, water serves as
the oxidant and corrosion takes place, producing hydrogen
gas and hydroxide ions [Eq. 5]. The corrosion process results
in an increase in pH media. Under acidic and anoxic
conditions, the corrosion rate of iron is faster than iron
corrosion by water [Eq. 6].

2Fe0 + O2+2H2O → 2Fe2++4OH− (4)
Fe0+2H2O → Fe2+ +H22OH

− (5)
Fe0+2H+ → Fe2+ +H2 (6)

Several pathways of nitrate reduction by nZVI have been
proposed, such as the following equations.

4Fe0+NO−
3+7H2O → NH+

4+4Fe2++10OH− (7)
5Fe0+2NO−

3+6H2O → N+
2+5Fe2++12OH− (8)

Figure 7 compares the nitrate reduction rates achieved with
bare nZVI, nZVI-S and, nZVI-A samples. The nitrate
reduction was observed in the first 15 min; thereafter, the
reaction remained nearly constant. The nZVI-S
nanoparticles exhibited a higher kinetic constant than bare
ZVI and nZVI-A, respectively, as shown in Table 4. In the first
15 min of the reaction, nZVI-S achieved nitrate efficiency
removal of 78.62%, 77.65% and 68.89% for 25, 50, and
100 mg L−1 of NO3 solution, respectively. The nitrate
removal with nZVI-A was comprised between 20.18 and
12.45%, while the bare nZVI were approximately 47, 57%,
and 43.54%. The control group test shows no nitrate reduction
in presence of the biosurfactant.

To quantify the reaction rate, a pseudo-first-order reaction
model (Eq. 3) was used to fit the kinetic data (Johnson et al.,
1996). A high initial reduction rate was found when the initial
concentration of nitrate was low. The observed surface reaction
rate constant (kobs) (Table 4) for nZVI-S increased from 0.078 to
0.107 min−1 at a 15-min reaction time when the initial nitrate
concentration was decreased from 100 to 25 mg L−1. For bare
nZVI and nZVI-A, the kobs remained nearly constant, with
values of 0.043 and 0.015, respectively, when the initial

concentration was 25 mg L−1. The reaction did not slow down
because of insufficient iron, since iron was added in
stoichiometric excess in all experiments. The amount of nZVI
(5 g) was not enough to react with the initial nitrate concentration
according to the chemical reactions described above (Eqs 5, 6).
Hausmann and Syldatk (1998), found complete nitrate reduction
when the Fe0 concentration was increased to 10 g L−1.

Figures 7A–D demonstrates that the nitrate removal rate
diminished substantially over time. Hydroxide ions were
formed as nitrate was reduced. Since no additional acid was
added, the OH− accumulated, thus reducing the nitrate
removal reaction (Hausmann and Syldatk, 1998; Liu et al.,
2014). This behavior is consistent with the results presented in
Figure 3, indicating that there was a surface modification on
the nanoparticle. The concentration of ammonia did not
increase with an increase in the initial concentration of
nitrate (Figures 7D–F). Approximately 45% of nitrate was
transformed into ammonia using 5 g of nZVI, showing that
nZVI-S followed reaction Eqs 5, 6, whereas bare nZVI and
nZVI-A did not transform nitrate into ammonia, probably
following only Eq. 6.

CONCLUSION

The present study presents the potential of using the rhamnolipid
biosurfactant, obtained in a sustainable way (use of glycerol as a
carbon source), in the preparation of nZVI as a stabilizer,
increasing its stability and performance in terms of NO3

removal. Rhamnolipids are a promising alternative to synthetic
surfactants for the synthesis and surface functionalization of zero
valence iron nanoparticles. With the success achieved in this
application, one more use of the rhamnolipid produced by P.
aeruginosa LBI 2A1 is potentiated. The nanoparticles prepared
with the rhamnolipid coating remained stable for 1 month, thus
showing the efficiency of the process. The XRD analysis showed
that the Fe0 intensity decreased gradually over time for both bare
nZVI and nZVI-A, whereas a better response was found for
nZVI-S, with the rhamnolipid concentration above the CMC.
Compared to bare nZVI particles, nZVI-A and nZVI-S were
stable in an aqueous solution and not easily oxidized and/or
aggregated. Based on the efficient removal capacity and the
observed first-order coefficient (kobs), NO3 removal by the
different prepared materials followed the order of nZVI-S >
bare nZVI > nZVI-A. In the presence of bare nZVI, most of
the NO3 was not converted into NH4. For successful long-term
groundwater field treatments using nZVI coated with
rhamnolipids, a more detailed study of the chemical

TABLE 4 | Observed pseudo-first-order rate coefficient of nitrate reduction with nZVI.

NO3 (mg
L−1)

Bare-nZVI nZVI-S nZVI-A

Efficiency removal (%) kobs Efficiency removal (%) kobs Efficiency removal (%) kobs

25 47.57 0.043 78.62 0.107 20.18 0.015
50 43.54 0.038 77.65 0.101 12.45 0.009
100 46.29 0.041 68.89 0.078 13.62 0.010
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processing as well as the application of nanoparticles in situ
should be carried out since the focus of this study was to verify the
potential of nanoparticles obtained in the removal of nitrate from
the aqueous medium. The results presented lead to the conclusion
that the application of rhamnolipids as a coating for zero iron
nanoparticles has potential and adds to those existing in the
literature for use in the removal of metals such as cadmium and
lead, since there is no mention of the use of rhamnolipids in the
stabilization of zero iron nanoparticles to remove NO3 from
groundwater.
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Genetic Evidences of Biosurfactant
Production in Two Bacillus subtilis
Strains MB415 and MB418 Isolated
From Oil Contaminated Soil
Azra Yasmin1†, Fozia Aslam1† and Anila Fariq1,2*†

1Microbiology and Biotechnology Research Lab, Department of Biotechnology, Fatima Jinnah Women University, Rawalpindi,
Pakistan, 2Department of Biotechnology, University of Kotli Azad Jammu and Kashmir, Kotli, Pakistan

Biosurfactants are a diverse group of amphiphilic compounds obtained from microbes. In
the present study, the genomic analysis of biosurfactant-producing Bacillus subtilis
MB415 and MB418 obtained from oil-contaminated soil was performed. Initially, the
strains were screened for biosurfactant production by hemolytic assay, emulsification
index, and oil displacement. Further FTIR analysis of extracted biosurfactants revealed the
presence of lipopeptides. The sequenced genomes of MB415 and MB418 were of
4.2 Mbps with 43% GC content. Among more than 4,500 protein-coding genes, many
were involved in virulence, metal/multidrug resistances, flagella assembly, chemotactic
response, and aromatic ring hydroxylating dioxygenases. An annotation analysis revealed
that both genomes possessed non-ribosomal synthetase gene clusters for the lipopeptide
synthetases srf and fen responsible for surfactin and fengycin production. Comparative
studies of both genomes highlighted variability in gene operons mainly for surfactin
biosynthesis.

Keywords: biosurfactant production, secondary metabolites biosynthesis, oil remediation, lipopeptides, fengycin,
surfactin

INTRODUCTION

Natural products comprise a variety of bioactive compounds like bacteriocins, terpenoids,
antibiotics, and biosurfactants (Raaijmakers et al., 2010; Anuradha, 2010). Among these,
biosurfactants are surface metabolites produced by microbes during the stationary phase of
growth. The broad spectrum of structurally different biosurfactants, generally glycolipids,
phospholipids, lipopeptides, neutral lipids, and fatty acids, consist of hydrophobic moiety (fatty
acids) of varying lengths linked to hydrophilic peptide chains of 7–10 amino acids (Geys et al., 2014).
Lipopeptides are one of the major classes of lower molecular weight biosurfactants produced by
microorganisms. Around 90 compounds from 26 different lipopeptide families have been identified
in the last two decades (Liu et al., 2015). Microbial biosurfactants have gained special interest
nowadays because of their surface and interfacial properties, eco-friendly characters, and diverse
applications in industrial, health, and environmental sectors. For example, microbial glycoconjugates
enhance degradation of toxic organic pollutants by increasing their bioavailability by lowering
surface tension and producing a solvent interface (Bhatt et al., 2021).

Biosurfactants are encoded by several genes and synthesized by a variety of microorganisms such
as Bacillus sp., Pseudomonas sp., Acinetobacter sp., Candida sp., Cryptococcus sp., Penicillium sp.,
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Aspergillus sp., Kurtzmanomyces sp., Rhodococcus sp.,
Sphingomonas sp., Arthrobacter sp., Lactococcus sp., and
Pseudozyma sp. (Borah et al., 2021). Among these, the genus
Bacillus is the most prevalent in biosurfactant production.
Carolin et al. (2021) reported on the lipopeptide biosurfactant
production by Bacillus sp., and its significant role in the
degradation of aromatic amine 4-chloroaniline compound.
Similarly, biosurfactants also exhibit a promising potential to
efficiently eliminate toxic heavy metal pollutants by using
multiple biosurfactant-metal binding stratagems, that is,
emulsification, mobilization, complexation, and solubilization
(Mishra et al., 2021).

Lipopeptides are biosurfactants mainly comprise a hydrophilic
peptide ring and hydrophobic fatty acid moieties. Based on their
structure, they are further characterized into cyclic lipopeptides
(CLPs) and linear lipopeptides. The cyclic lipopeptides,
commonly produced by Bacillus subtilis, include fengycin,
surfactin, and iturin. They are composed of a peptide ring of 7
or 10 amino acids with a long hydrophobic fatty acid chain. The
fatty acid chain lengths vary in each type, that is, surfactin has a
chain length of C13–C16, while iturin’s chain is C14–C17, and that
of fengycin is C14–C18 (Hu et al., 2019).

Surfactin has many congeners because of the variation in the
length of the fatty acid chain and the types of amino acids. The
structure of surfactin offers diverse applications in several global
issues such as medicine and environmental protection (Gudiña
et al., 2013). It was discovered as a potent fibrin clot-inhibitor and
as an antibacterial and antiviral agent. It also showed
hypocholesterolemic and anti-tumor activities. Owing to its
remarkable surface-, interface-, and membrane-active action, it
has the ability to cross plasma membrane barriers and viral
envelopes (Santos et al., 2018). It can lower the surface tension
of water from 72 to 27 mN/m and is highly thermally stable and
salt tolerant. Because of these properties, it possesses huge
potential in the microbial enhancement of oil recovery
(MEOR) and considered a good candidate for the
bioremediation of contaminated soils and sub-surface
environments (Hu et al., 2019).

Fengycin is another lipopeptide consisting of a decapeptide
linked to a saturated or unsaturated fatty acid (C14–C18). The
ring structure of its cyclic peptide is formed by linking the residue
at position 3 to the C-terminal–COOH group of the amino acid at
position 10 (Fanaei et al., 2021). Fengycins are predominantly
produced by Bacillus spp. with potential bioactivities. They are
active against phytopathogenic fungi and bind with their plasma
membrane, thereby causing cell lysis and leakage (Gimenez et al.,
2021).

The biosynthesis of these lipopeptides is governed by a
complex set of proteins called non-ribosomal peptide
synthetases (Wang et al., 2014). Gene clusters for the synthesis
of such compounds have been found in the Bacillus genera
(Donio et al., 2013). Several structurally and functionally
diverse molecules need to be screened and characterized to
create a better understanding of such biomolecules (Lu et al.,
2014; Aleti et al., 2015; Singh and Tiwary, 2016).

Next-generation sequencing has revolutionized the discovery
of natural products, chemicals, and biosynthetic enzymes greatly

used in the fields of biotechnology and biomedicine (Luo et al.,
2014). Biosurfactant production in various Bacillus species has
been widely reported in many studies. Moreover, many Bacillus
species are known for their metabolic capability, environmental
versatility, and their ability to remove xenobiotic compounds and
heavy metals via biosurfactant production (Arora, 2020).
However, only limited literature is available on the genetic
basis of biosurfactant production in bacteria. To this end, our
research is focused on the whole genome sequencing and analysis
of biosurfactant-producing and hydrocarbon-degrading
indigenous Bacillus subtilis strains MB415 and MB418 isolated
from hydrocarbon-contaminated soil. The genome analysis of
both strains also indicated the gene clusters for surfactin and
fengycin lipopeptides.

MATERIALS AND METHODS

Isolation and Characterization of
Biosurfactant-Producing Bacteria
Soil samples were collected from the oil-contaminated site of
Missa Kiswal oil field, Gujar Khan, Pakistan. Bacterial strains
were isolated on Bushnell Hass mineral salt medium (Bushnell
and Haas, 1941) by the spread plate method. Isolated bacterial
strains were screened for biosurfactant production by a blood
hemolysis assay (Mulligan et al., 1984). For this purpose, 5%
defibrinated goat blood was added to the blood agar base. The
emulsification activity (Cooper and Goldenberg, 1987) was
determined by taking 2 ml of kerosene with an equal volume
of the culture supernatant and vortexed vigorously for a few
minutes. The emulsion formed was allowed to be stable for 24 h
and the emulsification index was calculated as the percentage of
the height of the emulsion layer (mm) divided by the total height
of the liquid (mm). Furthermore, the oil-spreading technique and
surface tension of culture supernatants were measured by using a
torsion balance (Lin and Timasheff, 1996; Morikawa et al., 2000).
Extraction and purification of biosurfactants from selected
isolates were done by following the protocol of Qiao and Shao
(2010). The extracted biosurfactants were analyzed through FTIR
spectroscopy.

Whole Genome Sequencing
For molecular characterization, isolates were sequenced for 16S
rRNAs that are submitted to NCBI. In addition, the whole
genome sequence of both strains was performed to get an
insight into the genetic composition. Cells were grown in
Luria-Bertani (LB) broth at room temperature. The genomic
DNA was extracted in the late exponential phase. The cells
were collected by centrifugation at 4°C and 10,000 g for
10 min. The supernatant was discarded and the cells were
suspended in 200 µL of PBS. The samples were then treated
with lysozyme (1.33 mg/ml) and incubated for 5 min. Proteinase
K (20 µL) was added to the cells that were incubated for 1 hour at
37°C. After this, 200 µL of buffer AL was added to the samples,
mixed thoroughly, and kept at 56°C for 10 min. Furthermore,
96–100% ethanol (200 µL) was used for washing nucleic acid
pellets. The mixture collected was centrifuged at 8,000 rpm for
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1 min and the flow-through was discarded. Buffer AW2 (500 µL)
was added to the spin column, centrifuged at 14,000 rpm, and the
flow-through was discarded. Finally, the DNA was eluted with an
elution buffer AE (200 µL) that was incubated for 1 min at room
temperature and centrifuged at 6,000 rpm for 1 min to collect the
DNA in a sterile Eppendorf tube (Aslam et al., 2018). The
concentration and purity of DNA were determined by using a
nanodrop spectrophotometer ND-1000 (Nanodrop Technology,
Wilmington, DE). The qualitative assessment was done by
visualizing genomic DNA on 1% agarose gel stained with
ethidium bromide. The genomic DNA of both strains MB415
and MB418 were sequenced using the Illumina MiSeq (2 ×
300 bp) platform.

Sequence Assembly and Annotation
The obtained sequence reads were assembled through SPAdes 3.1
including error correction, deBruijn graph assembly for
arrangement into contigs and their scaffolding (Bankevich
et al., 2012). The quality of the assembled sequence data was
assessed using Quast (Gurevich et al., 2013). Finally, the genomic
data were annotated through different annotation servers.

Gene prediction and functional annotation analysis was
performed using three different pipelines: Integrated Microbial
Genomes expert review (http://img.jgi.doe.gov), Rapid
Annotation Subsystem Technology (Aziz et al., 2008), and
Genome Annotation Pipeline (PGAP) by NCBI (http://www.
ncbi.nlm.nih.gov/genome/annotation_prok). The genes were
identified by Prodigal (Hyatt et al., 2010). The predicted CDSs
were translated and searched against NCBI, non-redundant
databases, UniProt, TIGRfam, Pfam, PRIAM, COG, KEGG,
and interPro databases performed by the IMG ER platform
that is developed by the Joint Genome Institute, Walnut
Creek, CA, United States (Markowitz et al., 2009). In addition,
transfer RNAs and rRNAs were identified using tRNAscan-SE
(Lowe and Eddy, 1997) and RNAmmer (Lagesen et al., 2007).

RESULTS

Screening of Biosurfactant-Producing
Bacteria
Fifteen hydrocarbon-degrading bacteria were isolated on
Bushnell Haas Mineral salt medium from oil-polluted soil
samples. Isolates with distinct morphological characteristics
and competent to utilize different hydrocarbon substrates as a
sole carbon source were selected, purified, and screened for
biosurfactant production. Multiple screening assays were
performed for the identification of potential biosurfactant
producers, that is, oil spreading assay, emulsification index,

and surface tension and hemolytic assays. Two isolates, that is,
MB415 and MB418 showed a remarkable reduction in surface
tension values, that is, 20 and 35 dyn/cm, respectively. Both
strains showed distinct oil displacement and low emulsification
index. Strain MB418 exhibited complete, while MB415 displayed
partial hemolysis of erythrocyte cells (Table 1).

In the present study, the maximum emulsification activity of
diesel was recorded by culture supernatants of bacterial strains.
The emulsification ability is attributed to the augmented
biodegradation potential of petroleum hydrocarbons. The
FTIR spectrum strongly reflects that the extracted compound
was a potential biosurfactant with peptide and aliphatic
hydrocarbon moieties. Significant absorbance peaks of the
biosurfactant isolated from B. subtilis MB415 and MB418
observed C-O, C-H, and C=O in the regions of 1,000–1,320/
cm, 2,850–3,000/cm, and 1,665–1760/cm stretching mode,
respectively, verifying the presence of glycolipids (Figure 1).

Genome Sequencing
The genomes of B. subtilis strains MB415 and MB418 were
sequenced to identify their hydrocarbon degradation potential
and applications in bioremediation. The genome project was
deposited in the Integrated Microbial Genome (IMG ER)
online database and the Genome Online Database (GOLD)
(Pagani et al., 2012). The whole-genome shotgun (WGS)
project of both isolates was deposited at DDBJ/EMBL/
GenBank under accession numbers LYDW00000000 and
MQSR00000000 for B. subtilis MB418 and MB415,
accordingly.

Genome Properties
The genome sequences of B. subtilis MB415 and MB418 were
generated with the help of Illumina Miseq sequenced data. For
both the genomes, the paired end reads 4, 120, 685 bp and 4, 266,
089 bp respectively, were assembled into contigs and scaffolds.
Genome statistics according to the NCBI Prokaryotic Genome
Annotation Pipeline are summarized in Table 2.

Annotation Analysis and Subsystem
Features
The draft genome of B. subtilis MB418 contains 4,543 genes
containing 4,055 genes with coding sequences and 362
pseudogenes. The genome was found to have 126 RNA genes
including 85 tRNAs and 35 rRNAs comprising 11 genes for 5S, 12
each for 16S and 23S rRNAs, while six were non-coding RNAs
identified through RNAmmer and tRNA Scan S.E. The B. subtilis
MB415 genome of 4, 267, 672 bps contains 4,812 genes with 4,
416 protein-coding genes and 121 rRNAs including 86 genes for

TABLE 1 | Results of biosurfactant screening assays.

Bacterial isolates Hemolysis Oil spreading Emulsification index (%)n Surface tension (dynes/cm)

Bacillus subtilis MB415 A + (10s) 20 ± 2 20 ± 0.5
Bacillus subtilis MB418 B +(2min) 15 ± 2.5 35 ± 5

α = incomplete hemolysis β = complete hemolysis.
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tRNAs and 11, 12, 7 genes carrying codes for 5S, 16S, and 23S
respectively.

The annotation of the genome B. subtilis MB418 using the
RAST server (Aziz et al., 2008) identified genes involved in the
tolerance against metals, that is, arsenic (6 genes), copper (4
genes), and Co/Zn/Cd (4 genes). In addition, the genome has a
multidrug resistance operon mdtRP mostly present in the genus
Bacillus, and beta-lactamase, streptothricin, and vancomycin
which are mostly found in gram-positive bacteria. Among 479
subsystems, 545 genes were specified for carbohydrates and 458
for amino acids and their derivatives. The genome also possesses
a significant number of genes allocated for chemotaxis (15 genes)
and flagellar motility (78 genes). There were around 117 genes
which confer proteins for dormancy, sporulation-like genes
designated for biofilm matrix protein component TsaA,
sporulation gene operons, spore germination, hydrolysis, and
sporulation cluster IIIA and cluster II, while in B. subtilisMB415,
many genes involved in metal tolerance including arsenic (6),
copper (5), and Co/Zn/Cd resistance (4) were identified.
However, few genes were found to be involved in antibiotic
resistance among multidrug resistance operon efflux pumps
(8) and beta-lactamase (3), along with genes for vancomycin,
streptothricin, and fosfomycin resistance. Both genomes possess
genes for secondary metabolite biosynthesis that includes
surfactin, fengycin, and siderophore. In addition, genes

encoding enzymes involved in different aromatic compound
metabolisms, that is, peripheral anaerobic and central aromatic
intermediates formed during degradation were also predicted in
both genomes (Figure 2).

Biosurfactant-Producing Genes
Emerging next-generation sequencing technology coupled with
other computational efforts of annotation has enabled us to look
into several potential genes simultaneously. This has improved
our understanding of essential metabolic pathways and the
adaptive variation of organisms in stressed environments.
Similarly, bacterial diversity inhabiting soil with a high
concentration of hydrocarbons (such as soil in and around oil
fields) possessed certain genes for biosurfactant (surfactin,
fengycin, and iturins) production.

Annotation results revealed that both genomes MB415 and
MB418 carry operons responsible for the biosynthesis of
secondary metabolites such as surfactin and fengycin. In B.
subtilis MB418, surfactin-producing genes including srfAA
codes for the surfactin family lipopeptide synthetase-A. This
protein belonged to the COG1020 category of clusters of
orthologous groups (COG) for the conserved protein domain
family EntF called non-ribosomal peptide synthetase component
F. In addition, it showed a close relationship with the
phosphopantetheine attachment site protein (IPR006162) and

FIGURE 1 | FTIR spectra of extracted biosurfactants.

TABLE 2 | Genome characteristics of Bacillus subtilis MB415 and Bacillus subtilis MB418.

Strain Accession number Size Mbps GC content Number

Contigs Subsystems Cds RNA

MB415 MQSR00000000 4267093 43.1 246 479 4,610 116
MB418 LYDW00000000 4118930 43.6 289 479 4,455 121
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acyl carrier protein of super family SSF47336 (IPR009081). It also
shares similarities with the peptide chains of IPR020806
polyketide synthase, phosphopantetheine-binding domain, and
others including IPR020845, SSF56801, and TIGR01720 of the
non-ribosomal peptide synthase domain. It was relevant to many
other protein domains including PP-binding, condensation,
AMP binding_C, and pfam13745-HXXPF_rpt. Next to this is
the gene srfAC encode for the protein surfactin family lipopeptide
synthetase C. This gene of 3,828 bp is translated into a protein of
1,275 amino acids, a non-ribosomal peptide synthetase
component F. This protein belongs to the phosphopantetheine
attachment site (IPR006162) and other protein classes of
databases InterPro, pfam, and TIGRfam like srfAA.

The genome also possesses gene srfAD (729 bp) encodes for
the thioesterase domain-containing protein comprising 242
amino acids. According to clusters of orthologous groups, it
belongs to the category COG3208 surfactin synthase
thioesterase subunit exhibiting 91.32% similarity with alpha/
beta-hydrolases of pfam00975 and SSF53474. Lastly, the gene
for ycxA similar to COG2271 called sugar-phosphate permease
comprises 1,227 bp and encodes for 408 amino acid sequences.
The genome encodes a permease of the major facilitator
superfamily (KOG2533) related to the transporter class TC: 2.
A. 1 of IPR016196, IPR020846 with 85.78% alignment with
pfam07690.

This gene arrangement was different in B. subtilisMB415. The
operon starts with the gene srfAA of 10,764 bp encode for the
surfactin family lipopeptide synthetase A (COG1020). The acyl-
CoA carrier protein, also called surfactin family lipopeptide
synthetase B gene srfAB (3329bp), was identified in the
genome of B. subtilis MB415. This protein of 3,329 amino
acids has a maximum similarity with IPR009081 (acyl carrier
protein-like), IPR020845 (AMP-binding, conserved site), and
SSF52777 (CoA-dependent acyltransferases). Next to this is
the gene for the condensation protein SrfAB of pfam00668. In
addition, it also possesses the gene srfAC of 3828bp, srfAD
thioesterase domain-containing protein, and ycxA-sugar
phosphate permease. The arrangement of top COG hits on the
scaffold with srf-operon in the genome of B. subtilis MB418 and
MB415 (Figure 3).

Fengycin produced by various Bacillus strains is expected to
form a lactone between the hydroxyl group of L-Tyr3 and
C-terminal carboxyl group L-II-e and fengycin synthase
(FenC, FenA, and FenB). In the MB418 genome, the gene
fenC encoding fengycin family lipopeptide synthetase A (KO:
K15664 ppsA) was identified (Figure 4). However, in case of the
Bacillus subtilis MB415 genome, the operon of fengycin starts
with the gene fenB, comprising 243 bps and belonging to fengycin
lipopeptide synthetase E (KO: K15668). It contains the non-
ribosomal synthetase component F of COG1020. This protein of

FIGURE 2 | Subsystem features of the two Bacillus subtilis strains (MB415 and MB418).

FIGURE 3 | Portion of chromosomal map having scaffold with srf-operon (A) MB418 and (B) MB415. From outside to the center: genes on the forward strand
(color by COG categories), genes on the reverse strand (color by COG categories), RNA genes (tRNAs green, rRNAs red, other RNAs black) GC content GC skew.
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2,042 amino acids consists of fengycin family lipopeptide
synthetase A (KO: K15664). In between these genes, a gene
for the non-ribosomal peptide synthase and condensation
domain-containing protein, amino-acid adenylation domain,
AMP-binding enzyme C-terminal domain, and an
uncharacterized lipoprotein yddw were identified.

DISCUSSION

In the present study, we investigated the biosurfactant production
from the hydrocarbon degraders of the Missa Kiswal oilfield. Two
B. subtilis strains were able to produce lipopeptide biosurfactants.
Similarly, a study reported the strain B. amyloliquefaciens An6 as
a potent biosurfactant producer with diesel oil degradation
efficiency (Ayed et al., 2015). Hydrocarbon-degrading bacteria
possess an innate potential to produce biosurfactants which aid
them in the bioavailability of hydrocarbon substrates (Antoniou
et al., 2015).

The genomes of the strains isolated in the present study also
decipher Srf operons responsible for the biosynthesis of surfactin
and fengycins. In the case of B. subtilis, mostly fengycin and
surfactin have been reported inmany studies (Pereira et al., 2013).
Jadeja et al. (2019) reported the sfp and NPRS gene in Bacillus sp.
AKBS9 and emulsan biosynthetic gene cluster in Acinetobactor
sp. AKBS16 for biosurfactant production through the whole
genome sequence analysis of the aforementioned strains.

B. subtilis is one of the predominant lipopeptide cell factories
(Steller et al., 1999). The genetic makeup of biosurfactant-
producing organisms is one of the major factors governing the
biosynthesis of biosurfactants. Different molecular studies
demonstrated the metabolic pathways, operons, and enzymes
for the extracellular production of many biosurfactants. Wang
et al. (2022) identified entire core synthetic genes for bacillibactin,
fengycin, and surfactin production in a novel facultative-
halophilic, long-chain hydrocarbon degrader, that is, Bacillus
sp. XT-2. Surfactin is a cyclic lipopeptide produced non-
ribosomally by surfactin synthetase, a multi-enzyme peptide
synthetase complex. The biosynthesis of other lipopeptides is
also mediated by similar enzyme complexes. Non-ribosomal
peptide synthetases (NRPSs) involved in lipopeptide
biosynthesis exhibit a high degree of similarity in structural
conformation even in highly distant microbial species
(Dhasayan et al., 2015). Fengycin is another cyclic

lipodecapeptide containing four D-amino acids and ornithine
in the peptide chain. Fengycin looks like a mixture of isoforms
that show differences in length and branching of the β-hydroxy
fatty acid, and the amino-acid composition of the peptide ring
(Hu et al., 2007).

The genomes presented in our study decrypt the B. subtilis
sequence variation and detailed comparisons of this vital model
species. Comparisons of whole-genome sequences of different
bacteria revealed significant genomic variability among
phylogenetically interrelated bacterial species. Even sequences
with 100% homology exhibit low conservation in the total gene
content. B. subtilis is one of the most extensively studied spore
forming, non-pathogenic, gram-positive bacteria ubiquitously
found in soil (Earl et al., 2007; Chen et al., 2013). Another
study demonstrated the complete genome sequence analysis of
polystyrene-degrading deep sea B. paralicheniformis G1 strain
comprising 4,281,959 bp with 45.88% GC content and encoded
4,213 protein-coding genes. Numerous genes encoding
monooxygenase, dioxygenase, peroxidase, esterase, and
hydrolase involved in the degradation of synthetic polymers
were identified along with the genes associated with flagellum-
dependent motility, chemotaxis, biofilm formation, and
siderophores biosynthesis (Kumar et al., 2021).

The genetic regulation of lipopeptides is governed by the four
open reading frames (ORFs) in the srfA operon directing the
surfactin synthesis including srfAA, srfAB, srfAC, and srfAD (Zhu
et al., 2021). Surfactin is synthesized by a multi-enzyme
synthetase complex mainly comprising SrfA, SrfB, and SrfD
subunits. Srf operon for biosurfactant pathways consists of the
gene srfAA, -AB, -AC, and–AD in Bacillus spp. The annotation
analysis of the genome B. subtilis MB415 and MB418 revealed
that both strains also possess this operon (Figure 5). According to
previous studies, in the Bacillus subtilis species, the synthesis of
surfactin is based on three amino-acid activating components of
surfactin synthetase (SrfA, -B, and -C) that are activated by SrfD.
The gene srfAD also possesses thioesterase that is required for the
last amino acid in the growing peptide chain that results in the
cyclic structure of the biosurfactant and B. subtilis (Vedaraman
and Venkatesh, 2011).

A comparative genome analysis showed gene arrangements of
surfactin-producing operon in the draft genome of B. subtilis
MB418 shared its neighborhood region showing the same top
COG hits with Bacillus subtilis inaquosorum BGSC 3A28 and B.
subtilis B4143. With the difference in the SrfAA protein, in

FIGURE 4 | Fengycin synthetase gene arrangement on respective scaffolds (A)MB418 and (B)MB415. From outside to the center: genes on the forward strand
(color by COG categories), genes on the reverse strand (color by COG categories), RNA genes (tRNAs green, rRNAs red, other RNAs black) GC content GC skew.
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Bacillus subtilis MB418 there are 3,586 amino-acid sequences,
while it is 3,587 amino acids in the rest of the two closely related
genomes. However, in the case of MB415, the operon is entirely
different with genes encoding for more proteins and a different
arrangement as shown in Figure 6.

The gene srfAB encodes for surfactin family lipopeptide
synthetase AB and consists of 3,329 amino acids. A
comparison of the gene neighborhood showed maximum
similarity with B. subtilis B4071 (Berendsen et al., 2016)
having the gene for the protein SrfAB (2695aa) (Figure 6).
With the exception, B. subtilis MB415 had an additional gene
for non-ribosomal peptide synthase not present in the genome of
B4071. The gene operon in the genome of MB415 ends at gene
(ycxA) for sugar-phosphate permease, while in the B. subtilis
MB4068 (Berendsen et al., 2016) operon, this gene is replaced
with another gene for the major facilitator superfamily (Figure 6).

Furthermore, genomes which carry genes for the same
proteins vary in sequence length than the ones present in the
draft genome ofMB415. For example, the srfAA gene of B. subtilis
MB415 is of 10,764 bp codes for 3,587 amino acids.However, this
gene sequence is relatively small in the previously reported

surfactant-producing B. safensis CCMA-560 and B.
amyloliqueficiens comprising 10, 713bps (3570aa) and 10,
701bps (3566aa), respectively. The gene srfAC (3828bp)
sequence is the same in the genomes of B. subtilis MB418 and
MB415 and in the rest of the Bacillus species. The gene encoding
thioesterase in the genomes of both B. subtilisMB415 andMB418
comprises 3,834 bps while in B. pumilus, it is encoded by the
srfAD gene (732bp) (Jiang et al., 2016). Similarly, surfactin
produced by B. subtilis strains isolated from soil consists of
seven amino acids and 13–15 lipid chains forming a cyclic
lipopeptide as described previously by researchers (Sekhon
et al., 2011; Sachdev and Cameotra, 2013).

The genome analysis of both isolates unveiled potential gene
operons for the biosynthesis of a secondary metabolite, fengycin.
Fengycin, also called plipastatin, is an anti-fungal antibiotic that
inhibits filamentous fungi but is ineffective against yeast and
bacteria (Volpon et al., 2000). It also has the potential to inhibit
phospholipase and biofilm formation in many bacteria
(Thaniyavarn et al., 2003). Fengycin is a type of
lipodecapeptide with moderate surfactant activity normally
produced by several strains of Bacillus spp. Fen operon

FIGURE 5 | Comparison of the hydrocarbon-degrading gene locus srf operon of Bacillus subtilis MB418 with other Bacillus species.

FIGURE 6 | Comparison of the hydrocarbon-degrading gene locus srf operon of Bacillus subtilis MB415 and other Bacillus species.
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comprises an N-acyl domain at the N-terminus of FenC and five
non-ribosomal peptide synthetase subunits assembled in a co-
linear chain in the following order: FenC, FenD, FenE, FenA, and
FenB (Guo and Yu, 2014).

The fengycin synthetase gene operon in the draft genome of B.
subtilis MB418 exhibited maximum similarity with B. subtilis
B4071. However, in the genome of B. subtilis MB415, an
esterase-producing gene is identified instead of fenB for
fengycin lipopeptide synthetase E as indicated in other closely
related Bacillus species (Figure 7). A recent study also reported
three genes related to the gene cluster responsible for fengycin
biosynthesis (fenBCD) in B. velezensis and B. siamensis (Zeng et al.,
2021). Similarly, in another study, five ORFs, namely, FenA, FenB,
FenC, FenD, and FenE, were identified for fengycin production in
the Bacillus velezensis strain P45 (da Rosa et al., 2022).

CONCLUSION

Indigenous bacterial strains inhabiting a polluted environment
acquire tremendous potential to utilize petroleum hydrocarbons
than non-native microbes. The present study demonstrated the
production of lipopeptide biosurfactants from B. subtilis MB415
and MB418. The genome analysis of both B. subtilis isolates

MB415 and MB418 contain a gene locus that enhanced their
proficiency in degrading oil compounds. The presence of genes
for flagella and secondary metabolite biosynthesis supported the
experimental outcomes of emulsification and oil utilization
capacities of both strains.
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Optimization and KineticModeling of a
Fed-Batch Fermentation for
Mannosylerythritol Lipids (MEL)
Production With Moesziomyces
aphidis
Alexander Beck1,2, Franziska Vogt2, Lorena Hägele1, Steffen Rupp1,2 and Susanne Zibek1,2*

1Institute of Interfacial Process Engineering and Plasma Technology IGVP, University of Stuttgart, Stuttgart, Germany,
2Fraunhofer Institute for Interfacial Engineering and Biotechnology IGB, Stuttgart, Germany

Mannosylerythritol lipids are glycolipid biosurfactants with many interesting properties.
Despite the general interest in those molecules and the need for a robust process, studies
on their production in bioreactors are still scarce. In the current study, the fermentative
production of MEL in a bioreactor with Moesziomyces aphidis was performed using a
defined mineral salt medium. Several kinetic process parameters like substrate
consumption rates and product formation rates were evaluated and subsequently
enhanced by increasing the biomass concentration through an exponential fed-batch
strategy. The fed-batch approaches resulted in two to three fold increased dry biomass
concentrations of 10.9–15.5 g/L at the end of the growth phase, compared with 4.2 g/L in
the batch process. Consequently, MEL formation rates were increased from 0.1 g/Lh up to
around 0.4 g/Lh during the MEL production phase. Thus, a maximum concentration of up
to 50.5 g/L MEL was obtained when oil was added in excess, but high concentrations of
residual fatty acids were also present in the broth. By adjusting the oil feeding to biomass-
specific hydrolysis andMEL production rates, a slightly lower MEL concentration of 34.3 g/L
was obtained after 170 h, but at the same time a very pure crude lipid extract with more than
90% MEL and a much lower concentration of remaining fatty acids. With rapeseed oil as
substrate, the ideal oil-to-biomass ratio for full substrate conversion was found to be around
10 goil/gbiomass. In addition, off-gas analysis and pH trends could be used to assess biomass
growth and MEL production. Finally, kinetic models were developed and compared to the
experimental data, allowing for a detailed prediction of the process behavior in future
experiments.

Keywords: biosurfactants, ustilaginaceae, mannosylerythritol lipids, process engineering, bioreactor, kinetic
modeling

INTRODUCTION

The microbial glycolipids mannosylerythritol lipids (MEL) are biosurfactants produced by various
fungi of the Ustilaginaceae family. Besides their surface activity and biodegradability, which make
them suitable as fully bio-based surfactants for household and personal care applications, for
example, MELs also possess some additional interesting properties. These are for example the ability
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to induce cell differentiation in mammalian cells (Isoda et al.,
1997; Isoda and Nakahara, 1997; Wakamatsu et al., 2001), to
interact with proteins or antibodies (Konishi et al., 2007; Fan
et al., 2018), and to inhibit the growth of Gram-positive bacteria
(Kitamoto et al., 1993; Liu et al., 2020; Shu et al., 2020). Moreover,
they are reported to possess a moisturizing activity towards
human skin (Morita et al., 2009b; Yamamoto et al., 2012) and
hair (Morita et al., 2010a; Morita et al., 2010b). Their surface
wetting ability could also make them suitable as agrochemicals
(Fukuoka et al., 2015).

MEL has a hydrophilic core, 4-O-β-D-mannopyranosyl-D-
erythritol, and several hydrophobic residues including two fatty
acid chains at C2′ and C3′ and a different degree of acetylation at
C4′ and C6’. They are traditionally classified according to
their acetylation pattern into the four different congeners
MEL-A, -B, -C and -D. MEL-A is the most hydrophobic
congener, having two acetyl groups, while MEL-B and MEL-C
are mono-acetylated at C6′ and C4’ respectively. MEL-D is not
acetylated and is, therefore, the most hydrophilic variant. The
chain length of the two fatty acid residues is highly species-
specific and can range from a combination of C10-C10 to C4-C16.
Some more unconventional and rare MEL variants, which can
occur under specific process conditions or with genetically
modified organisms, only have one fatty acid residue, so-called
mono-acylated MELs (Fukuoka et al., 2007b; Saika et al., 2018;
Saika et al., 2020), or an additional fatty acid, called tri-acylated
MELs (Fukuoka et al., 2007a; Morita et al., 2008; Goossens et al.,
2016; Beck et al., 2021).

The most efficient production processes for MEL use plant
oils as a hydrophobic carbon source. Here, soybean, rapeseed
and olive oil are among the most commonly employed
substrates, but others have also been tested (see for example
Beck et al. (2019b) or Morita et al. (2015) for a detailed
overview). In theory, hydrocarbons like alkanes or alkenes
are also possible substrates (Kitamoto et al., 2001), but they are
non-renewable and thus rather for scientific purposes only.
Hydrophilic carbon sources like sugars or glycerol can also be
added to enhance biomass formation or MEL production,
although MEL production solely from hydrophilic sources
does not yield high MEL concentrations (Morita et al.,
2009a; Faria et al., 2014).

The underlying metabolic pathway for MEL production has
first been described in Ustilago maydis by Hewald et al. (2006). It
comprises five essential steps that are catalyzed by respective
enzymes. First, mannose and erythritol are linked by the
erythritol-mannosyl-transferase Emt1. Secondly, two acylation
reactions catalyzed by the acyltransferases Mac1 and Mac2 yield
the basic molecule MEL-D. Selective acetylation by the
acetyltransferase Mat one then generates the different
congeners MEL-A, -B, -C and -D, before they are exported
into the extracellular space by the transporter protein Mmf1
(Hewald et al., 2006). The necessary precursor molecules
mannose and erythritol are generated from other sugars by
glycolysis/gluconeogenesis, isomerization, and pentose
phosphate pathway (Carly and Fickers, 2018; Masi et al.,
2021). The two fatty acids are derived from the so-called
chain-shortening pathway (Kitamoto et al., 1998), which is

localized in cellular peroxisomes and produces fatty acids with
the specific chain length (Freitag et al., 2014; Deinzer et al., 2019).

While many studies on MEL production in shake flasks, using
different organisms and substrates, have been published over the
last 3 decades, literature on dedicated process engineering in
bioreactors is still scarce (see Beck et al. (2019b) for a detailed
review). Only a few studies are dealing with MEL production in a
bioreactor, and only some of them are presenting advances
regarding process control and monitoring.

The first bioreactor process for MEL production was reported
by Kim et al. (1999) using a 5-L glass fermenter. Process
parameters for the batch cultivation with 100 g/L soybean oil
were set at a temperature of 30°C, an aeration rate of one vvm
(volume per volume per minute), and a stirring speed of 300 rpm.
No parameter optimization was performed for this publication.
Building on another study in which the process was optimized in
shake flasks (Kim et al., 2002), Kim et al. (2006) later described a
two-stage fed-batch fermentation using 30 g/L glucose and
soybean oil (1:1 w/w) for growth and a subsequent feed of
soybean oil (170 g/L in total) for MEL production. The
fermentation in a 5-L bioreactor was conducted at a controlled
dissolved oxygen level of 20% by varying stirrer speed
(500–750 rpm) and aeration rate (0.two to two vvm)
accordingly. With the optimized fed-batch approach, an
increased MEL concentration of 95 g/L was obtained after
200 h, corresponding to a product yield coefficient YMEL/oil of
0.45 g/g and volumetric productivity of 0.48 g/Lh. In all of their
publications, an isolate called Candida sp. SY16 was used, which
was identified as a P. tsukubaensis strain (Kim et al., 2006).

Adamczak and Bednarski (2000) highlighted the importance
of proper aeration for the MEL production process in bioreactors.
While sufficient oxygen supply was necessary for efficient
biomass growth on the one hand, it could also lead to
intensive foaming when biosurfactants were produced. Since
the produced foam contained not only MEL but also cells and
substrate lipids, foaming should be avoided in the MEL
production process. The best MEL production of 46 g/L (after
144 h) with M. antarcticus was found to occur during batch
cultivation with 80 g/L soybean oil at 30°C, a controlled oxygen
level of 50% (100–500 rpm), and an aeration rate of one vvm. A
two-stage process with glucose for growth and repeated soybean
oil feeding was also investigated but led to decreased MEL
concentrations of only 28 g/L (Adamczak and Bednarski, 2000).

Following up on these earlier publications, Rau et al. (2005a)
realized the need for a more detailed investigation of bioreactor
production to establish a more economic process. Based on a
previous study of MEL production in shake flasks (Rau et al.,
2005b), a fed-batch process in a 72-L bioreactor withM. aphidis
was developed (Rau et al., 2005a). The idea was to use substrate
feeding to further increase cell biomass. Stirring and aeration
were manually adapted to minimize foaming. In their optimized
fed-batch process 30 g/L glucose, 3 g/L sodium nitrate, and
20 ml/L soybean oil were used for batch growth, followed by
feeding a concentrated growth solution (glucose, nitrate, and
yeast extract). Further oil addition (~126 g/L) was triggered by
an anti-foam sensor every time foaming occurred. With the
additional feeding of substrate, cell concentration was almost
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doubled. Overall, a MEL concentration of 165 g/L after 283 h
was reported for the fed-batch process, which would correlate to
a product yield YMEL/substrate of 0.92 g/g and overall volumetric
productivity of 0.58 g/Lh (Rau et al., 2005a). The process of Rau
et al. (2005a) as well as their culture medium is still one of the
major references for MEL production processes and has been
adapted by others, e.g. in Goossens et al. (2016).

A major drawback of all those published processes, in our
opinion, is the fact that exclusively complex culture media with
either peptone or yeast extract were employed. Besides being
rather expensive, complex substrates such as yeast extract can
generate problems during scale-up, such as lower batch-to-batch
reproducibility, increased heat sensitivity during the sterilization
process, and stronger foaming (Zhang and Greasham, 1999;
Posch et al., 2012). Defined media, in turn, provide a better
option for medium development and optimization, as all
components and concentrations are known in detail.
Therefore, we had established a novel defined mineral medium
that was very effective for MEL production with several
Ustilaginaceae species and especially M. aphidis in a previous
work (Beck and Zibek, 2020a). Additionally, a positive correlation
between biomass concentration at the end of the growth phase
and subsequent oil conversion into MEL was observed in that
publication, indicating that higher MEL concentrations and
higher MEL production rates can be obtained when the active
biomass concentration is increased during the initial cell
growth phase.

With the current work, we further followed this path and
successfully established a stable fermentation process with high
controllability in an aerated stirred-tank bioreactor for the
growth of M. aphidis and subsequent MEL production. The
fermentation medium was based on our novel defined mineral
medium (Beck and Zibek, 2020a), with glucose and rapeseed oil
as carbon substrates for growth and production, respectively.
The composition of the mineral medium was first characterized
in terms of C/N, C/P and C/S ratios to determine the ideal ratios
for efficient biomass growth and MEL production. Alternative
sugar substrates for growth were also investigated. In the
stirred-tank bioreactor, several process variations with either
batch or fed-batch growth phase as well as different amounts of
oil feeding were then examined. One aim was to demonstrate
that a fed-batch growth phase led to higher biomass
concentrations and subsequently faster MEL production with
higher concentrations compared to the batch process. Secondly,
the amount of plant oil feeding during the production phase was
adapted to the biomass concentration at the end of the growth
phase to enable complete conversion of the plant oil and fatty
acids into MEL. This was done to use the oil substrate as
efficiently as possible and to achieve a high purity of the
crude lipid extract at the end of the fermentation process.
This in turn facilitates subsequent downstream processing,
where MEL has to be separated from excess lipids. During all
these experiments in the bioreactor, key parameters like
formation rates and yields for biomass and product, as well
as specific oxygen requirements were systematically determined
for the first time. These process values were ultimately used to
create a kinetic model that adequately described the time course

of the fermentations and can be exploited for further scale-up
studies.

MATERIALS AND METHODS

Microorganism
Moesziomyces aphidis DSM 70725, obtained from the German
Collection of Microorganisms and Cell Cultures (DSMZ;
Braunschweig, Germany), was used for MEL production in all
experiments.

Chemicals, Culture Media and Substrates
All chemicals were obtained from either Th. Geyer (Renningen,
Germany), Merck (previously Sigma-Aldrich, Darmstadt,
Germany), or Carl Roth (Karlsruhe, Germany) unless specified
otherwise.

For maintenance of the microorganism, potato dextrose
(PD) agar slants were used. They were prepared with 24 g/L
potato dextrose broth (Bacto TM, Becton, United States) and
20 g/L agar.

Liquid culture medium for seed-culture and stirred-tank
bioreactor fermentations consisted of 30 g/L glucose, 3 g/L
NaNO3, 1 g/L KH2PO4, 1 g/L MgSO4*7H2O, 1.1 g/L KCl,
0.15 g/L CaCl*2H2O as well as a vitamin and trace element
solution, with an initial pH 5.5 (not adjusted) (Beck and
Zibek, 2020a). Vitamin and trace element solutions were
prepared as described in this previous publication, filter-
sterilized, and supplemented to the bioreactor. For the fed-
batch processes in the bioreactor, a concentrated feeding
solution with 300 g/L glucose and 30 g/L NaNO3 was used.
Other salts, trace elements, and vitamins were the same
concentration as in the batch medium.

Commercial food-grade rapeseed oil from a local supermarket
(Kaufland, Germany) was used as the inductor and main carbon
substrate for the MEL production phase. The oil was autoclaved
separately and fed to the fermenter using a feeding flask
and pump.

For the investigation of alternative sugar sources for growth,
crystalline sugars like glucose, sucrose, fructose, xylose, arabinose,
and cellobiose were bought from Carl Roth (Karlsruhe,
Germany). Moreover, intermediate or side-streams from a
sugar refining plant were kindly provided by Pfeifer & Langen
Industrie-und Handels-KG (Köln, Germany). These were syrup,
sugar beet molasses, sugar cane molasses, as well as two different
process waters A and B. Except for process water B, which had a
total sugar content of only 44 g/kg and contained mostly fructose
and glucose, all other fractions had a sugar content of 62–74 g/kg
and contained predominantly sucrose.

Seed Cultivation for Inoculum Preparation
Cryo-cultures of M. aphidis were thawed, plated onto PD agar
plates and incubated at 30°C for 72 h. The inoculum for
bioreactor fermentations was prepared in a two-step
procedure, first in 100-ml and then in 1-L baffled shaking
flasks. In order to ensure sufficient oxygen transfer for fast cell
growth, the working volume was set to 20% v/v, i.e. 20 or 200 ml
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liquid culture medium respectively. The first seed culture was
inoculated with a single loop from the agar plate and incubated
for 72 h at 30°C and 110 rpm to disperse and grow the cells and to
achieve a homogenous suspension. The second seed culture was
then inoculated with 10–20 ml of the first seed culture to a defined
initial OD625 of 0.7 and incubated at 30°C and 110 rpm for around
24 h, until an OD625 > 6 was reached so that sufficient inoculum
was available for fermentation.

Microreactor Cultivations
Screening experiments for medium composition and alternative
carbon substrates were done with the BioLector I (m2p Labs
GmbH, Baesweiler, Germany) microcultivation system.
Cultivations were performed in flower-shaped 48-well
microtiter plates (m2p Labs GmbH, Germany) sealed with
adhesive gas-permeable and evaporation-reduced membranes
(m2p Labs GmbH, Germany). Non-invasive online
measurements of scattered light, pH and dissolved oxygen
(DO) levels were recorded to assess the growth behavior as
previously reported (Beck and Zibek, 2020a). The wells were
filled with 1,000 µL culture medium and inoculated to an initial
OD625 of 0.6, with the same seed cultivation procedure as for the
bioreactor. Temperature and humidity in the system were
controlled at 30°C and 85% relative humidity and the plates
were shaken at 1,100 rpm with a diameter of 3.0 mm. Cycle time
was 10 min, allowing for sequential measurement of backscatter
(gain 5 and 20), pH and DO. Like in the bioreactor, MEL
production was initiated after the cease of growth at around
48 h using 8% v/v of rapeseed oil (80 µL) in order to investigate
the influence of growth phase on MEL production. Total process
duration was 210 h.

The experimental design for the evaluation of medium
composition - with regard to C/N, C/P, and C/S ratios - was
based on a randomized Box-Behnken design with three factors and
was created with DesignExpert 13 software (StatEase, Minneapolis,
United States). The center point was performed as triplicate. This
resulted in a set of 15 experiments. Two additional runs at the
corners of the design space were conducted for model verification.
The input variables were concentrations of NaNO3 (3–6 g/L),
KH2PO4 (1–2 g/L) and MgSO4*7H2O (1-2 g/L) at a fixed
glucose concentration of 30 g/L, leading to molar ratios of the
respective elements (mol/mol) of 28.4–14.2 (C/N), 136-68 (C/P)
and 244-122 (C/S). Output variables were biomass concentration at
the end of growth (measured online as backscatter) and MEL
concentration, which was quantified after the proceeding
production phase on rapeseed oil (210 h process time). The
15 + 2 experiments were conducted simultaneously in a
randomized order in the microcultivation system. Evaluation of
the results by ANOVA was done with DesignExpert 13.

For the screening of alternative sugar sources, the
experiments were performed as biological triplicates in the
microcultivation system. The different carbon substrates were
employed at the same total sugar concentration of 30 g/L. After
the growth phase was terminated, one well of each sugar
triplicate was harvested for offline analysis of sugar content,
and the remaining two wells were fed with rapeseed oil to

investigate a possible influence of the different sugars on
subsequent MEL production.

Stirred-Tank Bioreactor (STBR)
Fermentation
Fermentations in the aerated stirred-tank bioreactor (STBR) were
performed in a 7-L Labfors bioreactor (Infors HT, Bottmingen,
Switzerland) equipped with two rushton turbines (d = 54 mm),
four baffles and probes for online measurement and control of
temperature, pH andDO. The bioreactor was filled with either 4 L
(batch growth) or 3 L (fed-batch growth) culture medium and
inoculated with 200–400 ml of the second seed culture to an
initial OD625 of 0.6. Temperature was controlled at 30°C. The pH
was maintained at pH 6 throughout the fermentation using
H2SO4 (1 M) and NaOH (4 M). Aeration was set at 0.7 vvm
and the dissolved oxygen concentration was controlled by
dynamic stirrer speed adjustment between 400–1,200 rpm to
maintain a DO of 10%. Foaming was controlled by mounting
mechanical foam breakers onto the stirrer shaft in the headspace
of the reactor. Off-gas concentrations of O2 and CO2 were
measured using BlueSens BCP off-gas sensors (BlueSens
GmbH, Herten, Germany).

The process consists of two separate phases: a biomass growth
phase with glucose as carbon source and other nutrients, as well
as a subsequent MEL production phase where rapeseed oil was
added after glucose depletion. The growth phase could further be
divided into an initial batch growth phase and a subsequent fed-
batch phase where a concentrated solution of carbon source,
nitrogen source and nutrients was fed continuously. This feeding
was done using the built-in programmable feeding pump of the
Labfors bioreactor. The pump was calibrated for different
volumetric flow rates. During fed-batch phase, an
exponentially increasing flow rate was used, which was
calculated from the desired specific growth rate (µset)
according to the following equation (Chmiel et al., 2018):

Fin(t) � (VL cx)0 µset
YX/gluc (cgluc,Feed − cgluc)

exp(µset t) (1)

Specific growth rates µset were set at either 0.08 or 0.09 h−1.
Other parameters like biomass concentration at the end of the
batch growth and biomass yield coefficient were derived from
previous experiments (Beck and Zibek, 2020a) and set at cx,0 =
7 g/L and YX/gluc = 0.25 g/g initially.

Finally, the MEL production phase was initiated at the end of
the growth phase by adding a defined amount of rapeseed oil to
the fermenter. Within the production phase, individual process
times and oil feeding strategies were studied to investigate the best
feeding conditions (see results section).

Sampling and Analytics
For off-line analysis of optical density, dry biomass, glucose and
nitrate concentrations in the bioreactor, samples of 7 ml were
drawn at regular intervals and treated as follows:

OD625 was measured in duplicates in a photometer (Gilson
Inc., Middleton, United States) after appropriate dilution. For the
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quantification of dry biomass, samples of 1–5 ml, depending on
the expected cell mass, were pipetted onto pre-dried and weighed
filters and washed multiple times with water and ethanol to
remove salts and residual substrates. After drying at 110°C for
24 h, the filters were weighed again and dry biomass was
calculated from the weight difference and volume. The
identical method was used to prepare samples for elemental
analysis of the biomass. A correlation of dry biomass with
OD625 values showed a linear trend during growth phase,
where dry biomass [g/L] = 0.35 * OD625 [-]. Moreover,
backscatter values obtained in the micro-cultivation system
were correlated as well, showing a linear trend of backscatter
gain 5 [-] = 0.14 * OD625 [-].

For determination of carbohydrates and sodium nitrate
concentration, 1 ml of the sample was centrifuged for 10 min
at 16,000 g and the supernatant was collected. An aliquot of the
supernatant was diluted with 5 mM H2SO4, filtered with 3 kDa
polyethersulfone (PES) centrifugal filters and measured by HPLC
(Bischoff GmbH, Germany). Separation of the analytes was
performed on a Phenomenex Rezex ROA-Organic Acid H+
(8%) column (30 cm × 7.8 mm, Phenomenex, Aschaffenburg,
Germany) with 5 mM H2SO4 as mobile phase at a flow rate of
0.6 ml/min and 30°C column temperature. Detection of the
sugars was done with a refractive index (RI) detector (Bischoff
GmbH, Germany). External standards of D-glucose, D-mannose,
D-mannitol, erythritol and glycerol (0.125–10 g/L each) were
used for calibration. For NaNO3 quantification, the
supernatant was diluted with de-ionized water and analyzed
with an enzymatic nitrate reductase test (R-Biopharm,
Darmstadt, Germany) in a miniaturized 96-well-plate format.
External NaNO3 standards between 0.02–0.3 g/L were used on
each plate for calibration.

For analysis of hydrophobic substances like triglycerides, fatty
acids andMEL, 800 µL of culture broth was extracted with 800 µL
of ethyl acetate by shaking at 1,400 rpm for 15 min, followed by
centrifugation at 16,000 g and room temperature for 5 min to
separate the two phases. Of the organic supernatant, 500 µL were
collected and the solvent evaporated until constant weight. After
weighing the crude lipid extract, it was re-suspended with pure
ethanol to a total concentration of 20 g/L crude extract and
analyzed by high-performance thin-layer chromatography
(HPTLC). HPTLC was performed on HPTLC silica 60 plates
(20 × 10 cm, Merck, Germany) using a solvent system consisting
of chloroform-methanol (20:3 v/v). A sample volume of 2 µL was
spotted with an ATS4 automatic TLC sampler (CAMAG,
Muttenz, Switzerland). After development, the HPTLC plates
were stained by dipping for one second into acetic acid/
p-anisaldehyde/sulphuric acid (97:1:2 v/v/v) reagent solution,
heated to 110°C and quantified densitometrically with the gel
analyzer function of ImageJ. Calibration of MEL concentration
between 2 and 20 g/L was done with a representative purified
MEL standard from a previousM. aphidis cultivation, which was
purified as published previously (Beck et al., 2019a). Fatty acid
and residual oil concentrations were calibrated using oleic acid
and commercial rapeseed oil as external standards in the range
from 1–10 g/L.

Data Analysis and Calculations
Online parameters like pH, temperature T, dissolved oxygen
concentration DO, stirrer speed n and the respective volumes
of pH-correcting agents and feeding solution were logged by Iris
fermentation software (Infors HT, Bottmingen, Switzerland).
Off-gas concentrations for oxygen O2 and carbon dioxide CO2

were logged with FermVis software (BlueSens GmbH, Herten,
Germany).

In addition to the parameters that were directly measured
online or offline, other key parameters for fermentation
evaluation and modeling like volumetric and biomass-specific
rates as well as yields were analyzed. All equations are derived
from generally accepted growth kinetics (Chmiel et al., 2018).

The specific growth rate µ was calculated from the difference
in dry biomass concentration cx:

µ � 1
cx

Δcx
Δt (2)

Volumetric substrate consumption rates rS, yield coefficients
YX/S and biomass-specific substrate consumption rates qS were
determined for glucose and nitrate respectively:

rS � ΔcS
Δt ;YX/S �

Δcx
ΔcS

; qS � rs
cx

� 1
cx

ΔcS
Δt � 1

YX/S
µ (3)

Oxygen uptake rates (OUR), carbon dioxide emission rates
(CER) and respiratory coefficients (RQ) were calculated from in-
and off-gas concentrations yO2 and yCO2 (α = gas inlet, ω =
exhaust) based on the following formula:

OUR � rO2 � Qairpair

VL R T
p (y∝

O2 −
1 − y∝

O2 − y∝
CO2

1 − yω
O2 − yω

CO2

yω
O2) (4)

CER � rCO2 � Qairpair

VL R T
p (

1 − y∝
O2 − y∝

CO2

1 − yω
O2 − yω

CO2

yω
CO2 − y∝

CO2) (5)

RQ � CER

OUR
(6)

Airflow rates Qair, gas pressure pair and temperature T were set
as constant. The volume of liquid culture medium VL was
adjusted for the OUR/CER calculations when feeding was
done during the process.

Biomass-specific oxygen uptake rates qO2 as well as biomass
yield coefficients from oxygen YX,O2 were determined as follows:

YX/O2 �
Δcx
ΔyO2

; qO2 �
OUR

cx
� 1
YX/O2

µ (7)

During the production phase, oil consumption and MEL
production rates as well as the MEL yields from oil were
calculated according to:

roil � Δcoil
Δt ; qoil � roil

cx
� 1
cx

Δcoil
Δt (8)

rMEL � ΔcMEL

Δt ; qMEL � rMEL

cx
� 1
cx

ΔcMEL

Δt (9)

YMEL/oil �
ΔcMEL

Δcoil
(10)
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Lastly, the percentage of MEL (XMEL) in the lipid fraction,
which is an indicator for the conversion of the substrate lipids (oil
and fatty acids) into product (MEL), was calculated from the
measured concentrations of MEL, fatty acids and oil respectively:

XMEL � cMEL

coil + cFA + cMEL
� cMEL

ccrude extract
(11)

The value XMEL is also equivalent to the purity of the crude
lipid extract, which is obtained when the lipids (MEL, fatty acids
and oil) are extracted from the broth as the first step of
downstream processing.

Linear regression of experimental data was performed to
determine the different rates and yields using professional
graphing and analysis software (OriginPro, OriginLab
Corporation, United States).

Kinetic Modeling and Simulation of the
Process
For kinetic modeling of the process, several ordinary
differential equations (ODEs) were designed and
implemented in Microsoft Excel. According to the
separation of growth and MEL production phase, two
partial models were developed. Numerical solution of the
ODEs based on an explicit Euler method with a step size of
0.05 h for the growth model and 0.2 h for the production
model was used to simulate the respective concentrations.
The model equations and input parameters are described in
full detail in the results section.

RESULTS AND DISCUSSION

Based on our previous publication, theMEL fermentation process
was generally divided into two stages (Beck and Zibek, 2020a).
First, a growth phase was performed on glucose as sole carbon
substrate to obtain high cell biomass concentrations, followed by
a production phase with rapeseed oil as inductor and main
carbon substrate for MEL production. The advantage of such
a two-stage process is that both phases can be optimized
individually and independently to a certain extent. For
example, the effect of biomass concentration on MEL
productivity can be studied much better than in a single-stage
batch process, where many metabolic pathways are active
simultaneously and are competing for the same substrate.
According to our previous results, an efficient biomass
formation with high cell density is a crucial step for
subsequent MEL production. In the current study we therefore
optimized first the biomass growth phase by evaluation of
medium composition and carbon sources, and developed a
batch and a subsequent fed-batch process to increase the
biomass concentration in the bioreactor. The amount of oil
feeding during production phase was then adapted to the
biomass concentration to achieve full substrate conversion.
Finally, the experimental data obtained were used to develop a
kinetic model that allowed simulation of the process.

Characterization and Quantification of
Cellular Biomass
As a first step, the cell growth of M. aphidis was characterized in
detail. This is particularly important sinceM. aphidis is known to
have a dimorphic growth behavior and to accumulate
intracellular storage lipids, which are visible as globules inside
the cells (compare Rau et al. (2005b) and Beck and Zibek
(2020a)). Both phenomena made it necessary to define how
biomass is quantified and how it is composed in order to
establish a robust and well-defined fermentation process.

Dimorphic growth of M. aphidis was observed with our
defined mineral medium in the bioreactor, using glucose as
the sole carbon source for cell growth (Figure 1). During early
growth phase, the cells grow as filamentous cells, which leads to
large macroscopic mycelia that are visible to the naked eye.
During late growth phase, when the carbon and nitrogen
sources are about to be depleted, more and more elongated
single cells are visible under the microscope and the broth
becomes more homogenous. During production phase on oil,
which is running under nitrogen-limited conditions, mostly
single cells are present in the culture broth. Moreover, storage
vesicles inside the cells are observed during MEL production
phase on rapeseed oil, which leads to a swelling of the cells.

As mentioned before, this special behavior of the cells
influences the way in which biomass needs to be measured
and quantified. We thus evaluated the elemental composition
of dried M. aphidis cells during the different process stages, i.e.
growth and production phase. From a set of more than 20
samples, taken during 12 different fermentations and different
process stages in the bioreactor, the average biomass composition
during growth andMEL production phase was determined. It was
evident that the elementary composition was considerably
different between the two phases. While an average nitrogen
(N) content of 6.2 ± 1.4% w/w was determined during non-
limited growth on glucose and nitrate, this value dropped to only
1.3 ± 0.4% w/w during the production phase on oil (nitrogen-
limited). At the same time, relative carbon (C) and hydrogen (H)
levels increased (Table 1).

In order to set up a balance of elements, the relative C, H and N
contents were multiplied with the measured dry biomass at the
respective time points, yielding the total amount of each element
contained within the cellular biomass. It was found that the
observed increase of measured dry biomass during production
phase was caused only by accumulation of C and H, while the
total mass of elementary nitrogen in the dry cell mass remained
constant after the depletion of NaNO3 in the medium. In our
culture medium using 3 g/L NaNO3 as nitrogen source, a
maximum of 0.49 gN/L elementary nitrogen was available. At
an average nitrogen content of 6.2 ± 1.4% in the biomass, the
medium would thus allow for a theoretical maximum biomass
concentration of 7.9 ± 1.9 g/L during growth. The theoretically
maximum biomass yield from sodium nitrate YX/NaNO3,max is
thus equal to 2.6 g/g. During our experiments, an average biomass
yield from nitrate YX/NaNO3 of 1.8 g/g (i.e. around 5.5 g/L biomass
from 3 g/L NaNO3) was observed during growth. The nitrogen
yields were hence at 70% of the theoretical maximum. The further
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strong increase of biomass during production phase, which was
observed up to around 30 g/L dry mass, was therefore only caused
by C and H accumulation (lipid inclusion) and not by actual
“growth” in terms of cell doubling, which would require
additional nitrogen for DNA, RNA and amino acids synthesis.

Similar observations were made by Rau et al. (2005b), who
already showed that intracellular protein levels remained constant
after initial growth although dry biomass further increased. This
was reported to be due to accumulation of lipid material inside the
cells. An elemental composition of C 68.1, H 8.0 andN 1.9 (%w/w)
was presented for M. aphidis DSM70725 biomass during
simultaneous growth and MEL production on soybean oil (Rau
et al., 2005b), which is similar to our values during production
phase on oil. Moreover, Klement et al. (2012) have also shown a
strong decrease in cellular nitrogen content between exponential
growth and nitrogen limiting conditions for the closely related
Ustilago maydis (N 7.35 vs 2.83% w/w) during itaconic acid
production. Both references confirm our observations of a
decreasing cellular nitrogen content during the nitrogen-limited
MEL production phase on oil.

It was hence concluded that using lipid substrates does not
only result in biomass increase by cell division but mostly due to
simultaneous accumulation of lipid storage material inside the
cells. This is one of the major reasons why we decided to work
with separate growth and MEL production phases, allowing for a
more precise analysis of biomass concentration during the
fermentation process. Whenever biomass-specific rates were

calculated, they were based on the biomass concentration that
was achieved at the end of the growth phase (cx,growth). It also
needs to be mentioned that the lipid inclusion has implications
for the modeling and simulation of biomass and lipid
concentrations during the production phase, as some of the
lipid substrate is accumulated in the biomass and is thus not
available for MEL production.

Evaluation of Medium Composition with
Regard to Biomass Formation and MEL
Production
While most of the elementary nitrogen supplied in the culture
medium was actually recovered in the produced biomass at the
end of the growth phase, as demonstrated before, the elementary
carbon was less efficiently directed into biomass formation. Of
the initial 12 gC/L elementary carbon in our medium containing
30 g/L glucose, only around 2.65 gC/L (i.e. 22 % of the initial
amount) were found in the biomass at the end of the batch
growth phase. This led to a biomass yield coefficient from
glucose (YX/glucose) of 0.18 g/g. Even when taking into account
that CO2 formation during cellular respiration can amount for up
to 50% of carbon consumption in aerobic processes, there is still a
considerable amount of elementary carbon not directed into either
biomass formation or cellular respiration.

It was expected that increasing the concentration of the most
important macro elements N, P or S in the culture medium could

FIGURE 1 | Microscope images of M. aphidis cells during growth (left) and MEL production (right). Arrows indicate visible storage globules inside the cells.

TABLE 1 | Average biomass composition (CHN-analysis; n > 20 samples from 12 different fermentations) ofM. aphidis cells during growth phase (glucose, non-limited) and
MEL production phase (oil addition, N-limited).

Phase and Respective
Substrate

(g/100 gbiomass) Molar Composition

C H N Others (O, S, Minerals)

Growth (glucose) 48.5 ± 3.9 7.1 ± 0.6 6.2 ± 1.4 38.1 ± 3.7 CH1.77N0.112O0.597

Production (oil) 62.2 ± 3.0 9.2 ± 0.5 1.3 ± 0.4 27.3 ± 3.3 CH1.77N0.018O0.333
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lead to a higher biomass yield from the same amount of glucose
and thus a higher biomass concentration. Hence, a possible
adjustment of our mineral medium was investigated. Different
medium compositions with increased concentrations of N, P and
S were examined at a fixed glucose concentration (30 g/L),
resulting in lower C/N, C/P and C/S ratios. The experimental
design was based on a randomized Box-Behnken design
(Supplementary Table S1).

Statistical analysis of the results by ANOVA showed that
nitrogen was the most significant factor (p < 0.0001) for
biomass formation, which was quantified as dry biomass
concentration at the end of the growth phase (48 h).
Phosphate was less significant (p = 0.033), while sulfur was
not significant (p = 0.526) and was thus excluded from the
final biomass model. Biomass formation was best described by
a reduced quadratic model using N2, N and P as model terms.
Comparison of experimental biomass values with those predicted
by the quadratic model showed very good agreement. The two
verification runs, placed at the corners of the design space, were
also in agreement with the model prediction. For the MEL
production, which was quantified as the MEL concentration
after 210 h, only the nitrogen concentration was a significant
factor (p = 0.0002). A reduced linear model using only N as
significant parameter was the best fit for the data. Similar as for
the growth model, comparison of experimental and predicted
values as well as the two verification runs showed good
agreement.

In summary, the lowest concentration of NaNO3 (3 g/L) and
thus the highest C/N ratio of 28.4 molC/molN yielded the best
biomass formation (cx,growth = 5.4 ± 0.2 g/L) from glucose and
subsequently the highest MEL production (cMEL = 19.1 ± 4.6 g/L)
from rapeseed oil (see Figure 2). The maximum biomass yield
coefficient from glucose YX/glucose was 0.18 ± 0.01 g/L. In terms of
C/P ratio, a higher P concentration slightly increased biomass but
at the same time did not have a significant influence on MEL
formation. The effect of P concentration was overall very small

compared to N. Moreover, a positive correlation between the
target values biomass and MEL concentration was observed
(Figure 3). MEL formation is enhanced when higher amounts
of biomass are formed during growth phase. This is in agreement
with the theory of secondary product formation, e.g. by
Luedeking and Piret (1959), and similar to observations made
by Kitamoto et al. (1992) using a resting cell approach with
different cell concentrations. It also confirmed our prior
observations using this mineral medium at different starting
concentrations, where higher biomass concentrations led to
subsequently higher MEL production from oil in several
Ustilaginaceae species (Beck and Zibek, 2020a).

Contrary to our initial expectation, it was concluded that
high C/N, C/P and C/S ratios in the medium are best to form
high biomass and MEL concentrations with M. aphidis.

FIGURE 2 | Box-whisker plots for biomass (left) and MEL concentration (right) depending on NaNO3 concentration in the medium, at a fixed glucose concentration
of 30 g/L. The different concentrations of P and S were less or even not significant.

FIGURE 3 | Positive correlation between the target values biomass and
MEL concentration. Higher biomass concentrations at the end of the growth
phase lead to higher MEL concentrations during production phase.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org May 2022 | Volume 10 | Article 9133628

Beck et al. Fermentation Optimization for MEL Production

86

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Specifically, the high C/N ratio in our mineral medium with
30 g/L glucose and 3 g/L NaNO3 proved to be ideal for biomass
formation and subsequent MEL production. Most likely the
resulting nitrogen limitation is beneficial for induction of MEL
production as a part of the secondary lipid metabolism, which
is promoted under such conditions (Hewald et al., 2006; Bolker
et al., 2008; Beck and Zibek, 2020b). This holds also true for
other fungal glycolipid biosurfactants like sophorolipids or
cellobiose lipids (Jezierska et al., 2018). Moreover, it has been
reported before that an ideal C/N ratio for the growth ofM. aphidis
DSM 70725 was around 42.5 molC/molN (30 g/L glucose and 1 g/L
NH4NO3) and that a variation of the phosphate content between
0.1 g/L and 0.9 g/L KH2PO4 did not have an influence neither on
cell growth nor onMEL production (Rau et al., 2005b). In Rau et al.
(2005b), the C/N ratio was even higher than in our work, but it
should also be noted that yeast extract was used in their culture
medium, which contains additional carbon, nitrogen and
phosphate compounds and thus influences these ratios to a
certain extent.

According to the presented results, it was decided to continue
with the mineral medium composition containing 30 g/L glucose,
3 g/L NaNO3, 1 g/L KH2PO4 and 1 g/L MgSO4*7H2O for all
further experiments.

Screening of Different Sugar Substrates for
Growth
After optimizing the mineral medium composition for biomass
formation, different carbon substrates for cell growth were
screened as well. The investigated sugars were glucose, sucrose,
fructose, xylose, arabinose and cellobiose. Moreover, several
fractions from the sugar refining process like syrup, two
different process water A (containing mostly sucrose) and B
(containing fructose and glucose) from process centrifuges, as
well as sugar cane and sugar beet molasses were evaluated.
Glucose was used as the reference sugar for growth. All

carbon substrates were employed at the same total sugar
concentration of 30 g/L.

The results showed that the crystalline sugars sucrose,
fructose, xylose, and arabinose were fully consumed at the end
of the growth phase and yielded biomass concentrations that were
in the same range as those from the glucose reference (3.0–4.6 g/
L, see Figure 4; Supplementary Table S2). The different fractions
from sugar refining, which contained mostly sucrose, glucose and
fructose, were also fully assimilated for growth and yielded similar
biomass concentrations. Of all the investigated substrates, only
cellobiose was shown to be unsuitable for cell growth. Cellobiose
was not assimilated by the microorganism and resulted in much
lower biomass concentrations (0.62 g/L).

In the subsequent production phase on rapeseed oil, MEL was
formed in all experiments (Figure 4). Thus, none of the sugars
inhibited subsequent MEL formation. The reference process with
glucose yielded an average MEL concentration cMEL of 15.7 ±
4.0 g/L. Compared to the reference, sucrose, fructose and xylose
as well as process water B had even higher average cMEL. Process
water A was similar to glucose in terms of cMEL. Syrup, arabinose
and cellobiose as well as the twomolasses had lower average cMEL.
However, there was also a high standard deviation for syrup,
arabinose and cellobiose, as one experiment had a cMEL

comparable to the glucose reference, while the duplicate did
not produce MEL. The successful production of MEL in the
experiments with cellobiose, despite the absent cell growth during
the growth phase, could be attributed to a combined cell growth
and MEL production from rapeseed oil.

Overall, it was demonstrated that M. aphidis is able to
assimilate a wide range of sugars for growth and that these
sugars did not negatively influence or inhibit subsequent MEL
formation. This is the first time that such a screening has been
reported for M. aphidis. Nevertheless, it had been shown before
that the closely related fungus M. antarcticus is able to use
glucose, sucrose, fructose, mannose, mannitol and glycerol as
carbons sources for growth, and that neither of the sugars
negatively influenced subsequent MEL production from
soybean oil (Kitamoto et al., 1992). Thus, it can be expected
that most of the related Ustilaginaceae species that are employed
for MEL production have the ability to use these carbon
substrates for cell growth.

It was then decided to continue with glucose as growth
substrate for further experiments, despite the equally good
results for many of the investigated sugars. Glucose had been
used before in other publications, which ensures comparability,
and it was now shown to yield high biomass and subsequently high
MEL concentrations in a reproducible manner withM. aphidis as
the production strain.

Bioreactor Fermentations With Batch
Growth Phase
The fermentation process for MEL production was then
transferred to a 7-L aerated stirred-tank bioreactor and
different process variations were investigated. Initially, a
process with batch growth phase was established that served
as a benchmark for further process optimization.

FIGURE 4 |Maximum biomass concentrations (n = 3) for different sugar
substrates during growth and corresponding MEL concentrations (n = 2) after
a subsequent production phase on 8% rapeseed oil. All sugar substrates were
employed at a total sugar concentration of 30 g/L to ensure direct
comparability.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org May 2022 | Volume 10 | Article 9133629

Beck et al. Fermentation Optimization for MEL Production

87

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


The first run in the STBR was based on a simple two-staged
batch (B1, see Table 2). Batch growth was performed on our
defined mineral medium with 30 g/L glucose as carbon substrate
and production was initiated with 6% v/v rapeseed oil after 48 h,
when the cells entered stationary phase (Figure 5). The
consumption of primary growth substrates glucose and nitrate
resulted in formation of 4.2 g/L biomass, measured as cell dry
weight. Parallel to cell growth, oxygen demand of the cells
increased exponentially during growth, showing a maximum

OUR of 24.9 mol/Lh after 48 h. Maximum CER at the same
time was at 36.5 mmol/Lh, and the average RQ during growth
phase was 1.39. The biomass specific rates qO2 and qCO2 were 4.2
and 6.5 mmol/gh respectively. Dissolved oxygen concentration in
the medium decreased until the 10% set point was reached, where
it was then maintained by increasing stirring speed. The growth-
associated increase of pH, which resulted from a consumption of
substrates, was stabilized by automated addition of acid to
maintain pH 6 during growth. At 48 h, when the nitrogen
source was completely consumed, rapeseed oil (6% v/v,
reference volume of 4 L) was added to start the MEL
production phase. Oil addition negatively influenced the
offline measurement of OD and biomass during the first hours
after oil addition due to the formation of a separate phase, but was
again showing reasonable values during later stages when oil had
been (partly) hydrolyzed. Oil hydrolysis by extracellular lipases
began directly after the oil (triacylglyceride, TAG) was added to
the fermenter, resulting first in an increase of free fatty acids
(FFA) in the broth and then MEL production. The measured
biomass concentration ultimately increased up to around 30 g/L
during production phase, due to an intracellular accumulation of
lipids as discussed before. A plateau of MEL concentration was
reached when nearly all fatty acids were consumed after
150–170 h. At 168 h, a MEL concentration of 11.2 g/L was
obtained. The share of MEL in the crude extract (XMEL),
which was calculated as the percentage of MEL (i.e. 11.2 g/L)
in the crude lipid extract (13.9 g/L), was 81% at this time. The rest

TABLE 2 | Process values for fermentations with batch growth and single or
repeated oil feeding.

Process B1 B2

growth phase batch batch
cx,growth (g/L) 4.2 n.d
YX/gluc (g/g) 0.155 n.d
OURmax (mmol/Lh) 24.9 25.9

production phase single oil feed repeated oil feed
total oil feed (%) 6 22 (6 + 4 × 4)
oil-to-biomass ratio (g/g) 12.0 n.d
cMEL,max (g/L) 11.2 27.1
rMEL,av (g/Lh) 0.105 0.101
MEL yield per total oil# (g/g) 0.226 0.135
XMEL (%) 81 20
process duration (h) 170*/240 333

# related to the total amount of oil added to the reactor.
* time when maximum MEL, concentration and/or purity were reached.

FIGURE 5 | Process data for the two-staged batch (B1). Growth was performed in batch mode, and production was initiated at 48 h using 6% v/v rapeseed oil as
substrate.
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was remaining substrate oil (12%) and free fatty acids (7%). The
average MEL formation rate (rMEL) between 48 and 168 h was
calculated to 0.105 g/Lh and the yield coefficient with regard to
the total amount of oil added was calculated to 0.226 g/goil.
Despite the almost full consumption of oil and fatty acids, the
MEL yield coefficient was relatively low. This can be explained by
the previously described accumulation of storage lipids inside the
cells, which leads to an increase in cell biomass, but makes them
unavailable for MEL production. The process was maintained
until 240 h, but there was even a decrease in MEL concentration
after that point, correlating with a starvation of the
microorganisms. Off-gas analysis during the production phase
showed a decrease of cellular respiration, with OUR and CER
values that were lower than during exponential growth and
constantly decreasing with time. During the production phase
the RQ was around 0.52. Hence, the oxygen uptake was higher
than the emission of CO2, which indicates that a highly oxidative
pathway was active. This is for example the case during lipid
metabolism, where the fatty acids are converted to acetyl-CoA by
multiple cycles of β-oxidation to generate energy. The trend of pH
was also an interesting indicator. As long as the oil was
hydrolyzed, which correlated with a decrease in oil
concentration and a release of fatty acids, the pH decreased,
so base was constantly titrated to maintain the pH. At the time
when oil and also fatty acid concentrations reached zero (around
130 h), pH of the broth shifted and acid was titrated. This was
accompanied by a decrease in oxygen uptake and stirring speed,
which can be attributed to the depletion of substrate and thus
lower respiratory activity. This behavior had been observed
before in the microcultivation experiments with our mineral
medium, where the dissolved oxygen and pH in the broth
showed the same trends (see also Beck and Zibek (2020a)).
Therefore, the recorded online values (DO, stirring speed,
OUR and pH) could be used to help interpret the time course
of biomass growth, oil hydrolysis and MEL production.

Overall, the values for biomass and MEL concentration in this
first bioreactor experiment were comparable to those obtained in
the microcultivation system before. As the experiments in the
microcultivation system were also performed as a two-stage batch
process, the process was successfully transferred from a shake
culture to the stirred-tank system.

In a second bioreactor experiment (B2,Table 2; Supplementary
Figure S1), production phase was initiated again with 6% v/v oil
after an initial batch growth phase, but was then prolonged by
multiple additions of rapeseed oil in portions of 4% v/v after 118,
165, 215 and 286 h. Maximum oxygen uptake rate during batch
growth was at 25.9 mmol/Lh and thus almost identical to the
previous run, showing good reproducibility of the batch growth
phase. The same was true for CER and RQ. During production
phase, a maximum of 27.1 g/L MEL was achieved after 333 h, with
an average MEL formation rate of 0.101 g/Lh. The MEL formation
rate was thus almost identical to before, while the total MEL
concentration was increased due to the longer process time and
higher substrate concentration. However, the share of MEL (XMEL)
in the crude lipid extract at the end of the process (132.6 g/L crude
extract) was only at 20%, meaning that a high amount of oil and
fatty acids (32 and 48% respectively) remained in the broth. This

was due to the multiple oil feeds and thus higher concentrations
of fatty acids released, which could not be consumed by the
microorganism and were thus accumulating in the broth over
the entire production phase. Oxygen uptake rates and stirring
during production phase were maintained at a higher level than
before and did not show such a strong decrease, which was
indicative for the maintenance of cellular activity by the still
active lipid metabolism. Besides, a steady consumption of
NaOH was observed to maintain the pH until the end of the
process, and no acid was titrated. This correlated with the
ongoing oil hydrolysis and accumulation of fatty acids in
the broth.

Overall, a higher MEL concentration was achieved in the
second process with repeated oil feeding, but only at the
expense of an increased process time as well as higher
concentrations of remaining oil and fatty acids, which in turn
resulted in a reduced purity of the crude extract. Hence, the
amount of oil feeding in the second process was too high for the
microorganism to convert into product. MEL formation rate was
similar between the two processes, regardless of the amount of oil
added. This was a clear indication that the MEL formation rate
mainly depends on the biomass concentration. Therefore, the
biomass concentration should be increased to achieve higher
productivity throughout the process. In addition, the oil dosage
needs to be adjusted to the current biomass concentration to
achieve good oil conversion, which in turn should lead to lower
fatty acid concentrations and thus higher purity of the crude lipid
extract at the end of the process.

Bioreactor Fermentations With Increased
Biomass Concentration Using Fed-Batch
Growth
Based on the previous results, higher biomass concentrations
during growth phase were then targeted, which were expected to
result in higher MEL formation rates and better oil conversion
during production phase. In a first approach, the initial batch
concentration of all medium components was increased to levels
of 60, 90 or 120 g/L glucose respectively and the growth was
examined in the microcultivation system and STBR (data not
shown). Although the growth substrates (glucose and NaNO3)
were fully consumed and higher biomass concentrations were
formed at the end of the growth phase, negative effects like
oxygen limitation, growth inhibition and biomass accumulation
at the reactor vessel occurred at these high medium
concentrations in the batch, which in turn led to lower
reproducibility and stability of the process. Similar to our
observations, it had been reported before that batch
concentrations of glucose and NaNO3 above 30 and 3 g/L,
respectively, did not lead to higher biomass concentrations
and subsequently even lower MEL yields (Rau et al., 2005b).

Consequently, we focused on developing fed-batch processes
with exponential substrate feeding during the growth phase.
Exponential feeding ensures microbial growth at a defined and
constant specific growth rate, leading to high biomass formation
in a reproducible manner, while at the same timemaintaining low
concentrations of medium components in the reactor. The
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exponential feeding phase was always initiated after an initial
batch growth phase, which was performed identically to the
previous batch processes to ensure reproducibility and
comparability. The aim of all fed-batch processes was to
obtain a biomass concentration that was at least twice that of

a simple batch growth phase, and subsequently to prove that this
led to an increased MEL production rate during
production phase.

In the first fed-batch process (FB1, Table 3; Supplementary
Figure S2), exponential feeding with a growth rate µset of 0.08 h

−1

was carried out after an initial batch growth phase on 30 g/L
glucose. The growth rate for fed-batch was thus set at roughly
70% of the maximum growth rate µmax, which was determined as
0.11 h−1 in the batch growth experiments before. Other
parameters for the feeding equation were set at cx0 = 7.6 g/L
and YX/S = 0.25 g/g. Exponential feeding was conducted for 10.5 h
between 44.5 and 55 h of process time. During that time, a total of
460 g of feeding solution were added, equivalent to 138 g glucose
and 13.8 g NaNO3. This led to a biomass increase from 5.7 g/L (at
the end of batch growth) to 12.0 g/L (end of fed-batch), thus more
than doubling the biomass concentration. The corresponding
biomass yield from glucose was determined as 0.171 g/g and was
constant between batch and fed-batch phase. Parallel to the
biomass concentration, the OUR increased from 25.0 mmol/Lh
during batch growth up to 58.2 mmol/Lh at the end of the fed-
batch phase, showing the proportionality between biomass
concentration and OUR (Figure 6). CER was simultaneously
increased from 31.6 mmol/Lh up to 82.2 mmol/Lh. The specific
rates qO2 and qCO2 during the fed-batch phase were at 4.3 and
6.5 mmol/gh, respectively, and the average RQ was 1.42 during
both batch and fed-batch growth. Generally, off-gas data was
identical with the results from batch fermentations, showing the
high reproducibility and robustness of the biomass growth
phase. While nitrate concentration in the broth remained at
limiting levels during the feeding phase, a slight glucose
accumulation up to 4.2 g/L was registered. Production phase
was initiated at 55 h by adding 6% v/v rapeseed oil to the
bioreactor. The first oil feed was converted very fast, showing
a MEL concentration of 18.5 g/L at a XMEL of 73% after 142 h.
Three further oil feeds of 6% v/v each were done at 142, 190 and
242 h to maintain MEL production phase. Subsequently, a MEL

TABLE 3 | Process values for fermentations with combined batch and fed-batch growth and repeated or continuous oil feeding.

Process FB1 FB2 FB3 FB4

growth phase batch + fed-batch batch + fed-batch batch + fed-batch batch + fed-batch
µset (h

−1) 0.08 0.09 0.09 0.08
feeding duration (h) 10.5 11.5 11 16.9
total medium feed (g) 460 612 708 701
cx,growth (g/L) 12.0 15.5 10.9 14.1
YX/gluc (g/g) 0.171 0.212 0.171 0.254
OURmax (mmol/Lh) 58.2 74.8 58.0 63.2

production phase repeated oil feed continuous oil feed repeated oil feed continuous oil feed
total oil feed (% v/v) 24 (6 + 6 + 6 + 6) 24 (6 + 18 cont.) 12 (6 + 6) 12 (6 + 6 cont.)
oil-to-biomass ratio (g/g) 20.2 15.7 10.9 8.8
cMEL,max (g/L) 50.5 43.9 35.7 34.3
rMEL,av (g/Lh) 0.185 0.422 0.335 0.378
MEL yield per total oil# (g/g) 0.208 0.181 0.294 0.275
XMEL (%) 68 49 88 98
process duration (h) 502 147*/310 170*/231 169*/307

# related to the total amount of oil added to the reactor.
* time when maximum MEL, concentration and/or purity were reached.

FIGURE 6 | Process data of fed-batch process 1 (FB1) during growth
phase (0–55 h) showing concentrations of glucose, NaNO3, biomass and OD
(upper) and off-gas analysis (lower graph). Medium feeding was applied from
44.5–55 h with an exponential feed rate at µset = 0.08 h−1, leading to a
further increase of biomass, OUR and CER.
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concentration of 43 g/L was reached after 310 h, but XMEL was
only at 40% at that time. The process was thus continued up to a
process time of 500 h without further oil feeding. MEL
concentration increased only a bit and reached a final value of
50.5 g/L, but the XMEL was increased to 68% again, due to further
consumption of remaining oil and fatty acids (8 and 24% at the end
respectively). The average MEL production rate between 55 and
310 h was relatively constant at 0.185 g/Lh, and therefore almost
doubled in comparison to the previous batch processes. After
310 h, the production rate decreased, which was probably
caused by the long process time and reduced activity of the cells.

The second fed-batch process (FB2, Table 3; Supplementary
Figure S3) was conducted at a slightly higher exponential feeding
rate, equivalent to a µset of 0.09 h

−1. In total, 612 g of feed solution
(184 g glucose and 18.4 g NaNO3) were added during an 11.5 h
feeding period between 42.5 and 54 h. This resulted in an
increased biomass concentration of 15.5 g/L at the end of the
fed-batch. The maximum OUR by that time was 74.8 mmol/Lh.
Biomass concentration andOURwere therefore further increased
compared to the previous run. Production phase was initiated
with 6% v/v rapeseed oil at 54 h as previously, but this time the
additional 18% v/v of oil were delivered as a continuous feed with
a constant rate of 11 ml/h between 72 and 140 h. Compared with
the previous process, the same amount of oil was added in a
shorter time period. This led to a faster oil hydrolysis and high
fatty acid (67 g/L) and MEL concentrations (43.9 g/L) after 147 h,
when the continuous oil feeding was stopped. The average MEL
formation rate between 54 and 147 h was calculated to 0.422 g/Lh.
Due to the still high fatty acid concentration, however, the share
of MEL in the lipid fraction XMEL was only 33% at that time (15%
oil and 51% fatty acids respectively). Until the end of the process,
fatty acid concentration then decreased again, but MEL
concentration was also slightly decreased. Overall, a final XMEL

of 49% (11% oil and 40% fatty acids) was obtained after 310 h of
process.

Both processes with combined batch and fed-batch growth
phase, FB1 and FB2, successfully achieved the goal of higher MEL
concentrations and higher MEL formation rates. Compared to
the batch process B2, which had a MEL concentration of 27.1 g/L,
the two fed-batch processes FB1 and FB2 led to increased MEL
concentrations (50.5 and 43.9 g/L). At the same time, MEL
formation rate was also increased. This confirmed our
hypothesis that a higher biomass concentration at the end of
the growth phase leads to faster MEL production. Nevertheless,
the share of MEL XMEL in the lipid fraction at the end of the
processes was still relatively low, due to remaining oil and fatty acids
in the broth. Oil feeding with 24% v/v or around 16–20 goil/gbiomass

was thus too high, even for the increased cell biomass concentrations.
It was therefore decided to decrease the amount of oil feeding to 12%
v/v or around 10 goil/gbiomass, respectively, and to aim for a full
conversion of the substrate oil and fatty acids intoMEL. Based on an
average oil hydrolysis rate of ~1 g/Lh in the process FB1, this was
expected to result in full oil hydrolysis at around 150 h and
subsequently a consumption of remaining fatty acids afterwards.
The idea was to obtain a XMEL of >80%, i.e. less than 20% remaining
oil and fatty acids, similar to the first batch process with single oil
feeding (B1).

The third fed-batch process (FB3, Table 3; Supplementary
Figure S4) was conducted with the same feeding rate as before
(µset = 0.09 h−1) during growth phase (40–51 h). During 11 h of
feeding, a total of 708 g feeding solution were added. This resulted
in 10.9 g/L biomass and a maximum OUR of 58.0 mmol/Lh.
Despite the same feeding strategy as previously, a lower biomass
concentration was obtained, which also resulted in an
accumulation of glucose and nitrate in the medium. By
analyzing off-gas values it was observed that the transition
between batch and fed-batch was initiated too late, leading to
a partial lysis of cells and a decrease in OUR towards the end of
the batch growth phase. Hence, the feeding rate, which was
calculated based on an active biomass concentration of 6 g/L
at the beginning of feeding, was over-estimated, leading to an
accumulation of glucose and nitrate over the fed-batch phase.
Production phase was initiated by addition of 6% v/v oil at 51 h
and maintained by another 6% at 72 h. Fast oil hydrolysis and
almost full consumption of residual oil and FA after 150–170 h
were observed, which correlated also with the pH trend as
described before. MEL concentration and XMEL reached a
plateau at around 170 h. After that time, a decrease in OUR
and a slight decrease in biomass were observed until the process
was ended at 231 h. At the end, a MEL concentration of 35.7 g/L
and a XMEL of 88% in the crude extract (12% fatty acids and 0%
oil) were measured. Average MEL formation rate between 51 and
170 h was at 0.335 g/Lh. The MEL yield coefficient with regard to
the amount of oil added was 0.294 g/g, and therefore increased
from the previous processes. Although the process was ultimately
terminated after 231 h, it could have been stopped already at
around 170 h, where MEL concentration and XMEL were at their
maximum (36.8 g/L and 92% respectively). Overall, the goal of
full oil conversion into MEL, while at the same time achieving a
high MEL concentration and productivity, was achieved in this
process.

The fourth and final fed-batch process (FB4, Table 3;
Supplementary Figure S5) was combining the results from
previous runs. The initial batch concentration of all medium
components was lowered to an equivalent of 20 g/L glucose,
respectively, and the fed-batch phase with µset = 0.08 h−1 was
started earlier to prevent starving of cells between batch and fed-
batch phase. By adding 701 g of feeding solution between 27 and
44 h of process time, a maximum biomass concentration of
14.1 g/L was reached. This time the transition between batch
and fed-batch was very smooth and showed a continuous and
exponential increase of OUR throughout the growth phase up to a
maximum OUR of 63.2 mmol/Lh. Nitrate was fully consumed at
the end of the fed-batch, while the glucose concentration
remained at 12 g/L. Production phase was then initiated at
44.5 h by adding 6% of oil to the fermenter. Further oil
feeding (6% v/v) was done continuously at a rate of 8 ml/h
between 52 and 82 h. The total amount of oil addition was
therefore 12% v/v as before. After 169 h, a maximum MEL
concentration of 34.3 g/L was obtained. Average MEL
formation rate was 0.378 g/Lh (45–140 h) and thus similar to
FB3. The calculated yield coefficient with regard to the total
amount of oil added was at 0.275 g/g. Due to remaining oil and
fatty acids, the XMEL at that time was at 69%. Therefore, the process
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was prolonged to 307 h and the purity increased to 98%as almost all
lipids were consumed (only 1% fatty acids and 1% oil remaining).
MEL concentration was slightly decreased to 30.0 g/L, but remained
more or less at the same level.

Overall, the last two fed-batch processes FB3 and FB4 were
very comparable in terms of MEL concentrations, formation
rates and yields, and they were both showing low residual oil and
fatty acid concentrations at the end of the process. Both processes
hence achieved a XMEL > 90% in 170–200 h of process time. This
was similar to the first batch process B1, but at an increased MEL
concentration of around 35.7 or 34.3 g/L (FB3 and FB4) instead
of 11.2 g/L (B1). The ratio of oil addition with regard to biomass
concentration in those processes was in the range of 9–11 goil/gbiomass

resulting in almost full substrate conversion. When this ratio was
higher, like in B2, FB1 or FB2, a higher residual amount of fatty acids
and thus lower purity of the crude lipid extract at the end of the
process was obtained. A ratio of around 10 goil/gbiomass can therefore
be seen as an ideal value for determining the amount of oil
feeding. Although not stated explicitly, the amount of oil with
regard to biomass in the publication of Rau et al. (2005a) was
estimated to ~10 g/g as well, taking into account their values for
cell protein concentration and overall oil feeding. This also
resulted in full conversion of oil and fatty acids after 288 h (Rau
et al., 2005a) and is thus in good agreement with our results.

General Observations During MEL
Production in Bioreactors
Several general observations were made in all of the processes
presented. First, foaming occurred towards the end of the batch
growth phase and further increased during fed-batch phase when
higher biomass concentrations were reached. Starting from very
coarse and dry foam during early growth, the diameter of the
foam bubbles decreased to only a few mm over time and became
increasingly wet. It is generally hard to determine which effect is
dominating the foam formation during growth phase. Parallel to
the increasing concentration of cells, the stirrer speed was
automatically increased to enhance the oxygen transfer, which
influences the hydrodynamics and thus foam formation in the
bioreactor. Moreover, medium components like nitrate are
limiting towards the end of the batch and during the fed-
batch growth phase, which could also have an influence on
foam formation. Ultimately, the mechanical foam destruction,
which had been installed in the headspace of the reactor, was no
longer effective after a certain point, leading to a partial overflow
of culture broth into the exhaust air tubing. Nevertheless, the
addition of rapeseed oil to start the production phase caused the
foam to be destroyed again. Oil could thus act not only as
substrate, but also as a chemical antifoaming agent (see also
Rau et al. (2005a)). During production phase, foaming was less
problematic and the process remained stable. Overall, it was
concluded that a smooth transition from (fed-batch) growth
phase to production phase is crucial for achieving a stable
process without foam overflow.

Several online-recorded values proved to be good indicators
for process control and monitoring. Oxygen uptake and carbon
dioxide emission rates, which were obtained from off-gas

analysis, correlated with biomass growth and substrate
consumption during growth phase. The biomass specific rates
qO2 and qCO2 were 4.3 and 6.5 mmol/gh, respectively, and
remained constant during batch and fed-batch growth. This is
the first time that a biomass specific oxygen demand has been
determined for a producer strain in the MEL production process.
Off-gas analysis even proved a better indicator for cell growth
than the off-line measurement of biomass, as it was not affected
by foaming or inhomogeneity in the broth. Moreover, off-gas
analysis provided real-time information on biomass
concentration as well as on cellular activity. Thus, the ideal
time to start the production phase can be determined without
the usual offset between sampling and analysis. The recording of
pH and consumption of acid and base indicated the start of oil
hydrolysis and the depletion of fatty acids towards the end of the
process. Overall, these conclusions can be used to develop
automated process control strategies based on real-time online
values and to develop an even more robust process with hindsight
for scale-up.

Another common observation was the formation of so-called
MEL beads in the culture broth during production phase. These
are globular aggregates of MEL, fatty acids and water that have
been described before when M. aphidis was used as the
production organism (Rau et al., 2005a; Goossens et al., 2016).
Their formation was observed when a certain MEL concentration
and ratio of MEL to substrate lipids (oil and fatty acids) was
reached. Oil addition could dissolve these globules, but they were
re-appearing when oil was hydrolyzed again. Formation of MEL
beads interfered with sampling during production phase, as they
were sticking to probes, baffles and the reactor wall. This could be
the reason for variation in offline-measured data during
production phase, for example, when a slight decrease in MEL
concentration was noted towards the end of the process.

The ratio of the four MEL variants MEL-A,-B,-C and–D, which
is characteristic for each producer species, was relatively constant
over the time course of the fermentations and also between runs.
An averageMEL composition of 45 ± 2%MEL-A, 21 ± 1%MEL-B,
23 ± 3% MEL-C and 11 ± 3% MEL-D was calculated over all
fermentation processes. Analysis of the acyl side-chains in theMEL
yielded predominantly C8 and C10 acids. Overall, this is the
characteristic composition of M. aphidis MEL, which has also
been described in prior publications with this strain (Rau et al.,
2005b; Onghena et al., 2011; Beck et al., 2019a)

HPLC analysis of the culture supernatants showed an increase
in mannitol concentration during production phase, which has so
far never been described for a MEL production process. In the
fed-batch fermentations, an increase up to 35 g/L mannitol was
detected. Mannitol accumulation in the broth was almost linear
and correlated with oil hydrolysis. As long as hydrolysis was
active and oil and fatty acids were remaining in the broth, like in
FB1 and FB2, mannitol accumulated constantly. Only towards
the end of the process and when all remaining fatty acids were
consumed, like in FB3, mannitol concentration decreased again.
We assume that mannitol is a side-product of the lipid
metabolism in M. aphidis, as several studies have already
shown that the production of polyols, like erythritol and
mannitol, is a common feature in yeast (Carly and Fickers,
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2018; Goncalves et al., 2019) and even in the related fungus U.
maydis (Guevarra and Tabuchi, 1990). Ultimately, the production
and accumulation of mannitol as a metabolic side-product is
most likely also the reason for the occurrence of
mannosylmannitol lipids (MML) along with MELs in certain
Ustilaginaceae species, which has been reported by our group in a
previous publication (Beck et al., 2019a).

Kinetic Modeling of the MEL Fermentation
Process
Ultimately, a knowledge-based model was developed and
adjusted to our experimental data to gain a better
understanding of the process kinetics. The partial models for
cell growth and MEL production phase are based on a system of
coupled ordinary differential equations (ODEs) that were solved
numerically.

For the biomass growth phase, the concentration changes of
glucose, sodium nitrate and biomass are described by a feeding
term and Monod kinetics with glucose and nitrate as two non-
complementary limiting substrates according to Roels (1983).
The specific growth rate is dominated by the most limiting
compound using a minimum operator (Eq 12).

µ � µmax min{
cGluc

(KGluc + cGluc) ;
cNaNO3

(KNaNO3 + cNaNO3)} (12)

A possible growth inhibition at high substrate concentrations
was not included in the model, as the currently used
concentrations are assumed to be below this level. The
changes in biomass (cx) and substrate (cgluc and cNaNO3)
concentrations are described by Eqs. 13–15:

dcX
dt

� −Fin

VL
cx + µ cX (13)

dcgluc
dt

� Fin

VL
(cgluc,Feed − cgluc) − qgluc cx ;with qgluc � µ

YX/gluc
(14)

dcNaNO3

dt
� Fin

VL
(cNaNO3,Feed − cNaNO3) − qNaNO3cx;

with qNaNO3 � µ
YX/NaNO3

(15)

For the production phase, the concentration changes of
biomass, oil, fatty acids and MEL are described by a feeding
and three reaction terms in the respective model equations. All
reaction terms depend on specific reaction rates qn and the
biomass concentration at the end of the growth phase
(cx,growth), thus enabling to simulate the effect of an increased
biomass concentration during growth phase on the consecutive
production phase. The specific reaction rates qn are based on
Michaelis-Menten kinetics with maximum reaction rates qmax,n

and substrate affinity constants Km,n to represent the influence of
decreasing substrate concentrations on the actual reaction rates.
The first reaction term (qhydrolysis) represents the hydrolysis of oil/
triglycerides into fatty acids and glycerol (Eq 16). A product
inhibition constant Ki,hydrolysis was included to consider the lipase
inhibition by high fatty acid concentrations (compare Henkel

et al. (2014)). The second reaction term (qMEL) describes the
conversion of fatty acids into MEL (Eq 17). Hence, the MEL
production was simplified into a single “black-box” reaction term
in a first approximation, although theMEL pathway inM. aphidis
consists of many sequential steps in reality (Hewald et al., 2006;
Lorenz et al., 2014; Günther et al., 2015). The third reaction term
represents the accumulation of lipids within the cells, which
removes fatty acids from the broth and converts them into
intracellular lipid vesicles, thus increasing the cell biomass
concentration (Eq 18). This was realized by simulating two
types of “cell biomasses”, one that was lipid-free and generated
during growth phase without nitrogen limitation (cx,lipid-free), and
one that contains lipid vesicles (cx,incl) generated during
production phase (see Eqs. 22, 23).

qhydrolysis � q max,hydrolysis
coil

coil +Km,hydrolysis(1 + cFA
Ki,hydrolysis

)

(16)

qMEL � q max,MEL
cFA

cFA + Km,MEL
(17)

qincl � q max,incl
cFA

cFA +Km,incl
(18)

The changes in oil, fatty acid and MEL concentrations during
the production phase are thus described by Eqs. 19–21:

dcOil
dt

� Fin

VL
(cOil,Feed − cOil) − qhydrolysis cx,growth (19)

dcFA
dt

� Fin

VL
(cFA,Feed − cFA) + YFA/oil qhydrolysis cx,growth

− YFA/MEL qMEL cx,growth − YFA/X,prod qincl cx,growth (20)
dcMEL

dt
� Fin

VL
(0 − cMEL) + qMEL cX (21)

TABLE 4 | Overview of parameters used for kinetic modeling. Parameters were
either calculated from experimental data, derived from reaction stoichiometry
or approximated to fit the model to experimental data.

Partial Model Parameter Value Based on

Growth µmax (h−1) 0.11 experimental data
qmax, gluc (g/gh) 0.647 experimental data
Km,Gluc (g/L) 1 approximated
YX/Gluc (g/g) 0.17 experimental data
qmax, NaNO3 (g/gh) 0.065 experimental data
Km,NaNO3 (g/L) 0.01 approximated
YX/NaNO3 (g/g) 1.7 experimental data

Production qmax, hydrolysis (g/gh) 0.1 experimental data
Km,hydrolysis (g/L) 5 approximated
Ki,hydrolysis (g/L) 20 approximated
YFA/oil (g/g) 0.957 stoichiometry
qmax,MEL (g/gh) 0.02 experimental data
Km,MEL (g/L) 5 approximated
YFA/MEL (g/g) 1.667 experimental data

Lipid accumulation qincl,max (g/gh) 0.07 approximated
Km, incl (g/L) 1 approximated
YX,unlim/X,incl (g/g) 0.203 stoichiometry
YFA/X,incl (g/g) 1.128 stoichiometry
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The changes in biomass concentrations, modeled as a decrease
in cx,lipid-free and an increase in cx,incl by inclusion of fatty acids, is
described by the following equations:

dcX,incl

dt
� Fin

VL
(0 − cX,incl) + qincl cX,lipid−free (22)

dcX,lipid−free
dt

� Fin

VL
(0 − cX,lipid−free)

+ YX,lipid−free/X,incl qincl cX,lipid−free (23)
The necessary input parameters for the different model

equations were yield coefficients, biomass-specific rate

constants and substrate affinity constants. A summary of all
parameters used for kinetic modeling are presented in
Table 4. The yield coefficients and biomass-specific rates were
calculated from our experimental data. For example, biomass
yield coefficients from glucose YX/Gluc and from sodium nitrate
YX/NaNO3 were derived from the amount of consumed substrate
versus produced biomass using linear regression of process data.
Biomass-specific consumption rates qn were determined from a
regression of substrate consumption rates rn versus respective
biomass concentration cx. The underlying assumption was that
the biomass-specific rates and yield coefficients were constant

FIGURE 7 |Comparison of simulated and experimental data for process
B2 using the parameters from Table 4. Batch growth phase (upper panel) and
production phase with repeated oil feeding (lower panel) are shown.

FIGURE 8 |Comparison of simulated and experimental data for process
FB1 using the parameters from Table 4. Batch and fed-batch growth phase
(upper, feeding phase is highlighted) and production phase with repeated oil
feeding (lower) are shown.
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during the process, which was in agreement with the
experimental results. The yield coefficient YFA/oil was based on
the reaction stoichiometry of oil hydrolysis. For simplification,
“oil” was herein assumed as triolein, yielding 3 mol of oleic acid
and 1 mol of glycerol during hydrolysis. The yield coefficient of
biomass with lipid inclusions from fatty acids (YFA/X,incl), as well
as the ratio of lipid-free biomass during growth to biomass with
lipid inclusions during production phase (YX,lipid-free/X,incl) were
based on a reaction stoichiometry that included the elementary
compositions of the biomass during the different process stages
shown in Table 1. The yield coefficient YFA/MEL for the formation
of MEL from fatty acids could not be obtained directly from
experimental data, since fatty acids are an intermediate product
and their concentration depends on hydrolysis, lipid inclusion
andMEL production simultaneously. Consequently, YFA/MEL was
approximated to fit the model curves to our experimental data.
The substrate affinity constants were also approximated to match
the kinetic model curves to experimental data. The feeding terms
in the simulations were set according to the experimental feeding
rates in the respective processes.

The developed model was able to simulate the time-course of
biomass and substrate concentrations during batch and fed-
batch growth, as well as the substrate and product
concentrations during MEL production phase. The process
B2 with batch growth phase and multiple oil feeds was used
to approximate the missing model parameters as described
before and to demonstrate the general correlation between
the model and experimental data (Figure 7). A MEL
concentration of 22.2 g/L and a XMEL of 18.5% was predicted
after 333 h, which was in reasonable agreement with the
experimental values of 27.1 g/L and 20.4%.

After all parameters were adjusted to the data of B2, the model
was used to simulate the process FB1 with batch and fed-batch
growth phase, employing the same feeding strategy as in the
experiment. The growth model predicted a biomass
concentration of 12.3 g/L at the end of the fed-batch phase,
compared to 12.0 g/L from the experiment (Figure 8). As
expected, the reaction rates during production phase were
automatically increased according to the increased cx,growth in
the model, and correlated well with experimental data. A MEL
concentration of 40.4 g/L and a XMEL of 37.6% were predicted
after 310 h, compared to 43.2 g/L and 39.3% in the experiment.
After 350 h, however, larger deviations between model and
experimental data occurred, which could be explained by a
decreased activity of lipases and cellular metabolism, which is
however not included in the model. Another explanation might
be the formation of MEL beads or the deposition of MEL and
other hydrophobic substances at the reactor vessel and baffles, as
described before. In general, it should be noted that the developed
model is only valid within certain limits that are determined by
the model restraints.

Overall, this is the first time that a kinetic model based on a
system of ordinary differential equations has been presented for
MEL production. Previously, there were only kinetic models for
other biosurfactants like sophorolipids (Garcı´a-Ochoa and
Casas, 1999) and rhamnolipids (Henkel et al., 2014). The
rhamnolipids production model by Henkel et al. (2014) also

employs a complex system of differential equations describing the
cellular growth on different substrates, oil hydrolysis and
rhamnolipids production. Since this is relatively similar to the
MEL production process, it served as a reference for developing
our model. The advantage of the here presented model is the
possibility to evaluate different feeding strategies for medium and
oil during growth and MEL production phase, respectively. A
possible limitation of the model is the strict separation between
growth and production phase models, assuming that the cells
have entered stationary phase when production is started.
Nevertheless, the current model is able to describe the MEL
production process in detail and will be used to further optimize
and evaluate MEL production.

CONCLUSION

The process for MEL production in an aerated stirred-tank
bioreactor with M. aphidis, using a previously developed
mineral salt medium, has been evaluated and enhanced by
establishing an exponential fed-batch growth phase. Several
experiments in the aerated STBR have shown that exponential
substrate feeding of a concentrated solution containing glucose
and nitrate led to a 2-3-fold increase of biomass concentration
compared with a batch process. The substrate feeding, which was
started after an initial batch growth phase, was conducted with
defined growth rates of 0.08 or 0.09 h−1 and led to increased
biomass concentrations of 10.9–15.5 g/L, compared with 4.2 g/L
in the batch process. In the first two of the presented fed-batch
processes, MEL production phase was conducted using
16–20 goil/gbiomass. This led to high MEL concentrations of
50.5 or 43.9 g/L, but at the same time to high concentrations
of residual oil and fatty acids. Thus, a low MEL percentage in the
crude lipid extract of 68 and 49% was obtained, respectively, even
after long process times of up to 501 h. Oil feeding was therefore
reduced to around 9–11 goil/gbiomass in the last two fed-batch
processes, which in turn led to slightly lower concentrations of
35.7 and 34.3 g/LMEL. At the same time however, theMEL yields
from oil were increased to 0.294 and 0.275 g/g in the optimized
processes and the substrate lipid was almost fully converted into
product, leaving only traces of fatty acids in the broth at the end of
the process. The corresponding share of MEL in the crude extract
was increased to 88 and 95% respectively, and process time could
be reduced to around 170 h. The increased purity of the crude
lipid extract has also positive implications for the subsequent
downstream processing of the broth, since, for example, a simple
solvent extraction might be sufficient to obtain a product with
already satisfactory purity. Flash chromatography, which is
commonly employed to remove remaining oil and fatty acids
from the crude extract, can be omitted if the required purity is
already obtained by biological means at the end of the
fermentation process.

Foaming, which has always been a common andmajor issue in
biosurfactant production processes, was reduced by using the
mineral salt medium and mechanical foam destruction in the
headspace of the bioreactor, although it was still present at high
biomass concentrations towards the end of the growth phase.
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Several online parameters like dissolved oxygen, pH trends and
off-gas analysis correlated well with biomass growth, substrate
consumption and product formation, and could be used for
process monitoring and control. The MEL composition was
shown to be typical for M. aphidis and the reproducibility
between the different runs was very high.

Ultimately, kinetic model equations were established for
simulation and prediction of process behavior during cell
growth and MEL production phase. The model was able to
represent the experimental data accurately. To the best of our
knowledge, this is the first time that a kinetic model based on a
system of ordinary differential equations has been developed and
employed for the prediction of the MEL production process. This
model will be used in the future to scale the production process
and perform a life-cycle assessment and techno-economic
analysis that will provide a better understanding of key
economic and ecological parameters for MEL production.
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Techno-Economic Analysis as a Driver
for Optimisation of Cellobiose Lipid
Fermentation and Purification
Amira Oraby1,2, Steffen Rupp1,2 and Susanne Zibek1,2*

1Fraunhofer Institute for Interfacial Engineering and Biotechnology IGB, Stuttgart, Germany, 2Institute of Interfacial Process
Engineering and Plasma Technology IGVP, University of Stuttgart, Stuttgart, Germany

Cellobiose lipids (CL) are glycolipids synthesized by Ustilaginaceae species with potential
application as detergents or in cosmetics. This study identified process optimisation
potential for CL fermentation based on process modelling and techno-economic analysis.
Using a stoichiometric equation based on laboratory data, we calculated the maximum
possible CL yield YP/S of 0.45 gCL·gglucose−1 at the biomass yield of 0.10 gBiomass·gglucose−1
with an Ustilago maydis strain. Due to substrate inhibition that may occur at high glucose
concentrations, a fed-batch process to increase biomass and CL concentrations was
considered in our model. Simulation of different process scenarios showed that the choice
of aeration units with high oxygen transfer rates and adaptation of power input to oxygen
uptake can significantly decrease electricity consumption. We further assessed scenarios
with different fermentation media and CL purification methods, suggesting additional
process optimisation potential. Here the omission of vitamins from the fermentation
medium proved to be a possible mean to enhance process economy, without
compromising CL productivity.

Keywords: fermentation, process optimisation, techno-economic analysis (TEA), cellobiose lipids (CL),
biosurfactant (BS)

1 INTRODUCTION

Academic and industrial interest in microbial biosurfactants, such as cellobiose lipids (CL), has
continuously increased over the past decades. This is reflected in the extensive study of their
characteristics and potential applications (Banat, 1995; Banat et al., 2000; Marchant and Banat, 2012;
Geys et al., 2014; Günther et al., 2017), and the recent introduction of the two biosurfactants
rhamnolipids and sophorolipids to products in the cosmetic industry (Moldes et al., 2020).Within an
estimated global market volume of $31B in 2016 and predicted revenue growth of 3.1% per year
(Ceresana, 2017), the share of biosurfactants is expected to surpass $2.5B by 2026 (Global Market
Insights, Inc., 2021). Despite this positive growth forecast, the share of microbial biosurfactants is
marginal. This is mainly attributed to the high production costs of microbial biosurfactants and their
low concentrations (Banat et al., 2014). At the same time, ecological concerns and the thrive towards
a sustainable bioeconomy highlight the ongoing need for novel microbial biosurfactants like CL.

CLs are synthesized by microorganisms from the class Ustilaginomycetes using sugars as the sole
carbon source (Teichmann et al., 2007; Günther et al., 2017). These glycolipids are secreted as a
mixture of chemical structures that vary in their variants and mixture ratios, depending on the
producing microorganisms. The backbone of CL consists of a cellobiose disaccharide with different
acetylation degrees, linked to a hydroxypalmitic acid via a glycosidic bond (Lemieux, 1951; Eveleigh
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et al., 1964), thus showing the typical amphiphilic structure of
surfactants. Further, some CL variants are reported to show
antibacterial and antifungal activity towards some Gram-
positive bacteria and plant pathogens (Teichmann et al., 2007;
Mimee et al., 2009).

Aiming for an optimised fermentation process, several
fermentation media and parameters (Oraby et al., 2020), as
well as CL purification processes, were presented in the
literature (Günther, 2014). However, more systematic process
optimisation needs to be done to achieve an optimised CL

FIGURE 1 | Process flowsheet for the CL fermentation, including seed fermentation, production culture, and purification units.
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fermentation and purification process with high titers that make
CL an economically viable alternative to synthetic surfactants. In
general, when it comes to cost-reduction of fermentative
processes, three strategies can be followed (Banat et al., 2010):

1) Development of overproducing strains
2) Use of cheap and waste substrates
3) Development of more efficient bioprocesses, including

optimisation of fermentation conditions, and downstream
recovery processes

Our study followed the third approach, which focuses on
process optimisation. In order to minimize the number of
experimental procedures needed for process optimisation, we
followed a simulation-based approach. We first modelled our
fermentation and purification process using a flowsheet
simulation software “basic scenario”. Then, we simulated
our fermentation in a 10 m3 scale with several process
scenarios in which different process parameters
(fermentation duration, CL titer, agitation rate, aeration
rate, fermentation media composition, and purification
method) were varied compared to this basic scenario.
Using these simulations, we conducted a techno-economic
analysis (TEA) of each scenario variation to identify process
bottlenecks that significantly impact the process economy.
From these results, we derived the most promising process
optimisation potentials that would have the most significant
impact on the process economy. Others followed a similar
approach for biosurfactants like sophorolipids, surfactin,
rhamnolipids and other surfactants (Ashby et al., 2013;
Czinkóczky and Németh, 2020; Wang et al., 2020;
Ekpenyong et al., 2021; Elias et al., 2021; Moutinho et al.,
2021). In comparison to their work, we present a more
holistic approach that examines each process step along
the whole fermentation and purification in order to
identify process optimisation potential. In our approach,
new scenarios were derived from the obtained results of
the TEA of the basic scenario, and sensitivity analysis is
only based on technical or process variations, not
economic variations. This is because our aim here was to
compare the effect of different variations in process
parameters on the overall process economy. Using the
obtained findings, we aimed at presenting
recommendations that could be used for the experimental
design along the process optimisation route of CL
fermentation. For that purpose, relative considerations and
comparisons were sufficient, whereas presenting exact
economic numbers for the CL fermentation process was
not within the scope of this study.

2 METHODS

CL fermentation and purification were modeled using a
flowsheet simulation software to perform a TEA of the
process. Process parameters for the basic scenario were
approximated based on our internal laboratory results and

literature data and are referenced individually in the
following. Economic evaluations were performed based on
(Peters and Timmerhaus, 1991), and sensitivity analysis and
scenario variations were derived based on the preliminary
experimental results and obtained results of the TEA of the
basic scenario.

2.1 Model Development and Design
Using SuperPro Designer 11.2®, a 10 m3 scaled fermenter was
modelled for CL fermentation based on a process adapted after
publications by our group (Günther, 2014; Oraby et al., 2020) and
internal laboratory data in a 10 L scale. CL purification was done
via centrifugation and ethanol extraction. All used media
components are listed in Supplementary Table S1 in the
supplementary.

In the modelled fermentation, preparation of the seed
culture consisted of two steps. The process flowsheet is
illustrated in Figure 1. First, six 2 L shaking flasks were
inoculated from potato dextrose (PD)-agar plates (Becton
Dickinson, Le Pont de Claix, France) and incubated at 30°C
and 120 rpm for 17 h in PDmedium at pH 5.6. These were then
transferred to a 300 L fermenter with PD medium to a total
volume of 210 L and an optical density (OD) of 0.1. The second
seed culture was agitated at 1 kW m−3 and aerated with 1 vvm
ambient air to maintain a pO2 level above 20% until it reached
the stationary phase after 24 h. Power input and aeration rate
for the seed culture and production culture were approximated
based on laboratory results (data not shown) and published
results by our group for a closely related microorganism
(Oraby et al., 2020). This seed culture was finally used to
inoculate the 10 m3 fermenter containing a mineral salt
medium (Supplementary Table S1) to an OD of 0.3.

0.6 g L−1 urea was used as nitrogen source and 100 g L−1

sucrose as carbon source. Sucrose is the more favourable
carbon source for CL fermentation because it results in higher
CL concentrations compared to glucose (Rupp et al., 2010; Oraby
et al., 2020). Sucrose is hydrolysed to glucose and fructose during
the first hours of fermentation and glucose is primarily consumed
for CL synthesis at higher rates compared to fructose, as long as
both carbon sources are available (Günther, 2014). Therefore, for
approximation purposes, the hexose with highest uptake rate was
used for our model and considered in the stoichiometry and yield
calculations.

The production culture was agitated at 1 kWm−3 and aerated
with 1 vvm ambient air for 14 days. 2 M H2SO4 and 2 M NaOH
were used to adjust pH at 2.5. An air compressor was used to
compress ambient air to 3 bars for aeration of both fermenters.
All media components were heat sterilized separately, except for
the vitamin fraction of the mineral salt medium. The vitamins
were sterilized using a 0.2 µm filter at a 1000-fold concentration
then added to the fermenter.

After fermentation, the culture broth was separated using a
disk-stack centrifuge to a solid concentration of 200 g L−1 to
obtain a wet pellet containing biomass and CL crystals. The
pellet was then suspended in acidic water (pH 2.5 adjusted with
H2SO4) and agitated with 1 kWm−3 in a stirring vessel for 30 min
to wash out the remaining sugars. After the washing step, biomass
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and CL crystals were separated again from the suspension. In a
stirring vessel, denatured ethanol was added to the pellet at a ratio
of 2 g g−1 and agitated with 1 kWm−3 for 30 min. After this step,
the ethanol extract containing CL was separated from the biomass
using a disk-stack centrifuge. The ethanol extraction and
separation steps were performed twice to ensure the extraction
of all contained CL crystals from the biomass pellet. Next, both
extracts were merged, and ethanol was evaporated using a thin
film evaporator (at 56.6°C and 280 mbar). The crystallized CL was
then dried using a rotary dryer for 24 h at 20 kg h−1 m−3.

Alternatively to ethanol extraction, a second downstream
process (DSP) was also modelled. Here, the washed pellet
containing biomass and CL was set to pH 12 using NaOH
and incubated for 4 h at 50°C to hydrolyse CL to its water-
soluble form CL-A (based on shaking flask experiments, results
not shown). The biomass was then separated using a disk stack
centrifuge, and the CL was precipitated using H2SO4 at a pH of
2–4. The precipitated CL-A was then separated with the disk
stack centrifuge and dried for 24 h at 20 kg h−1 m−3.

2.2 Stoichiometry of Microbial Growth and
CL Formation
For modelling and simulation purposes, the dynamic reactions
that happen within the fermenter were described by
mathematical equations. Hereby the reaction stoichiometry
quantifies the ratio of products (CL and biomass) to the used
substrates, based on the material conservation law.

For aerobic, heterotrophic microorganisms, as used here,
Michael (2013) approximates the microbial growth by the
following general equation:

x1 CaHbOc+x2 O2+x3 NH3+x4 HPO2−
4 +x5 K+ + other educts

→ y1 CHLOMNNPOKP+y2 CO2+y3H2O + other products

(1)
C, H, N, and O are the major elements forming the general

elemental composition of fungal biomass. With only 0.4–4.5%w/w
taken up of phosphor, 0.1–0.5%w/w of sulfur, and even less
potassium, it is plausible to neglect these elements for a first
approximation for modelling purposes, as suggested by Chmiel
(2006).

For CL fermentation using glucose (C6H12O6) as carbon
source and urea (CH4N2O) as nitrogen source, Eq. 1 can thus
be simplified to:

x1 C6H12O6+x2 O2+x3 CH4N2O → y1 CH1.85O0.35N0.03

+y2 CO2+y3 H2O + y4 C36H64O18

(2)

whereas the elemental biomass composition is CH1.85O0.35N0.03,

and CL-B is represented by C36H64O18. Biomass compositions
were determined experimentally via elemental analysis in
biological triplicates and analytical duplicates (performed by
the Institute of Organic Chemistry, University of Stuttgart).
Setting the biomass yield YX/S to 0.2 and the product yield
YP/S to 0.2 as boundary conditions and using the material
conservation, the following equation A*x = b was solved to
form the stoichiometry:
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(3)

Here A is the stoichiometric matrix, x the vector of the
stoichiometric factors xi and yi, and B is the condition for the
material conservation law (Chmiel, 2006).

For the seed culture, no CL is formed, and the nitrogen
contained in the used complex medium is simplified by N2.
Further, the elemental biomass composition in the seed culture
is given as CH1.83O0.64N0.13. Here, the nitrogen content in the
elemental composition is higher than the biomass during the
production culture and nitrogen limitation, as discussed in detail
by Klement and Buchs (2013). Therefore, the following equation
was used for stoichiometric calculations of the seed culture with a
YP/S of 0.2:
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(4)

2.3 Sensitivity Analysis of the Stoichiometry
In order to determine the maximum theoretically possible yields
during CL fermentation, a sensitivity analysis of the reaction
stoichiometry was conducted. Using Eq. 3, YP/S and YX/S were
each set to a defined minimum of 0.1, while the theoretically
possible maximum of the other yield was varied in steps of 0.05.
The constraint here was a positive stoichiometric factor x2 in
vector x, guaranteeing the occurrence of aerobic fermentation. If
one of the two yields used for the stoichiometric matrix resulted
in a negative stoichiometric factor x2 in vector x, that would mean
that O2 is emitted, not consumed.

TABLE 1 | Factors applied for estimation of the direct fixed capital investment,
based on the equipment purchase cost (PC), the total direct investment costs
(DC), and the indirect investment costs (IC). Calculation factors are based on
(Peters and Timmerhaus 1991).

Cost Item Factor

Direct Investment Costs (DC) Installation 0.40 * PC
Instrumentation 0.13 * PC
Piping 0.31 * PC
Electrical Installation 0.13 * PC
Insulation 0.09*PC
Buildings 0.29*PC
Yard Improvement 0.15*PC
Auxiliary Facilities 0.4*PC

Indirect Investment Costs (IC) Engineering and supervision 0.08 * DC
Construction 0.10 * DC

Other Investment Costs (OIC) Contractor’s fee 0.04 * (DC + IC)
Contingency 0.08 * (DC + IC)
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2.4 Economic Evaluation
For the economic evaluation, a gate-to-gate approach was
followed; hence no transportation costs were calculated.
Geographical aspects of the production plant were only
considered for chemical and utility prices, as well as labor
charges. The plant capacity was assumed as 100%, with 330
working days per year. Depreciation was calculated using the
straight-line method, at an estimated depreciation period of
11 years and a salvage value of 10% (Peters et al., 2003).

Equipment purchase cost (PC) was estimated based on
equipment prices from the internal SuperPro database (year of
analysis 2019), except for fermenters, vessels, and filter cartridges.
Here, PC was calculated using custom cost models based on price
estimates from German vendors. For total capital investment
(TCI) estimation, the direct fixed capital investment (FCI) was
calculated based on percentages of delivered equipment cost PC
(Table 1) as the sum of direct investment cost (DC), indirect
investment cost (IC), and other investment costs (OIC) according
to the following equations:

FCI � DC + IC +OIC (5)
TCI � DC + IC +OIC +WC + SVC (6)

The working capital (WC) investment was estimated to cover
expenses for 30 operation days, while startup and validation costs
(SVC) were estimated as 10 % of the fixed capital investment
(Peters and Timmerhaus, 1991).

Operation costs (OC) include the costs of materials,
consumables, utilities including electricity and heating/
cooling agents, labor-dependent costs, costs for laboratory,
quality control and quality assurance, waste treatment,
facility dependent costs including maintenance, repair, and
depreciation, and insurance and taxes. Prices for used
chemicals and media components were obtained from bulk
prices of chemical providers in Germany and are listed in
Supplementary Table S1 in the supplementary. Electricity
price was obtained based on the stock market price for the
year 2019 in Germany, at 0.13 € kWh−1 (Statistische Bundesamt
(Destatis), 2020). Labor costs were calculated using the built-in
calculation tool of SuperPro Designer, where the total labor cost
(TLC) was calculated based on the sum of labor demand per
type multiplied by the labor rate per type. Here additional costs
like benefits, supervision and administration were considered

(Intelligen Inc., 2020). Labor demand and type were estimated
based on (Peters and Timmerhaus, 1991) and calculated using
average labor rates in Germany (FernUniversität Hagen, 2020).
Costs for laboratory, quality control, and quality assurance were
estimated as 15% of TLC. Maintenance and repair costs were
estimated based on (Peters and Timmerhaus, 1991) as 6% of the
TCI, while insurance accounted for 1% and local taxes for 1% of
TCI, respectively.

2.5 Sensitivity Analysis
The unit production cost (UPC) per kg of CL was used as a scale
to compare different process scenarios in our sensitivity analysis.

UPC � OC[∈ ]/annual CL production [kg] (7)
Based on the material and utility balances, as well as the overall

process economics of the basic fermentation process (Sections 3.2
and 3.3), each cost category that is directly affected by process
parameters was considered in more detail for a global hotspot
analysis and scenario generation. Depreciation and facility-
dependent expenditures, labour-dependent costs, and costs for
laboratory and QC were not considered further because they are
calculated based on equipment purchase cost and thus are not
affected by simple process parameter variations. Costs for waste
disposal were also not considered in the hotspot analysis.

Fermentation duration as a general parameter directly affecting
process economics was varied to quantify its potential effect on CL
production costs (scenarios 1–3, Table 2). Further, the CL
concentration was increased to 20, 30, and 50 g L−1 (scenarios
4–6) at the standard yield of 0.2 g g−1, and the CL yield was
varied to 0.3 and 0.45 g g−1 (scenarios 7–8) based on the
maximum possible levels determined in chapter 3.1. As the
primary contributor to utility demands, the aeration rate and
power input were reduced from 1 to 0.1 vvm (scenario 9) and
from 1 to 0.1 kWm−3 (scenario 10). The purification method via
alkaline modification and precipitation to CL-A (scenario 11) was
compared to the ethanol extraction in the basic scenario.
Additionally, a fermentation process utilising a medium
containing only mineral salts and trace elements without vitamins
(scenario 12) wasmodelled. Finally, all best parameters approximated
based on the current state-of-the-art values for CL fermentation were
combined and simulated in scenario 13, representing a 7 days
fermentation, with a power input of 0.5 kWm−3, an aeration rate

TABLE 2 | Overview of all varied parameters in the simulated scenarios used to estimate theoretical optimisation potentials.

Scenario Basic Ferm. Duration [d] CL conc.
[g/L]

CL Yield [g/g] Aeration
rate
[vvm]

Power
input
[kW/
m3]

CL-
A

-Vita Best

Scenario # 0 1 2 3 4 5 6 7 8 9 10 11 12 13
Duration [d] 14 10 7 5 7
Power input [kW/m3] 1.0 0.1 0.5
Aeration rate [vvm] 1.0 0.1 0.5
CL conc. [g/L] 10 20 30 50 15 23 30
CL yield [g/g] 0.20 0.30 0.45 0.20
CL-A — — — — — — — — — — — CL-A — —

-Vitamins — — — — — — — — — — — - -Vita -Vita
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of 0.5 vvm, using a fermentation medium without vitamins and
producing 30 g L−1 CL at a yield of 0.2 g g−1.

3 RESULTS AND DISCUSSION

Using TEA as a driver for the choice of process optimisation
approaches is an iterative process throughout the course of
process development. The choice and definition of technically
feasible process scenarios is a prerequisite for enabling
experimental examinations of the identified optimisation
approaches. Therefore, we first considered reaction
stoichiometry to define the feasible range of biomass and CL
yields based on their stoichiometric compositions (Section 3.1).
Then material and energy balances (Section 3.2) and overall
process economics (Section 3.3) of the basic scenario, which was
modelled as described in Sections 2.1 and 2.2, were used to define
other potential process scenarios within the predicted feasible
range. In Section 3.4 the effects of variation in fermentation
duration, CL concentration and yield (Section 3.4.1), aeration
and agitation rates (Section 3.4.2), and the application of
different purification methods (Section 3.4.3), or fermentation
media (Section 3.4.4) on process economy are assessed and
discussed. Based on the here obtained results, experimental
optimisation approaches were suggested. Finally, a best-case
fermentation scenario was simulated to assess the total
reduction in CL production prices (Section 3.4.5), based on
the identified optimisation potentials.

3.1 Determination of the Potential Maximal
YP/S and YX/S Using Reaction Stoichiometry
Using Eq. 4 (Section 2.2), the stoichiometric Equation 8 in Table 3
was calculated for the seed culture, and using Eq. 3, the
stoichiometric Equation 9 in Table 3 was calculated for the CL
production culture. These equations were implemented in our
SuperPro model to calculate material conversion during the seed
culture and the CL fermentation process. Further, the sensitivity
analysis for YP/S and YX/S resulted in Equations 10 and 11 (Table 3).

The results in Table 3 show that at a maximum biomass yield
of YX/S = 0.40 gbiomass·gglucose−1, only 0.10 g CL are yielded per g
glucose. On the other hand, if the biomass yield is minimised to
0.10 gbiomass·gglucose−1, a maximum CL yield of up to YP/S =
0.45 gCL·gglucose−1 is possible. These theoretical considerations
were used to define different scenarios analysed in Section 3.4.

At a given glucose concentration of 50 g L−1 in the culture
medium, as set for the basic CL fermentation scenario, a product
yield of 0.45 gCL·gglucose−1 would mean that in batch fermentation,

no more than 22.5 g L−1 CL can be produced. However, to
improve the process economy, higher CL concentrations are
necessary (see Section 3.4). At the same time, at a maximum
yield of 0.45 gCL·gglucose−1, initial substrate concentration needs to
increase significantly to achieve higher concentrations. An
increase in initial hexose concentrations is however limited
since osmotic stress, and byproduct synthesis increase with
higher substrate concentrations in the medium and may result
in a decrease in productivity and product yield (Krull et al., 2020).
In a previous work, we showed that increasing the glucose
concentration from 50 to 100 g L−1 resulted in a decrease in
CL concentration and yield, as well as an increase in byproduct
formation with Sporisorium scitamineum, a close relative to the
strain used in this work (Oraby et al., 2020). Therefore, applying a
fed-batch process, where additional carbon source, such as
sucrose, is supplied during the fermentation, while the overall
level of hexoses is held below 50 g L−1 at all times, may be the
more suitable solution to obtain high concentrations without
decreasing product yields (compare results in Section 3.4.1).

Comparing the here obtained theoretically maximum possible
concentration with literature values shows that there is still
optimisation potential for increasing the CL concentration. A
maximum of 23 g L−1 CL was reported in literature by Roxburgh
et al. (1954) for batch fermentation, with an initial glucose
concentration of 100 g L−1, resulting in a YP/S of only
0.23 gCL·gglucose−1. Günther showed in his work that this
maximum concentration could be increased to 33 g L−1, using
sucrose as the carbon source in a fed-batch process, thus
illustrating the potential increase in CL concentration through
substrate feeding (Günther, 2014).

3.2 Process Model and Overall Material and
Utility Balances of the Basic Scenario
Implementing Eqs 5 and 6 from Section 2.2 to describe the
fermentation stoichiometry for both the seed and production
cultures, the CL basic fermentation process scenario was
modelled in SuperPro Designer according to the procedure
described in chapter 2.1. All equipment used for the CL model
is listed in Supplementary Table S2 in the supplementary
section.

Using Eq. 6 and an initial glucose concentration of 50 g L−1, a
CL concentration of 10 g L−1 is calculated for the basic scenario,
resulting in 70 kg of CL per batch, amounting to 1,473 kg CL per
year in the 10 m3 fermenter. Equally, 71 kg biomass per batch and
1,488 kg per year are produced. When product loss during DSP is
considered, a final amount of 57 kg CL per batch and 1,201 kg CL
per year are yielded. These target product amounts were used for

TABLE 3 | Reaction stoichiometry for the seed culture (8) and potential CL fermentations with different yields YP/S and YX/S (9–11).

YP/S YX/S Reaction stoichiometry Equation #

— 0.20 0.96C6H12O6 + 4.62O2 + 0.065N2 → 1C1H1.83O0.64N0.13 + 4.75CO2 + 4.84H2O (8)
0.20 0.20 21.78C6H12O6 + 37.80O2 + 0.59CH4N2O → 39.45C1H1.85O0.35N0.03 + 55.84CO2 + 63.39H2O + C36H64O18 (9)
0.10 0.40 43.57C6H12O6 + 18.78O2 + 2.37CH4N2O → 157.8C1H1.85O0.35N0.03 + 69.97CO2 + 88.17H2O + C36H64O18 (10)
0.45 0.10 9.68C6H12O6 + 4.00O2 + 0.13CH4N2O → 8.77C1H1.85O0.35N0.03 + 13.45CO2 + 18.24H2O + C36H64O18 (11)
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economic calculations. 222 kg of carbon dioxide is emitted per
batch due to microbial metabolism, while 109 kg of oxygen is
consumed. Besides glucose (350 kg/batch), water, and sodium
hydroxide, which are mainly used for CIP procedures, the other
large material stream is ethanol, used for CL extraction. Here, an
average of 1,534 kg ethanol is used per fermentation process,
however only 248 kg of which are lost during DSP. The losses in
ethanol occur mainly during the drying step of CL. The
remaining 1,286 kg are regenerated during the evaporation
step of the CL extract and can be used for CL extraction in
proceeding batches.

Besides the material’s demand, the consumption of utilities,
including electricity, steam, cooling, and chilled water, was
calculated for all process steps. In our model, electricity costs
were the major contributor to utility costs. More than 99% of
electricity was consumed by the production culture fermentation
section, of which 65% were used for the compressor that provides
compressed air to the fermenter for aeration, and 15% were
utilized for fermenter agitation. In comparison, only 0.16% of
electricity demand was utilized in the DSP section. Chilled water
(5°C supply temperature and 10°C return temperature, in an
assumed closed cycle loop) amounted to the second-largest cost
contributor to utility costs, 97% of which were consumed by
processes related to the production culture fermentation.
Approximately half of the chilled water was used to temper
the air compressor. The second half was used for general
temperature control during fermentation and after sterilisation.
Cooling water (25°C supply temperature and 30°C return
temperature) was exclusively used to cool down the separators
used for DSP. 70% of the consumed steam was used for fermenter
heating and sterilisation processes and 28% during DSP for
evaporation and drying. More than 98% of utility cost shares
are attributed to the fermentation process and media preparation,
with less than 2% for DSP. These results contradict with literature
stating an overall major cost-share for DSP processes up to 60%
(Banat et al., 2014). However, in our case, the comparably small
share of DSP processes in utility costs may be due to the relatively
long fermentation duration and the herewith associated high
utility demand for the fermentation section. Furthermore, the
purification process required to obtain CL with ethanol extraction
does not need costly equipment or materials. A reduction in
fermentation duration would nevertheless result in a relative
increase in the cost-share of DSP.

3.3 Overall Process Economics
TCI andOCwere calculated according to chapter 2.4 for our basic
CL fermentation scenario in a 10 m3 fermenter, resulting in a TCI
of € 5.85 million and OC of € 1.19 million per year. These
numbers are based on a pilot-scale plant and thus do not reflect
realistic overall economic costs of an industrial plant; however,
they are used as a baseline to compare different potential
fermentation scenarios. Therefore, all further considerations
will be evaluated relatively and not as absolute numbers. The
pilot-scale simulation was chosen as a first scale-up step for better
approximation. For further techno-economic analyses, more
detailed process data needs to be obtained from pilot-scale
fermentations to increase model accuracy for larger scales.

The major share of annual operation costs for the basic CL
fermentation scenario was caused by the purchased equipment,
expressed in depreciation and other facility-dependent costs
(>70%). Labour-dependent costs were the third major
contributor, accounting for 17.42% of OC. This value is within
the range of traditional chemical plants and biorefineries with
single output systems (Peters and Timmerhaus, 1991; Jorissen
et al., 2020). Utility costs accounted for 5.47% of the OC for CL
production and are considered within range compared to literature
values for biorefineries, covering a wide range from 6% (e.g.,
Gómez-Ríos et al., 2017) up to 41% (e.g., Mussatto et al., 2013).
Laboratory costs amounted to 2.61% of the OC and raw materials
to 2.27%. The laboratory costs are within range, compared to
chemical plants, as indicated by Peters and Timmerhaus, whereas
raw material costs vary from the typical range of 10–60% of the
total product cost (2003). This comparably small share in this study
may be explained by the high facility-dependent costs for the
modelled fermentation due to the relatively small plant scale with a
fermenter scale of only 10m3. At a higher production and larger
plant scale, raw material cost shares usually increase, with the
absolute minimal production cost majorly caused by the raw
material costs of the main substrates (Banat and Thavasi, 2018).
An economic analysis for sophorolipid fermentation at a scale of
19,832 m3 estimates up to 89% of the operation costs for raw
materials (Ashby et al., 2013). The smallest shares of operation
costs in the CL model were caused by consumables and waste
disposal at 0.08% and 0.08%, respectively. However, it must be
noted that only the disposal cost for the alkaline water used for
reactor cleaning was considered. For consumables in biorefineries
in general, values between 1% up to 14% of operation costs are
usually spent (Jorissen et al., 2020).

3.4 Sensitivity Analysis (Scenarios, Derived
From 3.2)
Based on the analysed overall process economics of the basic
scenario, different scenario variations were simulated in order to
assess the optimisation potential for CL fermentation. The effect
of variation of the different parameters listed in Table 2 on the
UPC of CL is presented and discussed in relation to potential
process optimisation approaches in the following.

3.4.1 Variation of Fermentation Duration,
Concentration, and Yield
The fermentation duration of the production culture was set to
14 days in our basic scenario, based on our internal experimental
data. The glucose fraction obtained from sucrose hydrolysis is
usually consumed after approx. 5 days of fermentation at a
starting level of 100 gL−1 sucrose. After that, fructose is
metabolized at lower rates compared to glucose and is
completely consumed after up to 14 days and with lower CL
production rates (own experimental data, not shown). This shows
that higher CL concentrations are achieved after longer
fermentation durations at lower productivity rates. To design
an economic process, it is therefore essential to compare the effect
of a high concentration to the effect of shorter duration on
process economy since a combination of both is not achievable.
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FIGURE 2 | Unit production cost (UPC) per kg CL, normalized to the UPC for the basic scenario (14 days fermentation, 10 g L−1 CL at a yield of 0.2 g g−1),
compared to different fermentation durations (A), different CL concentrations (B) and yields (C). (D) Surface cubic spline interpolation and simulated data points for the
UPC at different fermentation durations and CL concentrations. The simulated data points are illustrated as black circles.
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Reducing the fermentation duration from 14 to 5 days in our
model allowed more batches per year. This increased the plant’s
productivity while the investment costs remained the same and
only the operation costs increased, thus resulting in a reduction in
UPC (Figure 2A). Assuming the same CL concentration of
10 g L−1, an increase in fermentation duration results in a
linear increase in UPC. To assess the effect of higher
concentrations, three higher concentrations were further
calculated for the standard fermentation duration of 14 days
(Figure 2B). Here, a fed-batch process had to be simulated to
obtain the higher concentrations at the same yield of 0.2 and with
50 g L−1 glucose in the initial medium. Depending on the needed
feeding rate, the initial volume had to be decreased for these
scenarios. An increase of CL concentration to only 20 g L−1

resulted in a reduction of 47% of UPC, almost as much as the
reduction of fermentation duration to 5 days. A larger decrease in
UPC could theoretically also be achieved, in a batch process, if the
product yield was increased to 0.45 g g−1, also resulting in a CL
concentration of 22.5 g L−1 (Figure 2C). The decrease in UPC is
higher when increasing the substrate yield instead of feeding
more substrate, mainly because of the smaller vessel sizes for DSP
and thus the lower PC. With a higher CL yield at the expense of
biomass yield, the pellet size that needs to be purified is smaller
than the pellet in a fed-batch process where the biomass yield
remains the same. Thus vessels needed for DSP are smaller, the
needed solvent amount for extraction and the amount of CL
entrapped in the biomass pellet after extraction are less. The
contribution of the additional substrate cost, in that case, has a
less significant effect.

This result contradicts common literature data, where usually
the substrate costs take a significant share of operation costs
(Ashby et al., 2013; Cheng et al., 2017; Klein et al., 2017; Wang
et al., 2020). However, the plant capacity modelled in this case

study can easily explain this apparent contradiction. At a
fermenter size of only 10 m3, the revenues cannot be in a
positive relation to the investment costs, especially not at such
low concentrations of CL. Regular production plants would have
much larger capacities, and the scaling effect would decrease the
share of depreciation and PC-related expenses in favour of an
increase in the share of running costs like substrate consumption.
Therefore, although an increase in yield is limited to a maximum
of 0.45 g g−1, for future perspective, it would be advisable to aim at
reaching this maximum CL yield as well. This could be achieved
either by genetic modification, for instance, or by fermentation
media adaptation (Banat et al., 2010).

When comparing the effect of a shorter fermentation duration
to the effect of higher CL concentrations on UPC, favouring one
option over the other is not trivial, and combining both aims
cannot be achieved in practice. As previously shown in Section 3.1,
CL concentrations higher than 22.5 g L−1 can only be achieved
through a fed-batch process. On the other hand, substrate
consumption rates show that the initial glucose (at a starting
level of sucrose of approx. 100 g L−1) is completely consumed
after approx. 5 days, and the fructose even later. This means
that a fed-batch process cannot be implemented for such short
fermentation durations and would be only applicable for longer
fermentation durations. Therefore, to identify the most promising
parameter combination for an economic fermentation process that
can be realised, 16 data points were simulated and a cubic spline
interpolation was calculated with Origin (Figure 2D).

Comparing both the effect of time variation and concentration
on UPC, it is apparent that an increase in CL titer results in a
larger reduction in UPC compared to a decrease in fermentation
duration. This is especially the case at lower CL concentrations.
The higher the CL titer, the less the decrease in UPC. This is due
to the additional equipment PC needed for larger DSP units like

FIGURE 3 | (A) Distribution of utility costs for electricity, steam and chilled water used for cooling amongst all fermentation and purification units, as percent of
overall utility consumption costs. Shares below 3% are not labelled in the diagram. (B)UPC of the basic scenario at a power input of 1 kW m3 for agitation and an aeration
rate of 1 vvm compressed air, compared to scenario 11 with 0.1 kW m3 and scenario 10 with 0.1 vvm.
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solvent vessels and extraction tanks. On the other hand, the effect
of fermentation duration is linear, as no additional costs are
needed for shorter fermentation durations, but more batches per
year can be operated, and thus the plant’s capacity can be
increased. In other words: approximately the same reduction
in UPC can be achieved by reducing the fermentation duration
from 14 to 5 days with a titer of 10 g L−1 or by doubling the
concentration from 10 to 20 g L−1 at the same fermentation
duration of 14 days.

3.4.2 Variation of Aeration Rate and Power Input for
Agitation
Utility costs, making up the highest share in OC of the process-
parameter dependent cost categories, are mainly caused by
electricity consumption during fermentation (Figure 3). In a
TEA of a rhamnolipid production process, Moutinho et al. also
showed that electricity demand makes up a major share of
variable costs (2021). In our model the major share of
electricity cost is taken up by the compressor used for
fermenter aeration, followed by the consumption of the stirrer
engine for fermenter agitation. In aerobic fermentation processes,
both the agitator and stirrer are used to supply the medium with
the oxygen needed by the microorganisms. Gas bubbles are
introduced to the liquid via a gas sparger, the agitator. Then
they are dispersed into smaller bubble sizes to provide a larger
surface for oxygen transfer from the gas, into the liquid phase and
to the microorganisms (Doran, 2013). The stirrer is further used
for medium homogenization. The minimum power input to the
stirrer and the aeration rate are limited by the oxygen demand of
the microorganisms.

Based on the high contribution of both the stirrer and aeration
compressor to utility consumption, a reduction in both or either
should result in a reduction in operation costs. Reducing the
power input from the initial 1 to 0.1 kWm3 and the agitation rate

from 1 to 0.1 vvm however resulted only in a slight decrease in
UPC of less than 1% and 4%, respectively (Figure 3). This can be
explained by the overall low share of utility costs to the overall OC
of less than 5.5%. Nonetheless, considering environmental
aspects, reducing electricity consumption during fermentation
should be aspired. Emissions to the environment due to electricity
generation seem to have a high share in environmental impact in
biosurfactant fermentations (Aru and Ne, 2018; Kopsahelis et al.,
2018). Therefore, for experimental optimisation, both power
input and aeration rate should be adjusted to only cover the
microorganism’s oxygen demand without providing an excess in
oxygen supply. Fermentation studies show a non-constant
oxygen demand during CL fermentation (Oraby et al., 2020).
Thus, a stepwise gas supply cascade can be applied, with high
oxygen supply during exponential growth and reduced supply
afterward and in the lag phase. This would result in an overall
reduction of utility demand for oxygen supply.

To design such a gas supply cascade, maximal oxygen demand
by the microorganisms (OURmax) needs to be determined
experimentally in a first step. Complementary to adapting the
oxygen supply to the oxygen demand, the choice of a sparger unit
can further result in a decrease in power consumption due to
agitation and aeration. Using a ceramic sparger unit with small
pore sizes, instead of traditional aeration rings, proved to be a
viable option to reduce the power input in a 10 L fermenter
without compromising the oxygen supply to the microorganisms
(exemplary kLa values are shown in Supplementary Table S3).
This shows that decreasing the electricity demand for agitation
and aeration can easily be achieved by a better understanding of
the fermentation process and adequate design of air supply
cascades.

3.4.3 Comparison of Different Purification Processes
The commonly applied purification method for CL is solvent
extraction (Hammami et al., 2008; Morita et al., 2011; Günther,
2014). In our basic scenario, we modelled a DSP process using
ethanol to extract CL. Here, the ethanol is added to the pellet in a
ratio of 2 gEtOH·gPellet−1. The pellet contains after separation
approx. 80% water and only about 10% CL and 10% biomass.
This results in massive consumption of ethanol per g CL during
extraction. Consequently, due to the large volumes, EtOH
amounts for the largest share (>40%) of material costs
(Figure 4). A reduction of the amount of used ethanol is not
feasible because of the high water content in the pellet. Internal
solubility examinations using a saturation shake-flask method
adapted after (Baka et al., 2008) showed a decrease in CL
solubility in ethanol at water contents above 40% (results not
shown). Therefore, to ensure maximal CL solubility at room
temperature, a minimal amount of 2 gEtOH·gPellet−1 has to be used
for extraction.

If an ethanol-free purification method, namely CL hydrolysis
and purification via pH shift, is applied, material costs can be
reduced by approx. 38% (Figure 4). The amount for all media
components remains the same, except for NaOH and H2SO4,

used instead of ethanol. These however result in overall lower
material costs compared to the costs of ethanol. Together with
an associated reduction in equipment PC, since no evaporation

FIGURE 4 | Distribution of raw material cost-shares on the different
chemicals and substrates used for fermentation and DSP. The cost shares of
the basic scenario are indicated via the black columns and the cost shares for
scenario 12, applying the DSP method using alkaline hydrolysis and
precipitation to CL-A, are indicated in blue. The column “Et-OH/NaOH (CL-A)"
indicates the cost shares of ethanol, for the basic DSP method and the cost
shares for NaOH in scenario 12.
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and condensation would be needed, a total reduction in UPC by
approx. 18% can be achieved by using the DSP method via pH
shift. However, it has to be noted here that this would result in a
different CL structure (CL-A), which needs to be considered
when choosing the adequate purification method. Another
means to reduce raw material costs is recirculating the
evaporated ethanol after its condensation and reusing it for
CL extraction.

3.4.4 Comparison of Different Fermentation Media
Compositions
The choice of fermentation media components can affect both
biomass growth and CL formation, as well as process
economics. One approach for fermentation media
optimisation is following experimental design techniques
(Banat et al., 2010). Although highly beneficial, such
examinations require many experiments and are very time-
consuming. At the same time, economic considerations are
usually neglected in such approaches. Considering economic
factors of individual media constituents may limit the number
of necessary experiments, especially if the omission of
unnecessary media components is aspired by the
experimental design. Here, the omission of more costly
components first may reduce the number of needed
experiments that have the most significant effect on both
process economy and growth and CL formation.

The distribution of raw material cost shares shows that
fermentation media components have comparably low shares
(Figure 4), with both glucose and mineral salts contributing with
approx. 16% and 18% each. Substituting glucose with other
carbon sources originating from waste materials such as agro-
industrial side streams may be a feasible option for cost reduction
(Banat et al., 2010). However, mineral salts are necessary for both
growth and CL formation and can therefore not be omitted
(Oraby et al., 2020). The complex PD-N medium is needed
for seed fermentation and cannot be omitted. All other media
components used for the production culture have a rather small

contribution to raw material costs. However, the preparation of
individual media component groups may require additional
equipment or consumables.

Consumable costs account for only 0.08% of OC, of which
filter cartridges used for sterile filtration of media components
amounted to 97%, while the rest was calculated for shaking
flasks used for seed culture cultivation. Looking closer at the
used media components, it is evident that only heat-labile
vitamins need to be sterile filtrated, while the rest of the
components can be heat sterilised. Heat sterilisation does not
require any additional consumable materials and can be done in
regular tanks. This means that although vitamins have a
negligible share in raw material costs, their omission from
the fermentation medium would result in a cost reduction
since filters and filter cartridges for sterile filtration will not
be needed. A decrease of up to 2.7% in unit production cost can
be achieved by omitting vitamins from the fermentation
medium (Figure 5B). However, this decrease is only valid if
CL production is not affected by the lack of vitamins in the
fermentation medium. This proved to be the case when
comparing CL productivity with Sporisorium scitamineum on
the same mineral salt medium with and without vitamins
(Oraby et al., 2020). Here, both biomass and CL
concentrations were only slightly lower when cultivated
without vitamins. This also applies to other yeasts, including
Ustilago maydis, which do not need vitamins for their growth
(Burkholder et al., 1944; Kurtzman et al., 2011). Shaking flask
experiments with Sporisorium scitamineum andUstilago maydis
underlined these results and showed that the omission of
vitamins may decrease the side-product formation of
erythritol (Supplementary Figure S1; Supplementary Table
S4). These results show that omitting vitamins from the
fermentation medium is a promising means to reduce
production costs. It has to be noted, though, that a chelating
agent, like citric acid, needs to be added to the trace element
components used here to prevent the precipitation of iron after
heat sterilisation.

FIGURE 5 | (A) Distribution of operation costs for the basic scenario and scenario #13 utilizing a fermentation medium without vitamins, as % of overall operation
costs. (B) Normalized UPC of the basic scenario with mineral salt medium, including vitamins, compared to scenario 13 utilizing the same mineral salt medium without
vitamins.
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3.4.5 Assessment of Overall Cost Optimisation
Potential
Simulation of scenarios 1 to 12 show that increasing the CL
concentration and yield, decreasing the fermentation
duration, the agitation and aeration rate, using a DSP
process without solvents, and omitting vitamins from the
fermentation medium all have positive effects on the process
economy. In scenario 13, variations of all these parameters
were combined and defined as the best-case scenario
according to the current state of the art in CL
fermentation and showed a possible decrease in UPC of
more than 77%. In addition to the reduction in UPC, a
significant shift in OC distribution was further observed
in the best-case scenario results. Especially the share of
labour dependent costs and raw materials became more
significant, increasing from 17 to 22% and from 2 to 8%,
respectively. This highlights that the further developed/
optimized the process becomes, the more important high
yields and low raw material/substrate consumption get. This
also applies to the scaling effect. A larger fermentation scale
and production capacity would result in overall lower UPCs,
but the share of raw material/substrate would become even
more significant.

At this point, when process-specific optimisation approaches
have been exhausted, more general optimisation approaches can
lead to further cost reductions. Pinch analysis, for instance, can be
performed to decrease energy consumption since the
fermentation and purification processes contain various heat-
consuming systems that could be used for heat recovery. Another
possibility for further cost reduction is switching from batch to a
continuous process. Here, less labour is required, and equipment
control is simplified (Peters and Timmerhaus, 1991). However,
this would require further experimental examinations. A further
approach for overall cost reduction is the establishment of
multiproduct systems, in which all material inputs and outputs
are completely used to generate more profit (Kwan et al., 2018). In
the case of CL, using the remaining biomass after CL purification
as animal feed or the remaining fructose for the production of
purified fructose syrup, for instance, may be a beneficial solution
for additional profit generation. However, such general
optimisation approaches do not target process optimisation as
aimed with our approach, but rather overall economic
optimisation.

4 CONCLUSION

The obtained results underline the great potential of process
simulation and economic evaluation as a driver for experimental
design for process optimisation in early development stages.
Comparison of different scenarios of a CL fermentation in a
10 m3 scale enabled prioritising the research directed at certain
optimisation approaches. For CL, a decrease in fermentation
duration, high CL concentrations and yields, a decrease in

agitation and aeration rate, the choice of purification method,
and utilizing a mineral salt medium with only heat sterilisable
components were all identified as parameters affecting process
economy. Especially the effect of the different media on the
process economy could not have been predicted without
economic evaluation. Furthermore, using stoichiometric
calculations based on our laboratory data to describe CL
fermentation with an Ustilago maydis strain, we were able to
calculate the maximum possible CL yield YP/S of
0.45 gCL·gglucose−1 that can be achieved at the biomass yield of
0.10 gBiomass·gglucose−1. This result serves as a foundation for
considerations on feeding approach designs to increase CL
concentrations in the fermenter.
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Synergistic Activity of Rhamnolipid
Biosurfactant and Nanoparticles
Synthesized Using Fungal Origin
Chitosan Against Phytopathogens
Bhoomika M. Karamchandani1, Priya A. Maurya1, Sunil G. Dalvi 2*, Samadhan Waghmode3,
Deepansh Sharma4, Pattanathu K. S. M. Rahman5,6, Vandana Ghormade7 and
Surekha K. Satpute1*

1Department of Microbiology, Savitribai Phule Pune University, Pune, India, 2Tissue Culture Section, Vasantdada Sugar Institute,
Pune, India, 3Department of Microbiology, Elphinstone College, Mumbai, India, 4Amity Institute of Microbial Technology, Amity
University Rajasthan, Jaipur, India, 5TeeGene and TARA Biologics, Life Science Accelerator, Liverpool School of Tropical
Medicine, Liverpool, United Kingdom, 6Centre for Natural Products Discovery, School of Pharmacy and Biomolecular Sciences,
Liverpool JohnMoores University, Liverpool, United Kingdom, 7Nanobiosciences Group, Agharkar Research Institute, Pune, India

Phytopathogens pose severe implications in the quantity and quality of food production by
instigating several diseases. Biocontrol strategies comprising the application of
biomaterials have offered endless opportunities for sustainable agriculture. We
explored multifarious potentials of rhamnolipid-BS (RH-BS: commercial), fungal
chitosan (FCH), and FCH-derived nanoparticles (FCHNPs). The high-quality FCH was
extracted from Cunninghamella echinulata NCIM 691 followed by the synthesis of
FCHNPs. Both, FCH and FCHNPs were characterized by UV-visible spectroscopy,
DLS, zeta potential, FTIR, SEM, and Nanoparticle Tracking Analysis (NTA). The
commercial chitosan (CH) and synthesized chitosan nanoparticles (CHNPs) were used
along with test compounds (FCH and FCHNPs). SEM analysis revealed the spherical
shape of the nanomaterials (CHNPs and FCHNPs). NTA provided high-resolution visual
validation of particle size distribution for CHNPs (256.33 ± 18.80 nm) and FCHNPs
(144.33 ± 10.20 nm). The antibacterial and antifungal assays conducted for RH-BS,
FCH, and FCHNPs were supportive to propose their efficacies against phytopathogens.
The lower MIC of RH-BS (256 μg/ml) was observed than that of FCH and FCHNPs
(>1,024 μg/ml) against Xanthomonas campestris NCIM 5028, whereas a combination
study of RH-BS with FCHNPs showed a reduction in MIC up to 128 and 4 μg/ml,
respectively, indicating their synergistic activity. The other combination of RH-BS with
FCH resulted in an additive effect reducing MIC up to 128 and 256 μg/ml, respectively.
Microdilution plate assay conducted for three test compounds demonstrated inhibition of
fungi, FI: Fusarium moniliforme ITCC 191, FII: Fusarium moniliforme ITCC 4432, and FIII:
Fusarium graminearum ITCC 5334 (at 0.015% and 0.020% concentration). Furthermore,
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potency of test compounds performed through the in vitro model (poisoned food
technique) displayed dose-dependent (0.005%, 0.010%, 0.015%, and 0.020% w/v)
antifungal activity. Moreover, RH-BS and FCHNPs inhibited spore germination
(61–90%) of the same fungi. Our efforts toward utilizing the combination of RH-BS
with FCHNPs are significant to develop eco-friendly, low cytotoxic formulations in future.

Keywords: agriculture, biosurfactant, Cunninghamella, chitosan, chitosan nanoparticles, phytopathogens

1 INTRODUCTION

The agricultural sector faces the demand for enhanced
productivity to meet the ever-increasing needs of a growing
population. The increased global population has disrupted the
balance between production and demand, thereby affecting the
availability of food. As a consequence, comprehensive
agricultural production must be improved by 70% (Gu et al.,
2021). Although the agricultural sector is advancing, it is still
challenging to satisfy the demands of the starving population
across the globe. Crop productivity is affected by a number of
factors, including environmental changes, extreme weather,
global warming, and disease outbreaks. Approximately $220
billion is lost annually through the outbreak of diseases caused
by several pathogens (bacteria, fungi, and viruses). Population
growth and an increase in the food supply have led to the
enormous use of agrochemicals by farmers (Maluin and
Hussein, 2020). The current market size of the agrochemical
industry is USD 220 billion and expected to become USD 340
billion in 2027 (compound annual growth rate [CAGR] of ~3%)
over the forecast period of 2021–2027 (Global Agrochemicals
Market1). Nonetheless, excessive chemical use creates serious
concerns, as it pollutes water and air and releases greenhouse
gases (Pestovsky and Martinez-Antonio, 2017). Subsequently,
this scenario generates innumerable sources of hazards for
human health and the environment. In order to overcome
these numerous challenges, an eco-friendly sustainable
approach is obligatory for the agriculture sector.

The green approach involves the use of multifunctional
biomolecules like biosurfactants (BSs), chitosan (CH), and
chitosan-derived nanoparticles (CHNPs) mainly due to their
biocompatible nature. The BSs (Sachdev and Cameotra, 2013),
CH, and CHNPs (Malerba and Cerana, 2018;Mazzotta et al., 2022)
have been explored for plant growth promotion and as biocontrol
agents. BSs have been investigated for enhancing nutrient
availability to plants, encouraging symbiotic associations, and
improving soil health through the bioremediation of heavy
metals, hydrocarbons, and other contaminants (Kumar et al.,
2021). The BSs are nontoxic, biodegradable, and eco-friendly
molecules that exhibit exceptional antimicrobial potential.
Consequently, the wide applicability in improved crop and food
safety certifies the BS-based biocontrol formulation in sustainable
crop management strategies (Sharma, 2021). The antimicrobial

potential of BSs can be broadened with other biomaterials like CH
and CHNPs for innovative applications. Chemically, CH is the
deacetylated derivative of chitin consisting of β-(1,4)-2-acetamido-
2-deoxy-D-glucose and β-(1,4)-2-amino-2-deoxy-D-glucose units.
The CH biopolymers originated from crustacean and fungal
sources (FCH) are commercially valued product. Fungi of the
Zygomycetes group efficiently convert chitin to CH by an
enzyme—chitin deacetylase. FCH produced by Zygomycetes
fungi is vastly recognized due to their high degree of
deacetylation (DDA) and solubility. Additionally, the
homogenous polymer length of FCH proposes abundant
advantages over crustacean CH (Ghormade et al., 2017). CH
and FCH are being explored continuously due to their broad-
spectrum antimicrobial potential (Karamchandani et al., 2022).
The matrix of these biopolymers functions as a shielding reservoir
for the release of active ingredients by protecting them from the
surrounding environment and controlling the release of
agrochemicals (Cota-Arriola et al., 2013). CH biomolecule is
also an active plant elicitor with massive antimicrobial potential.
The well-appreciated biopolymer enables the delivery of
agrochemicals and prevents postharvest decay (Karamchandani
et al., 2022). Nanomaterials due to their unique structure, chemical
composition, small particle size, and solubility have attracted the
scientific fraternity, particularly for the purpose of agrochemicals.
It is now more than past three decades that NPs have received
considerable acceptance due to their exceptional functional
attributes (Staroń and Długosz, 2021). Currently,
nanotechnology stands as one of the most promising
approaches to overcome the shortcomings of conventional
agrochemicals and protecting crops successfully. The CH-
derived CHNPs have superior antimicrobial action as compared
to bulk materials due to their polycationic nature (Hosseinnejad
and Jafari, 2016). In 2016, Sathiyabama and Parthasarathy reported
that FCH and FCHNPs pose employability for formulation/
products due to their adsorption abilities, biocompatibility,
biodegradability, nontoxicity, and cost-effectiveness.

The agricultural sector needs to explore nano-empowered
solutions to meet the food requirements in the global
framework (Pestovsky and Martínez-Antonio, 2017). Our
recent overview on CH and its derivatives facilitated in the
realization of their promising role in averting fungal diseases
of crops (Karamchandani et al., 2022). The protocols and
nanoagrochemicals are to be well thought out for multifarious
molecules discretely and/or in combination (Kah and Kookana,
2020). The combination of BS with FCH and/or FCHNPs
undoubtedly offers superlative applications in agriculture.
After a thorough literature survey, we realized that there is no

1https://www.prnewswire.com/news-releases/global-agrochemicals-market-2021-
to-2027.
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solitary report on RH-BS in combination with FCHNPs
synthesized from FCH of C. echinulata. In view of this
background, we explore the multifunctionalities of
commercially available RH-BS and synthesized FCHNPs
against phytopathogens associated with citrus, wheat, and
sugarcane, etc. First, FCH was extracted from C. echinulata
NCIM 691 and used for the synthesis of FCHNPs. We have
also characterized FCH and FCHNPs meticulously to assure their
authenticity. The antibacterial and antifungal activities of FCH
and FCHNPs were investigated individually and in combination
with RH-BS. Inhibition of fungal phytopathogens was also
demonstrated through poisoned food technique and spore
germination assays to propose innovative applications of RH-
BS and FCHNPs in agriculture.

2 MATERIALS AND METHODS

2.1 Microorganisms: Fungal Culture and
Phytopathogens
All the microbial cultures used in the study were procured from
various repositories in India. The fungus Cunninghamella echinulata
NCIM 691 and the bacterium Xanthomonas campestris NCIM 5028
were procured from the National Collection of Industrial
Microorganisms (NCIM), Pune, Maharashtra, India. The
ecologically heterogeneous and predominantly terrestrial fungus C.
echinulataNCIM691was used for the extraction of FCH from its cell
wall. Furthermore, extracted FCH was used to synthesize FCHNPs.
The bacterial phytopathogen X. campestris NCIM 5028 was used for
antibacterial assays. Other three fungal phytopathogens (labeled as FI,
FII, and FIII), namely, FI: Fusarium moniliforme Sheldon ITCC 191,
FII: Fusarium moniliforme Sheldon ITCC 4432, and FIII: Fusarium
graminearum Schwabe ITCC 5334 were procured from the Indian
Type Culture Collection (ITCC), Delhi, India, and used for antifungal
assays (poisoned food technique and inhibition of spore
germination). All the cultures were grown and maintained in
media and growth conditions as per supplier’s instructions.

2.2 Materials
The rhamnolipid-BS (RH-BS) was purchased from AGAE
Technologies, United States. The RH-BS is composed of a
mixture of mono- and di-rhamnolipid having a purity of 90%.
Sodium tripolyphosphate (TPP) and commercial chitosan: CH
(molecular weight = 50–190 kDa, degree of deacetylation
75%–85%) were purchased from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany). The other materials used were of
analytical grade. Pure quality and dehydrated media like malt
extract glucose yeast extract peptone (MGYP), potato dextrose
broth/agar (PDB/PDA), Mueller–Hinton broth/agar (MHB/
MHA), and Luria–Bertani broth (LB) were purchased from
HiMedia (Mumbai, India).

2.3 Extraction of Fungal Chitosan From
C. echinulata
The fungal culture C. echinulata NCIM 691 was revived by
growing in potato dextrose broth (PDB). Further conditions

were set to extract FCH from the fungal mycelia using the
alkali-insoluble method (Pochanavanich and Suntornsuk,
2002). First, C. echinulata NCIM 691 was grown on potato
dextrose agar (PDA) medium for up to 7 days. Furthermore,
the culture was scraped gently in phosphate buffer saline (PBS) to
prepare the spore suspension (1.0 × 108 spores/ml). The spore
suspension was inoculated in 250 ml Erlenmeyer flasks
containing 100 ml of PDB and were incubated at 30°C for 16 h
on a rotatory shaker (180 rpm). Next day, about 7.5% (v/v) of 16 h
old inoculum was added aseptically to the 500 ml Erlenmeyer
flasks with 200 ml of the sterile PDB. The flask was kept on a
rotary shaker (180 rpm) at 29 ± 1°C for 12 days. The fungal
biomass was initially separated from the media by filtration
(Whatman filter paper, Grade No. 1—size 110 mm) and dried
until the homogenous weight was obtained. The dry weights of
the biomasses were noted, and then alkaline treatment was
carried out using 1 N NaOH (1:30 w/v). This process helped
in the removal of proteins and glucans from the alkali-treated
supernatant. Subsequently, the solution was autoclaved at 121°C
for 15 min. The alkali-insoluble material was centrifuged at
10,000 rpm for 15 min (Kubota AG-5006A, Tokyo, Japan).
Post centrifugation, distilled water was added accordingly to
reduce the pH up to 7.0. The obtained substance was dried
further in a hot air oven at 60°C until a constant weight was
achieved. This step was followed by the treatment of acetic acid
(1% v/v) to the insoluble mass and was kept in a hot water bath
(95°C) for 5 h. This imperative step dissolved the FCH
components and was followed by centrifugation at 10,000 rpm
for 20 min. The supernatant was collected and treated with 2 N
NaOH to bring the pH up to 10.0. This was followed by another
round of centrifugation at 10,000 rpm for 20 min, and the pellet
was collected. This extracted FCH was washed multiple times
with distilled water followed by 95% ethanol (1:20) and further
with acetone (1:20). The extract was kept for drying in a hot air
oven at 60°C until the homogenized weight could be obtained.
This extract of FCH was ready for the synthesis of FCHNPs and
stored at 4°C until further use.

2.3.1 Synthesis of Chitosan Nanoparticles From
Fungal Chitosan of C. echinulata
The FCH extracted from the fungus C. echinulataNCIM 691 was
employed to synthesize FCHNPs through the ionic gelation
method as described by de Carvalho et al. (2019). Briefly, FCH
was dissolved in 2 mg/ml acetic acid (1% v/v), and pH was
adjusted to 5.0. The solution of sodium tripolyphosphate
(TPP) was prepared in distilled water at 0.1% (w/v). About
5 ml of TPP solution was added to 15 ml of the FCH. This
quantification of solutions depicts the ratio of 3:1 for CH:TPP
(de Pinho Neves et al., 2014). The TPP solution was filtered
through a 0.2 µm membrane filter (Pall Life Sciences, USA) and
was added to FCH solution dropwise under stirring conditions
using a magnetic stirrer at 700–800 rpm (room temperature) to
obtain a clear solution (de Carvalho et al., 2019). After the
complete addition of TPP, the solution was left under stirring
for another 30 min. The positively charged amino acid group of
FCH interacts with the negative charge of TPP resulting in the
ionotropic gelation reaction. The ionic gelation method of FCH
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synthesis initiated with meshwork formation upon TPP addition
and enabled the synthesis of FCHNPs. Afterward, the solution
was centrifuged at 10,000 rpm for 20 min (Khoerunnisa et al.,
2021). The FCHNPs were obtained in the form of precipitate and
subsequently washed twice with distilled water to remove the
unreacted substances. The purified FCHNPs were then freeze-
dried and stored at 4°C until further use. A similar protocol was
used to synthesize CHNPs from commercial CH (Sigma-Aldrich,
Merck KGaA, Darmstadt, Germany). The physicochemical
characterization of FCH and FCHNPs was carried out using
various analytical techniques as mentioned in the following
sections. We had included commercial CH and its synthesized
CHNPs as references to analyze and compare the data for FCH
and FCHNPs, respectively.

2.3.2 Physicochemical Characterization of Fungal
Chitosan and Chitosan Nanoparticles
The FCH and FCHNPs were characterized using the following
analytical techniques: 1. UV-visible spectroscopy, 2. Dynamic
Light Scattering (DLS), 3. Zeta potential, 4. Fourier Transform
Infra-Red Spectroscopy (FTIR), 5. Scanning Electron Microscopy
(SEM), and 6. Nanoparticle Tracking Analysis (NTA). All the
samples were prepared and used as per the requirements of the
corresponding technique. Appropriate reference samples were
also included in the particular analytical techniques.

2.4 UV-Visible Spectroscopy
The UV-visible spectrophotometry (UV–Vis) is a routinely used
technique for the quantitative determination of analytes,
chemicals, and biological macromolecules. The UV-visible
spectra of FCH and FCHNPs were recorded using a Jasco V-
770 Spectrophotometer (JASCO Deutschland GmbH,
Pfungstadt, Germany) to confirm the absorption spectra in the
range of 200–800 nm (Agarwal et al., 2018; Khoerunnisa et al.,
2021). This analytical tool was employed to examine FCH and
FCHNPs samples which were also compared with CH and
CHNPs.

2.5 Dynamic Light Scattering and Zeta
Potential
Dynamic light scattering (DLS) is the most widely used technique
to determine the hydrodynamic diameter of NPs and afford
evidence on the aggregation state of NPs in solution. The
technique determines the average particle size on a high-
performance particle Zetasizer HPPS-5001 (Malvern, UK). The
CH, CHNPs, FCH, and FCHNPs were analyzed in triplicate at
25°C at a scattering angle of 90°. Pure distilled water was used as a
reference dispersing medium. All the samples were dissolved in
0.5% acetic acid followed by sonication for 15 min in an
ultrasonicator (QSonica Sonicator, USA). Samples were then
rinsed with distilled water followed by filtration using a
syringe filter of 0.2 µm pore size (Pall Life Sciences, USA), and
the average particle size was analyzed in triplicates (Ghadi et al.,
2014).

The zeta potential of all the samples was measured using a
Zetasizer Nano (Malvern, UK) to manifest the effective electric

charge on the surface of NPs and quantify the charges. The
property of zeta potential depends on the surface charge which is
extremely significant for the stability of NPs in suspension. The
zeta potential is also a key feature during the adsorption of NPs at
the initial stage onto the membrane of any cell. After the
adsorption of NPs on the cell surface, the rate of their uptake
is dependent on the particle size. Thus, nanosize and zeta
potential contribute meaningfully to the toxicity of NPs. The
electrophoretic mobility of the samples assisted in depicting their
zeta potential.

2.6 Fourier Transform Infra-Red
Spectroscopy
Fourier transform infrared (FTIR) spectroscopy is a sensitive
technique that recognizes the presence of functional groups. The
technique is fairly suitable to identify and classify vital
biomolecules that can be employed for diverse applications.
The completely dried samples of FCH and FCHNPs were
examined. The structural analysis was carried out on a
spectrophotometer (Alpha II, Bruker, UK) in a wavenumber
range of 400–4,000 cm−1. FTIR spectra of all biomaterials were
attained by using 1 mg of sample. The spectrum was then
recorded and compared with the commercial CH and CHNPs
(Pawlak and Mucha, 2003; Divya et al., 2017). Confirmation of
scans was carried out to achieve a decent signal/noise ratio.

2.7 Scanning Electron Microscopy
The advancements in scanning electron microscopy (SEM)
empower the high-resolution imaging of biomaterials. Both the
nanoparticles (CHNPs and FCHNPs) were air-dried and were
mounted on silicon wafers to be used to divulge their size, texture,
and shape. The shape and surface morphology were determined
using the SEM setup of FEI Nova NanoSEM 450, USA. The
samples were dissolved in distilled water and placed on silica
wafers (Sigma-Aldrich, USA), which were allowed to dry
completely. Both the samples were then coated with gold and
observed at an acceleration voltage of 10.0 kV with the highest
magnification of ×50,000 (Anitha et al., 2009).

2.8 Nanoparticle Size Analysis
The size of the NPs was also confirmed through nanoparticle
tracking analysis (NTA). This technique employs light scattering
as well as Brownian motion to estimate NP size distribution of
samples. The size analysis of the NPs was carried out through
nanotracking analysis (NTA 2.3, UK) (Rahi et al., 2022). The
sample was loaded in liquid suspension into a chamber with a
laser beam for sample illumination scattering the laser light. The
NTA technique needs a sample in low volumes without any
sophisticated protocols for the sample preparation. The ×20
microscope objective was used to observe the images which
were captured using a digital camera. The camera captures a
video of the particles moving under Brownian motion. Several
particles individually and simultaneously (particle-by-particle)
are analyzed by NTA software. Hence, the NanoSight instrument
provided NP size in high resolution, concentration, and
aggregation measurements (count based) of CHNPs and
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FCHNPs. Concurrently, fluorescence mode provided specific
results for suitably labeled particles. The real-time monitoring
process helped to scrutinize the subtle changes in the particle
population characterization.

2.9 Application of Rhamnolipid
Biosurfactant, Fungal Chitosan, and
Synthesized Chitosan Nanoparticles in
Controlling the Selected Phytopathogens
This section dealt with evaluating the efficacies of the test
compounds—RH-BS (commercial), FCH (extracted), and
FCHNPs (synthesized) against selected phytopathogens. The
commercial CH and its synthesized CHNPs (by us in the
laboratory) were tested against four phytopathogens. X.
campestris NCIM 5028 (causative agent of black rot and
bacterial wilt, etc.) and three fungi: FI (causative agent of the
stalk rot, ear rot, and kernel rot of corn), FII (causative agent of
the stalk rot, ear rot, and kernel rot of corn), and FIII (causative
agent of the Fusarium head blight on wheat, barley, and other
grains) were included in the assays. The following experiments
from 1 to 3 were performed against the bacterium X. campestris
NCIM 5028. Experiment numbers 4 to 6 were performed against
three fungal pathogens (FI, FII, and FIII).

1. Determining the minimum inhibitory concentration of the test
compounds against X. campestris using microdilution assay.

2. Determining the synergistic activity of the test compounds
against X. campestris using checkerboard assay.

3. Evidencing antibacterial effect of the test compounds against
X. campestris using SEM.

4. Determining the antifungal activity of the test compounds
against three fungal phytopathogens using
microdilution assay.

5. Determining the efficacy of the test compound dosages against
three fungal phytopathogens through the poisoned food
technique.

6. Determining the efficacy of the test compounds in inhibiting
the spore germination of three fungal phytopathogens.

2.9.1 Determining Minimum Inhibitory Concentration
of the Test Compounds Against X. campestris Using
Microdilution Assay
The minimum inhibitory concentration (MIC) of three test
compounds, viz., RH-BS, FCH, and FCHNPs, was determined
against the bacterial pathogen X. campestris NCIM 5028. This
culture was grown in LB at 30°C, and after 48 h of incubation, the
bacterial suspension was prepared in MHB. The inoculum for the
microdilution assay was prepared by adjusting the optical density
(OD620) value equivalent to 108 CFU/ml (determined from a
calibration curve). The MIC for all the test compounds was
performed by broth dilution method in separate 96-well
microtiter plates (Zgoda and Porter, 2001). All three test
materials were dissolved in MHB at twice the concentration of
the final test compounds, with pH adjusted to 7.0. Furthermore,
100 µl of MHB was dispensed in each well of a microtiter plate

(Column 3–12) containing MHB only. Column 1 contained 100 µl
of dilute culture inoculum (OD adjusted) (asmentioned previously),
and Column 2 contained 100 µl of the medium broth (as a negative
control to monitor sterility). A multichannel pipette was then used
to transfer and mix the test compounds from Columns 12 (200 µl)
to 3, resulting finally a volume of 100 µl per well. The concentrations
between 2 and 1,024 µg/ml were achieved for all the three test
compounds through double dilutions serially fromColumns 12 to 3.
The absorbance of samples was measured at 620 nm at 0 and 48 h.
After completing the incubation period, the MIC was identified
from the well showing no visible growth in the presence of the test
compound. Thus, the lowest concentration of the test compound
inhibiting the visible growth of the organisms was documented as
MIC. Experiments were performed in triplicate, and the mean
values of three independent biological replicates were considered.

2.9.2 Determining the Synergistic Activity of the Test
Compounds Against X. campestris Using
Checkerboard Assay
The checkerboard assays were performed to investigate the
synergistic activity of all three test compounds (RH-BS, FCH,
and FCHNPs) against X. campestris NCIM 5028 by following the
protocols as described by Okoliegbe et al. (2021) and Mirzaei-
Najafgholi et al. (2017). Briefly, 24 h old culture of X. campestris
NCIM 5028 was inoculated into MHB and incubated at 30°C until
the exponential growth phase. Around 100 µl of each dilution of all
the test compounds (2 ×MIC, 1 ×MIC, 1/2, 1/4, 1/8, 1/16, 1/32, and
1/64 MIC) were dispensed to each row. Furthermore, 100 µl of the
second compound was added to the same or each row of the wells in
the direction perpendicular to the previous compound in different
dilutions in a 96-well plate. A two-fold diluted freshly prepared
solution of the test compound (at different concentrations) was
dispensed in a checkerboard array and inoculated with 108 CFU/ml
of the bacterial suspension. The well without any test compound was
considered the positive control. The well with the growth medium
without inoculum and the test compound was used as the negative
control. After incubation at 30°C, plates were examined for visual
turbidity using the microplate reader (Spectra Max M2, USA). A
fractional inhibitory concentration index (FICI) of both
combinations (RH-BS + FCH and RH-BS + FCHNPs) is
calculated (Konaté et al., 2012) using the following formula:

FICI � FICA+FICB,

FICI � MIC of Test Compound A combined
MIC of Test Compound A alone

+MIC of Test Compound B combined
MIC of Test Compound B alone

.

Interaction between combinations of two test compounds is
evaluated if the FIC index was: ≤0.5, synergistic; 0.5 < FICI <1,
additive; 1 < FICI ≤4, indifferent and FICI >4, antagonistic.

2.9.3 Evidencing Antibacterial Effect of the Test
Compounds Against X. campestris using SEM
The SEM was performed to evident the effect of all the three test
compounds (RH-BS, FCH, and FCHNPs) on X. campestris NCIM
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5028. The protocol for the same was adopted from Fischer et al.
(2012). Cells of X. campestris were grown for 24 h at 30°C in MHB.
About 108 CFU/ml cells were treated at their respective MIC of the
test compound for 24 h at 30°C. The cells without the treatment of
the test compounds were encompassed as a negative control. This
enabled us to distinguish themorphology of theX. campestrisNCIM
5028 cells in the presence (test) and absence (control) of the test
compounds. The treated cells were washed with PBS by centrifuging
at 10,000 rpm for 15 min. The cell pellet obtained after
centrifugation was treated overnight with 2.5% glutaraldehyde
(Sigma-Aldrich, USA) at 4°C. The next day cells were washed (to
remove glutaraldehyde) with PBS by centrifugation at 10,000 rpm
for 15min followed by the ethanol treatment. The first dehydration
step was achieved by taking water:ethanol in the ratio of 90:10 and
incubating for 15min, which were then centrifuged at 10,000 rpm at
4°C. The same steps were repeated several times with the different
proportions of water and ethanol in the ratio of 80:20, 60:40, 40:60,
20:80, and 10:90, and finally with 100% ethanol. The treated cells
were loaded on silica wafers (Sigma-Aldrich, USA), and furthermore
ethanol was evaporated completely overnight. The SEM images of
the dried sample were analyzed using Nova Nano SEM 450
instrumentation facility (USA) under ×50,000 magnification.

2.9.4 Determining the Antifungal Activity of the Test
Compounds Against Three Fungal Phytopathogens
Using Microdilution Assay
The MIC of all three test compounds (RH-BS, FCH, and
FCHNPs) was evaluated against three selected fungi FI, FII,
and FIII. The different concentrations (0.005%, 0.010%,
0.015%, and 0.020% w/v) of the test compounds were
considered to determine their antifungal activity. In the
microtiter plate, we added the test compound (20 µl) with
PDB (120 µl) and 10 µl homogenous fungal suspension (1.0 ×
108 spores/ml). The commercial fungicide carbendazim (CBD)
(Sigma-Aldrich, USA) of similar concentrations was used as a
positive control. The CBD is a commercial, broad-spectrum
fungicide popular for controlling several dreaded fungi
associated with cereals and fruits like citrus, pineapples,
strawberries, and bananas. First, plates were placed in a
refrigerator (at 4°C for 1 h) for initial prediffusion and to
achieve homogeneous diffusion of the test biomaterials in the
surrounding medium in the agar plate. Furthermore, plates were
removed from the refrigerator and placed in an incubator (29 ±
1°C for 5 days) for optimum growth. After 5 days of completing
the incubation period at 29 ± 1°C, each well was observed with
naked eyes under the bright light for fungal mycelial growth
(Elshikh et al., 2016; Chopra et al., 2020).

2.9.5 Determining the Efficacy of the Test Compound
Dosages Against Three Fungal Phytopathogens
Through the Poison Food Technique.
This technique was carried out to confirm the efficacy of all the
test compounds (RH-BS, FCH, and FCHNPs) (Saharan et al.,
2013) against three Fusarium species (FI, FII, and FIII).
Different doses (0.005%, 0.010%, 0.015%, and 0.020% w/v)
of all test compounds were mixed with potato dextrose broth

and poured in Petri dishes (90 mm × 15 mm, HiMedia,
Mumbai, India) individually. The mycelial bit of test fungal
phytopathogens from the peripheral end of uniform size
(diameter, 5.0 mm) were taken from 7-day-old culture and
placed in the center of the Petri dishes impregnated with the
test compounds individually. These Petri plates were then
incubated at 29 ± 1°C for 7 days for the observation of
radial mycelial growth. The inoculated plates were
compared with the positive control (with commercial
fungicide CBD) and negative control (without test
compounds) to calculate the percentage inhibition rate of
the mycelia for the respective phytopathogen.

% Inhibition rate � Mc −Mt

Mc
× 100,

where Mc is the mycelial growth in the control plate and Mt is the
mycelial growth in treatment.

2.9.6 Determining the Efficacy of the Test Compounds
in Inhibiting the Spore Germination of Three Fungal
Phytopathogens
All three test compounds were examined to confirm whether
they affect the spore germination of fungal phytopathogens
and subsequently contribute to antifungal activities. Various
concentrations (0.005%, 0.010%, 0.015%, and 0.020% w/v) of
the test compounds were included in the assay (Paul et al.,
1993). A suspension of 1.0 × 103 spores/ml of all the fungi was
prepared aseptically from a 7-day-old pure culture. The 1:1
ratio of spore suspension and the test compounds (50 μl each)
were mixed in microtiter plate in 10 replicates. The plates were
incubated at 29 ± 1°C for 24 h followed by microscopic
observation using glass slide. The percent inhibition rate
was determined by counting the number of spores
germinated as compared to control using the bright-field
microscope (Zeiss, Germany). The following formula
described by Saharan et al. (2013) is used to calculate the
inhibition percentage:

% Inhibition rate � Gc − Gt

Gc
× 100,

where Gc is the germination in control and Gt is the germination
in treatment.

2.10 Statistical Analysis
All the experiments were performed in triplicate, and the results
were arranged as the mean ± standard deviation (SD). Data were
then analyzed using ANOVA. The repeated measurements and
differences were considered to be significant at a level of p < 0.05.

3 RESULTS

3.1 Biomass Production and Extraction of
Chitosan From C. echinulata
Submerged fermentation carried out by inoculating C. echinulata
NCIM 691 into a PDB medium (a nutritionally rich) encouraged
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satisfactory growth of the fungal biomass. The growth curve of C.
echinulata demonstrating the production of biomass and FCH
was carried out successfully for up to 18 days (Figure 1). The lag
and exponential phases were seen between 0 and 6 days and 6 and
12 days, respectively. After 12 days of incubation, the fungus
exhibited a deceleration phase. The optimal harvesting of FCH
was achieved efficaciously on the 12th day of the incubation
period. Physicochemical parameters encompassing acidic pH
(5.5), aeration (180 rpm), and temperature (30°C) supported a
luxurious growth of C. echinulata NCIM 691 with a biomass of
64.2 g/L. The maximum yield of FCH found was 523 mg/L under
the same cultivation parameters after the 12th day of incubation
(Figure 1).

3.2 Physicochemical Characterization of
Fungal Chitosan and Chitosan
Nanoparticles
We have characterized FCH and FCHNPs through several
analytical techniques. Commercial CH and its synthesized
CHNPs included in the study facilitated confirmation of both
test compounds under investigation. Each of the techniques being
sensitive could authenticate and confirmed the presence of FCH
and FCHNPs in all the test samples. The results for each of the
analytical techniques are given in the following sections.

3.3 UV-Visible Spectroscopy
This technique displayed unique optical properties of FCH
and FCHNPs that are sensitive to shape, size, and
concentration. Additionally, the information about the
agglomeration state and refractive index near the NP
surface enabled the UV-Vis technique as a valued tool for
detecting and characterizing the nanomaterial under
investigation. The commercial CH and CHNPs depicted
absorption at 300 and 290 nm, respectively. The UV-
visible spectroscopic graph showed higher intensity
absorption peaks in FCHNPs than FCH at 315 and
300 nm, respectively (refer Supplementary Figure S1). The
operative technique facilitated analysis of the functional
group, their energy transition, and the bandgap also

helped in determining the kind of interaction in the
compound. Overall, the analysis has successfully measured
the extinction (scatter and absorption) of the light after
passing through all the samples.

3.4 Dynamic Light Scattering and Zeta
Potential
The DLS technique was performed to measure hydrodynamic
diameter in the nanometer range. The size of commercial CH and
the synthesized CHNPs along with FCH and FCHNPs has been
illustrated in Supplementary Table S1. The zeta potential
measurements revealed that the cationic FCHNPs (45.6 mV >
24.5 mV) possess more charges than CHNPs.

3.5 Fourier Transform Infra-Red
Spectroscopy
FTIR absorption spectra of commercial CH, CHNPs, FCH, and
FCHNPs are illustrated in Figure 2. For CH, the C-H stretching
vibrations were manifested through strong peaks at around
2,869 cm−1. A similar characteristic peak (at 2,864 cm−1) was
also obtained for extracted FCH. The FCHNPs synthesized by us
also displayed the distinctive peak at 2,916 cm−1. The symmetric
stretch of C-O-C was observed at around 1,020–1,057 cm−1 in
four samples. As seen in both spectra, the strong peaks in the
range 3,398–3,346 cm−1 correspond to combined peaks of OH
and intramolecular hydrogen bonding. The broadness of the peak
in this region might be attributed due to the contributions from
N-H bond stretches. In FCHNPs, a shift from 3,446 to 3,398 cm−1

was observed. A wider peak at 3,461 cm−1 was observed for FCH
indicating an extensive hydrogen bonding. The characteristic
CO-NH2 peak of FCH at around 1,557 cm−1 was found to be
shifted to 1,563 cm−1 in the FCHNPs, which could be due to the
cross-linking of TPP with the ammonium groups present in
FCHNPs. This cross-linking between the TPP and the
ammonium groups might be imperative for the inter- and
intra-molecular interactions.

3.6 Scanning Electron Microscopy
The SEM revealed that the particle size of FCHNPs ranges
between 70 and 150 nm. The aggregation in FCHNPs occurred
due to moisture entrapment. The images captured through the
SEM technique showed spherical-shaped FCHNPs (Figure 3).
The particle size of CHNPs was found to have a variable range of
200–300 nm.

3.7 Nanoparticle Size Analysis
The NTA technique assisted in estimating the average size of both
NPs (CHNPs and FCHNPs) from the plot of particle size versus
concentration as represented in Figure 4. The average size of
CHNPs and FCHNPs is represented in Supplementary Table S1.
Additionally, the particle size versus relative intensity scattered
(Figure 4B) and 3D plot (Figure 4C) confirmed the nature (with
respect to homogeneity) of CHNPs synthesized from commercial
CH. The size versus relative intensity scattered (Figure 4E) and
3D plot (Figure 4F) demonstrated the superior homogenous

FIGURE 1 | Biomass and chitosan content of C. echinulata NCIM 691
grown in potato dextrose broth.
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nature of FCHNPs as compared with CHNPs. The CHNPs were
quite uneven with varied sizes (Figure 4A–C), while a single peak
was observed for FCHNPs corresponding to homogeneous
particle size (Figure 4D–F). Thus, the NTA methodology
manifested the relationship between NP size distribution and
concentration successfully.

3.7.1 Microdilution Assay for Determination of MIC of
Rhamnolipid Biosurfactant, Fungal Chitosan, and
Synthesized Chitosan Nanoparticles
Antibacterial activities of all the test compounds—RH-BS, FCH,
and FCHNPs were inspected from MIC against Gram-negative
bacterium X. campestris NCIM 5028. It was observed that X.
campestris treated with RH-BS alone had the lowest MIC of
256 μg/ml among the other two test compounds. The MIC for
FCH and FCHNPs was found to be > 1,024 μg/ml against the
same bacterium. Therefore, the bacterium X. campestris NCIM
5028 used in the experiment was resistant to FCH and FCHNPs.
It is important to note that theMIC is not actually a single solitary
number, nevertheless a range based on the dilution series
performed during its determination.

3.7.2 Synergistic Activity of Rhamnolipid Biosurfactant
and Synthesized Chitosan Nanoparticles Using Fungal
Chitosan Against X. campestris
The in vitro synergistic activity of the test compounds in two
combinations (RH-BS + FCH and RH-BS + FCHNPs) was
carried out against X. campestris NCIM 5028. The
microdilution checkerboard assay enabled us to determine the
synergistic or additive effect of both combinations against the test
bacterium. The first combination of RH-BS with FCH could
inhibitX. campestris at sub-MIC levels. The combination between
RH-BS and FCH resulted in a reduction in the MIC of RH-BS by
one-fold and FCH by more than two folds. In the case of the
second combination of RH-BS with FCHNPs, the synergy was
comparatively greater since the MIC of RH-BS was reduced to
one-fold and of FCHNPs was more than eight folds. Thus, the
highest level of synergistic effect was observed between RH-BS
and FCHNPs. An FICI of both combinations is denoted in
Supplementary Table S2. Overall, we detected a momentous
decrease in MICs of RH-BS and FCHNPs suggesting a powerful
synergy (FICI 0.503) between this combination. However, the
MICs of FCH did not reduce down up to 8 μg/ml against X.

FIGURE 2 | FTIR spectra of (A) commercially available chitosan (CH) and synthesized nanoparticles (CHNPs). (B) Fungus C. echinulata-originated chitosan (FCH)
and its synthesized chitosan nanoparticles (FCHNPs).

FIGURE 3 | Scanning electron micrograph of synthesized nanoparticles. (A) CHNPs from commercial chitosan (CH) and (B) FCHNPs from fungal chitosan (FCH)
extracted from C. echinulata NCIM 691.
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campestris. Thus, the breakpoint level due to the synergy between
RH-BS and FCH could have been observed if there had reduction
in MIC of FCH up to 8 μg/ml.

3.7.3 Effect of the Test Compounds on Cell
Morphology of X. campestris
The SEM technique clearly evidenced the effect of test
compounds individually (FCH, RH-BS, and FCHNPs) and
in both combinations (RH-BS + FCH and RH-BS +
FCHNPs) on cellular morphology of X. campestris NCIM
5028 when treated and incubated on a rotatory shaker for
24 h (at 30°C/180 rpm) at their respective MICs. The control or
the bacterial suspension in absence of the test compounds
showed very distinct and intact morphology (Figure 5A). The
slight alteration in the cell morphology of the pathogen was
seen in presence of FCH (MIC: >1,024 μg/ml) (Figure 5B) and
RH-BS (MIC: 256 μg/ml) (Figure 5C) during their individual
treatment in comparison to control. The cell morphology was
well deformed in the presence of FCHNPs when used
individually (MICs: 128 μg/ml) (Figure 5D). The SEM
manifested the distinctive morphological alteration/
destruction of the pathogen after getting treated by the first
combination (RH-BS + FCH) (Figure 5E) and a second
combination (RH-BS + FCHNPs) (Figure 5F).
Consequently, noticeable changes in the morphology of X.
campestris designated that cell wall, membrane permeability,
and viscosity were certainly compromised by synergistic
activities of the test compounds.

3.7.4 Antifungal Activity of the Test Compounds
Against Selected Phytopathogens
The in vitro assessment of the MIC of all the test compounds was
performed against three fungi, viz., FI, FII, and FIII through the
microdilution method. The growth of FI and FII was inhibited
effectively by RH-BS and FCHNPs at 0.015% concentration.
However, the growth of the pathogen FIII was apparent in the
presence of all the three test compounds (RH-BS, FCH, and
FCHNPs) at 0.015% concentration. In comparison with RH-BS
and FCHNPs, the growth of FI and FII was not inhibited
effectively by FCH even at the highest concentration (0.020%).
These observations were further confirmed by the poisoned food
technique as described in the following section. The commercially
available fungicide CBD included in the study also inhibited the
growth of all three fungal pathogens at the lowest concentration
(0.005%). The wells in the absence of all the three test compounds
and CBD presented heavy fungal growth.

3.7.5 Poisoned Food Technique
A routinely employed in vitro poisoned food technique facilitated
assessing the effect of the test compounds against three fungal
phytopathogens (FI, FII, and FIII). The antifungal activity of the
test compounds was evident from the reduction in the mycelial
growth of the test fungi in poisoned plates as compared with the
control plates (Figure 6). Control plates (absence of the test
compounds) denoted luxuriant growth of all the three fungal
pathogens on a PDA plate. In the case of FI, the application of
RH-BS at the highest concentration (0.020%) hampered the

FIGURE 4 | Nanoparticle tracking analysis. (A) Particle size versus concentration plot estimating the average size of CHNPs synthesized from commercial CH.
Particle size versus relative intensity of CHNPs synthesized using commercial CH in (B) scattered and (C) 3D plot. (D) Particle size versus concentration plot estimating
the average size of NPs synthesized from fungal CH extracted fromC. echinulataNCIM 691. Particle size versus relative intensity of FCHNPs synthesized using fungal CH
in (E) scattered and (F) 3D plot.
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growth of the pathogen by 1.68 folds. The mycelial growth of the
same pathogen (FI) was inhibited by around 1.78 folds with
increased concentration (0.015–0.020%) of FCHNPs. Thus, the
dose-dependent inhibition of FI was observed (Figure 6FI). In
the case of FII, similar kinds of observations were noted. When
pathogen FII was treated with RH-BS, the growth was inhibited
by 1.12 folds. Around 1.75 folds inhibition in FII mycelial growth
was observed in the presence of FCHNPs at 0.015% and 0.020%
concentrations (Figure 6FII). In the case of the third pathogen
FIII, both RH-BS and FCHNPs inhibited mycelial growth in
around 1.40 folds (at 0.015% concentration) and 1.24 folds (at
0.020% concentration), respectively (Figure 6FIII). Both the
fungal pathogens (FII and FIII) were found slightly resistant
since their mycelial growth was not inhibited so effectually as
compared with FI. The positive control—CBD—the commercial
fungicide—was found to be effective against all three fungal
phytopathogens even at the lowest concentration (0.005%).
The complete results are summarized in Supplementary
Table S3.

3.7.6 Spore Germination Method
The effects of RH-BS, FCH, and FCHNPs on the spore
germination rate of the three fungal phytopathogens are
presented in Figure 7 as FI, FII, and FIII separately.
Among three test compounds, the biomaterial FCHNPs
significantly inhibited the spore germination in a dose-
dependent manner.

The RH-BS prominently inhibited the spore germination of FI
with 69.22% and 81.87% at concentrations of 0.015% and 0.020%,
respectively, while FCHwas found to be less effective in inhibiting
the spore germination rate of the said fungus. The percentages of
inhibition of 41.89% and 43% were observed when FCH was used
at 0.015% and 0.020% concentrations, respectively, indicating the
resistance of the fungal pathogen. It is important to note that
among all the three test compounds, FCHNPs were found to be
powerful antifungal agents exhibiting around 77.5% and 89.9%
inhibition at concentrations of 0.0150% and 0.020%, respectively
(Figure 7A).

In the case of the fungus FII, observations were similar to the
FI fungal pathogen. The RH-BS inhibited the spore germination
of the fungus by 56.23% and 68.32% when it was applied at a
concentration of 0.015% and 0.020%, respectively, whereas FCH
minimally inhibited the growth of the said pathogen by 12.62%
(at 0.015% concentration) and 13.10% (at 0.020% concentration).
It is noteworthy that FCHNPs are quite commanding in
inhibiting the germination of spores with 65.50% and 88.56%
at concentrations of 0.015% and 0.020%, respectively
(Figure 7B).

In the case of the third fungal pathogen (FIII), the findings
were the same as the first (FI) and the second (FII) pathogen. RH-
BSmaximally suppressed the spore germination of FIII by 58.64%
(at 0.015% concentration) and 61.02% (at 0.020% concentration),
whereas FCH inhibited the spore by 13.32% and 12.9% at
concentrations of 0.015% and 0.020%, respectively. The

FIGURE 5 | Scanning electron microscopy images (×50,000) demonstrating the effect of three test compounds individually (FCH, RH-BS, and FCHNPs) and in two
combinations (RH-BS + FCH and RH-BS + FCHNPs) at MIC (treated for 24 h and incubated at 30°C) on cellular morphology of the bacterial pathogen Xanthomonas
campestris NCIM 5028. (A) Control—intact morphology of the untreated cells. (B) Alteration in the cell morphology of pathogen when treated with FCH at MIC (>1,024
μg/ml). (C) Alteration in the cell morphology of pathogen when treated with RH-BS at MIC (256 μg/ml). (D) Ruptured appearance of the cells of the pathogen when
treated with FCHNPs at MIC (>1,024 μg/ml). (E)Ruptured appearance of the cells of the pathogen when treated with RH-BS (128 μg/ml) and FCH (256 μg/ml) at MIC. (F)
Complete distortion of cells of the pathogen due to RH-BS (128 μg/ml) and FCHNPs at lower MIC (4 μg/ml) in comparison to control.
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FIGURE 6 | In vitro interaction of rhamnolipid biosurfactant (RH-BS), fungal chitosan (FCH), and synthesized chitosan nanoparticles (FCHNPs) against three fungal
phytopathogens FI: F. moniliforme Sheldon ITCC 191, FII: F. moniliforme Sheldon ITCC 4432, and FIII: F. graminearum Schwabe ITCC 5334 depicting the morphological
alterations. (A) Antifungal bioassay demonstrating the effect of the test compounds on mycelial growth of FI, FII, and FIII when treated at different concentrations
(0.005%, 0.010%, 0.015%, and 0.020%w/v); (B)CBD: 0.005% carbendazim; (C)Control: lactophenol cotton blue staining of fungal mycelia without any distortion
in absence of the test compounds; (D) Test: lactophenol cotton blue staining of the distorted mycelia of fungi when treated with FCHNPs at 0.020% concentration.
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FCHNPs were found to be again highly effective in inhibiting
around 59.5% and 66.28% of the spore germination at a
concentration of 0.015% and 0.020%, respectively (Figure 7C).

Overall, among the three test compounds, FCHNPs have been
identified as the most potent biomaterial in inhibiting spore
germination (between 59% and 90%) of all fungal
phytopathogens. Followed by FCHNPs, a reasonable level of
inhibition in spore germination (between 56% and 81%) was
observed in all three fungi when treated with RH-BS, whereas
FCH showed the lowest percentages (between 12% and 43%) in
inhibition of fungal spore germination. In conclusion, all these three
test biomaterials exhibited inhibition in spore germination of the
fungi in a dose-dependent manner. Amongst all the three test fungi,
FI was found to be affected more severely followed by FII and FIII.

4 DISCUSSION

There is a constant exploration of strategies to cope with current
issues related to sustainability, food security, and climate change
to provide achievable solutions for agriculture. The application of
innovative biomaterials for the advancement of disease
management is one such approach (Sathiyabama and
Parthasarathy, 2016). In recent years, antimicrobials such as
RH-BS, FCH, and FCHNPs have emerged as promising
candidates for controlling disease outbreaks and pathogens.
Comparatively to their synthetic counterparts, BS is an
effective substitute to inhibit phytopathogens (Goswami and
Deka, 2021). One of the many antimicrobial compounds
available is RH-BS produced by Pseudomonas spp. Similar to
the biomaterials (FCH and FCHNPs), surface-active agents also
have a dynamic role in handling a range of pathogens
(Sathiyabama and Parthasarathy, 2016). All these biomaterials

are considered to be valued pesticides for controlling plant
pathogens in promising ways. Considering the inevitability of
the current situation, we have utilized Zygomycetes fungus—C.
echinulata, NCIM 691—to produce FCH in nutrient-rich PDB.
The fungus grew luxuriously (biomass 64.2 g/L) with a high
content of FCH (523.3 mg/L) on the 12th day of submerged
fermentation (Figure 1). The fact that the fermentation processes
dedicatedly carried out for the extraction of FCH from its biomass
is comparatively costlier. Nonetheless, the anticipated features
like DDA, molecular weight, and viscosity of CH for the purpose
of comprehensive perspective encourage the researchers to
cultivate fungal biomass on large scale. Being less explored
and considering the immense biotechnological applications, C.
echinulata is a worthwhile alternative over crustacean sources (no
seasonal limitations like marine sources) for the production of
FCH and FCHNPs. We have carried out the characterization of
CH, CHNPs, FCH, and FCHNPs through various analytical
techniques (UV-visible, DLS, zeta potential, FTIR, SEM, and
NTA) and confirmed their authenticity. The size of NPs and
zeta potential are crucial parameters that affect the antimicrobial
properties of biomaterials (Barrera-Necha et al., 2018). The
characterization study through NTA revealed a nondispersive
nature and small size (144.33 ± 10.20 nm) of FCHNPs and had a
zeta potential value of +45.6 mV as compared to FCH (particle
size via DLS 960.6 ± 57.17 nm) and zeta potential +37 mV. The
NTA also confirmed the homogeneous size of FCHNPs as
compared to CHNPs (refer Figure 4). All the observations
accomplished through the physicochemical characterization of
both biomaterial (FCH and FCHNPs) are well comparable with
the published literature (Saharan et al., 2013; Kheiri et al., 2017;
Shajahan et al., 2017; Oh et al., 2019).

After completing the characterization of FCH and FCHNPs,
we continued to explore their antimicrobial potential along with

FIGURE 7 | Graphical representation of inhibition in spore germination via rhamnolipid biosurfactant (RH-BS), fungal chitosan (FCH), and synthesized chitosan
nanoparticles (FCHNPs) of fungal phytopathogens. (A) FI: F. moniliforme Sheldon ITCC 191; (B) FII: F. moniliforme Sheldon ITCC 4432; and (C) FIII: F. graminearum
Schwabe ITCC 5334.
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commercially available RH-BS against harmful phytopathogens.
Even though the RH-BS has been studied extensively (with
respect to producing organisms, production, optimization,
physicochemical characterization), their innovative applications
particularly as biocidal agent in agriculture are limited. We chose
a bacterial pathogen X. campestris, which is a causative agent of
citrus bacterial canker disease, banana Xanthomonas wilt, and
black rot in cabbage, etc. (Leite and Mohan, 1990). Generally, the
genera of Xanthomonas leads to postharvest diseases in several
fruits and vegetables (Barth et al., 2009). Citrus fruits, banana,
mango, and many other vegetables like tomato, cabbage,
cauliflower, radish, turnip, and broccoli are usually spoiled by
several Xanthomonas spp. The RH-BS is certainly effective in
controlling the X. campestris. The outer membrane of X.
campestris is composed of phospholipids, lipopolysaccharides,
and lipoproteins which are covalently linked together with the
peptidoglycan layer through hydrophobic interactions (Sikkema
et al., 1995). The RH-BS inhibits pathogens through the damage
to the cell membrane. A similar kind of observation has been
reported for Bacillus subtilis. The mechanism of RH-BS involves
an alteration in the lipid composition of the membrane due to an
increase in the activity of cardiolipin (negatively charged
phospholipid) and enhances membrane susceptibility of B.
subtilis (Sotirova et al., 2012). The surface-active agent attacks
pathogens and liberates their intracellular contents leading to the
disruption and cell lysis (Kumar et al., 2021). The lower MIC
(256 μg/ml) of RH-BS was observed against X. campestris as
compared to FCH and FCHNPs (>1,024 μg/ml) when used
individually. However, the two combination studies of RH-BS
+ FCH (128 μg/ml + 256 μg/ml) and RH-BS + FCHNPs (128 μg/
ml + 4 μg/ml) resulted in additive (FICI is 0.75) and synergistic
(FICI is 0.50) effects, respectively. Hence, our work significantly
demonstrates a substantial decrease in MICs of RH-BS and
FCHNPs suggesting a powerful synergistic activity against X.
campestris.

Like bacteria, plant pathogenic fungi have acquired severe
resistance against conventional agrochemicals (Gill and Garg,
2014). We conducted two antifungal assays (poisoned food assay
and spore germination inhibition) for RH-BS, FCH, and FCHNPs
against three fungal phytopathogens comprising F. moniliforme
(two strains) that attack sugarcane, maize, rice, and fig and F.
graminearum (single strain) that attack maize, wheat, and barley
(Vishwakarma et al., 2013). Both techniques used by us have
demonstrated a dose-dependent manner antifungal effect of RH-
BS, FCH, and FCHNPs against the selected fungi (FI, FII, and
FIII). The literature documents the noteworthy antifungal activity
of RH-BS without harming the soil ecology unlike synthetic
fungicides (Lahkar et al., 2018). Crouzet et al. (2020) reviewed
the potential of RH-BS in a sustained agriculture framework
suggesting the enhancement in plant immunity (local/systemic).
The antimicrobial potential of RH-BS can be improved by
combination with other biomaterials like FCH and FCHNPs.
The NPs synthesized using biopolymer CH and BSs have attained
flickered curiosity. The addition of RH-BS for the preparation of
nanoconjugates facilitates a smaller and uniform size and the
polydispersity index of CHNPs in productive ways. RH-BS
stabilizes the CH particles and results in superior loading

efficiency (Marangon et al. 2020). Generally, CH assembles
actively at the surface of fungi/bacteria and permeabilizes the
cell membrane through their electrostatic interactions (positive
charges of CH and the negatively charged molecules at the cell
surface of microbes). Consequently, the cell surface
permeabilization leads to leakage of intracellular material
leading to cell death (Palma-Guerrero et al., 2010; Krajewska
et al., 2011). The other mechanisms involve the chelating action
of CH, which binds to trace elements and thus becomes
unavailable for the normal growth of microbe. The CH might
penetrate through the fungal cell wall and inhibits protein and
DNA synthesis (El-Naggar et al., 2022). The fungicidal action of
FCH and FCHNPs is correlated with the modification of
membrane permeability of the cell wall component of the
pathogen (Dorocka-Bobkowska et al., 2003). The robust
bonding of CH to the fungal cell wall decreases the negative
surface charge of fungal membranes due to a decrease in K+

concentration, and this efflux disturbs the osmotic balance of the
cell wall. The FCHNPs due to small particle size result in their
better uptake into microbial cells and exhibit an antimicrobial
effect (de Carvalho et al., 2019). The FCHNPs synthesized by us
appear to bear a strong antimicrobial activity as compared with its
origin material, FCH. NPs being nano in size and surface-to-
charge ratio have been greatly associated with their unique
functional activity (Kutawa et al., 2021). Thus, nanomaterial
proves to be highly supportive in the form of
nanoformulations to use as pesticides and/or fertilizers in
improving crop yield. Furthermore, the nanosensors also offer
applications in protecting enormous crops through the detection
of agrochemicals residues (Pestovsky and Martínez-Antonio,
2017). The research conveys that the NPs act on the nucleic
acids where DNA loses replication phenomena and ultimately
inactivates protein expression as well as enzymes which are
imperative for ATP production (Abdel-Aliem et al., 2019).
The larger surface area of NPs empowers them to get adsorb
firmly onto the microbial surfaces resulting in cell disruption by
altering the membrane integrity. Thus, these NPs diffuse into
fungal cells and inhibit the synthesis of DNA, RNA,
mitochondrial function, and protein synthesis (Kutawa et al.,
2021).

Most of the fungi exhibit pathogenicity and long-term survival
due to their spore-forming abilities. Germination of spores is the
crucial step to recruit vegetative growth and results in perilous
diseases by many fungal pathogens (Ortiz et al., 2019). The
unique morphology of the fungal spores is a precise target for
designing and developing innovative antifungal drugs. Our study
on RH-BS, FCH, and FCHNPs documents inhibition in spore
germination of the selected fungi in a dose-dependent manner
(0.005%, 0.010%, 0.015%, and 0.020% w/v). The inhibition of the
spore germination was initiated for RH-BS and FCHNPs at
0.010% and 0.015% concentrations, respectively. Thus, RH-BS
and FCHNPs pose promising applications in controlling the
growth of spore-forming dreaded fungal phytopathogens. RH-
BS has a repressive effect on the breeding and growth of
pathogenic fungi through inhibition in spore germination
(Yan et al., 2015). Recent studies have recognized the
antifungal potential of RH-BS through zoospore lysis, spore
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germination abortion, and mycelial growth inhibition. The
amphiphilic nature of BS enables them to interact with plasma
membranes (Crouzet et al., 2020). The mode of action of BS is via
lysis of mycelial cells resulting in their destabilization through
their intercalation with the bilayers of phosphatidylcholine and
phosphatidylethanolamine. Thus, the effect on membrane
permeabilization is significant due to the cell lysis of the
fungal pathogen. The RH-BS explicates defense responses that
are induced by other elicitors like CH. Thus, these molecules
cause local resistance in hemibiotrophic fungus Leptosphaeria
maculans ultimately protecting Brassica napus (Monnier et al.,
2020). Recently, a few members of our research group (Chopra
et al., 2020) have reported promising antimicrobial activity of P.
aeruginosa RTE4 origin RH-BS against phytopathogens X.
campestris, F. solani, and Corticium invisum. Thus, the strain
RTE4-derived RH-BS has an application as a powerful
biofungicide. Through the present work, we have extended our
efforts to utilize the antimicrobial potential of RH-BS with
FCHNPs (from CH of fungus origin) in controlling
phytopathogens. The RH-BS coupled with FCHNPs has
positively improved their efficacy. The amended antimicrobial
activity is related to the augmented delivery of RH-BS and
FCHNPs at the cell surface of the pathogen. A similar kind of
work has been reported by Marangon et al. (2020) for CHNPs
(synthesized using CH of crustacean origin) in combination with
RH-BS to improve antibacterial efficacy through greater
electrostatic interactions and more effective disruption of the
pathogen’s cell membrane. The mechanism involves the high
density of polycationic NPs over the cell envelope. The stated
combination study of these two biomaterials offers a promising
strategy to design a biological low cytotoxic nanoformulation for
the agriculture sector. When these biomaterials are used
individually, they are less effective against selected pathogens;
however, their synergistic activities certainly raise inquisitiveness
among the research community to explore diverse innovative
applications. Furthermore, in vivo assays are in the process to
examine the influence of RH-BS and FCHNPs against
phytopathogens.

5 CONCLUSION

In the present work, we have successfully produced the stable,
valuable, and high-quality FCH from the fungal mycelia of C.
echinulata NCIM 691. Furthermore, FCHNPs were synthesized
magnificently using C. echinulata-originated FCH through the
ionic gelation method. Matricular physicochemical
characterization of FCH and FCHNPs assured their
authenticity. The improvised antibacterial activity of RH-BS
and FCHNPs was observed in combination against X.

campestris. Promising antimicrobial activity of RH-BS with
FCHNPs against selected phytopathogens encouraged us to
recommend these types of novel bioformulation for the future.
Plenty of monitoring protocols is obligatory to utilize
nanoagrochemicals as active substance, coformulants, with or
without other adjuvants. The difficulty in tracking the role/
mechanism of these nanocarriers in food and the environment
gratifies the use of biologically originated NPs. It is important to
highlight that not much work has been reported so far in
deliberating the biocontrol potential of RH-BS with FCH and
FCHNPs for their synergistic and additive activity against
phytopathogens associated with staple (rice, wheat, maize, and
barley) and commercially important crops (citrus fruits, mango,
banana, date palm fruits, cruciferous vegetables, and turfgrass,
etc.). Our work demonstrating the synergistic activity of RH-BS
with FCHNPs is crucial in facilitating eco-friendly formulations
against harmful phytopathogens.
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