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Biosurfactants encompass structurally and chemically diverse molecules with surface active
properties, and a broad industrial deployment, including pharmaceuticals. The interest is growing
mainly for the low toxicity, biodegradability, and production from renewable sources. In this

work, the optimized biosurfactant production by Pseudomonas aeruginosa BM02, isolated from

the soil of a mining area in the Brazilian Amazon region was assessed, in addition to its antiviral,
antitumor, and antimicrobial activities. The optimal conditions for biosurfactant production were
determined using a factorial design, which showed the best yield (2.28 mg/mL) at 25 °C, pH 5, and 1%
glycerol. The biosurfactant obtained was characterized as a mixture of rhamnolipids with virucidal
properties against Herpes Simplex Virus, Coronavirus, and Respiratory Syncytial Virus, in addition

to antimicrobial properties against Gram-positive bacteria (Staphylococcus aureus and Enterococcus
faecium), at 50 pg/mL. The antitumor activity of BS (12.5 pg/mL) was also demonstrated, with
potential selectivity in reducing the proliferation of breast tumor cells, after 1 min of exposure. These
results demonstrate the importance of studying the interconnection between cultivation conditions
and properties of industrially important compounds, such as rhamnolipid-type biosurfactant from

P. aeruginosa BM02, a promising and sustainable alternative in the development of new antiviral,
antitumor, and antimicrobial prototypes.
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Biosurfactants (BS) are amphipathic molecules, produced mainly by microorganisms, capable of reducing surface
and interfacial tensions at the air-water and oil-water interfaces, respectively, in addition to having emulsion-
forming properties'. Biosurfactants show structural diversity of surface-active substances and are classified,
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according to the chemical composition and microbial origin, into glycolipids, lipopeptides, lipoproteins, fatty
acids, neutral lipids, phospholipids, polymeric, and particulate surfactants®. Among them, glycolipids have been
widely studied due to their excellent emulsification properties, especially rhamnolipids (RL) produced by the
bacteria Pseudomonas aeruginosa®, one of the most studied bacterial producers of biosurfactants. This ubiqui-
tous bacterium can be found in different environments and can also be advantageously used in biotechnological
applications?.

BS has been an environmentally acceptable alternative for numerous applications, as it is produced from
renewable resources, has low toxicity, and presents an attractive yield under extreme conditions of pH, tempera-
ture, and salinity. Furthermore, the value global BS (rthamnolipid) market was US$ 8.45 billion in 2022, with
a projection growth of 5% (US$ 14.3 billion) by 2032°. However, the optimization of BS production can be a
time-consuming process when individual factors are assessed separately*. To make BS production economically
feasible, studies have been carried out to optimize the factors that influence its production, ensuring optimum
conditions for microbial growth and BS yield®. Among the main concerns, the use of bacterial strains notori-
ously efficient in BS production and the characteristics of microbial cultivation, such as the composition of the
culture medium, supply of carbon and nitrogen sources, balance of pH, and temperature, stand out’. Considering
factorial design in BS production also ensures efficient performance, since factorial design is a statistical tool
capable of establishing and quantitatively assessing the factors that are more relevant in the response of interest’.

Biosurfactant produced by P. aeruginosa have excellent physicochemical characteristics, in addition to pre-
senting low toxicity, and high biodegradability and yield, compared with other bacterial BSs®. Several biologi-
cal activities are described for BS produced by P. aeruginosa, including antiviral, antitumor, and antimicrobial
activities®’, suggesting its indication as potential prophylactic and/or therapeutic adjuvant. The discovery of new,
safe, and effective broad-spectrum antitumor and antimicrobial/antiviral agents is essential. In this context, bio-
surfactants are promising alternatives in developing these agents as prophylactic and/or therapeutic. The present
work assessed the optimized production of biosurfactant obtained by bacteria isolated from the soil of a mining
area in the Amazon region (Brazil), in addition to investigating its antiviral, antitumor, and antimicrobial activi-
ties. Brazil is one of the largest ore producers in the world, mainly iron and bauxite, with the Eastern Amazon
and specifically the state of Para being home to the largest deposits of these ores!°. Therefore, the discovery and
characterization of a new molecule from a mining area is very promising due to the influence of the environ-
ment on the microorganism physiology, in addition to expanding the literature with relevant pharmacological
compounds, considering the limitations in available therapies.

Material and methods

BS production

Isolation, DNA extraction, sequencing, and molecular identification

The bacterium, formerly BM02, was isolated from the soil of a bauxite mine, in the regeneration process, located
in Paragominas-PA, Brazil. This soil has an acidic pH (4.4-5.9), aluminum content (up to 2.3 cmolc/dm?) and
saturation reaching 95%, and the occurrence of calcium (up to 2.3 cmolc/dm?®), magnesium (up to 1.1 cmolc/
dm?), and potassium (up to 0.1 cmolc/dm?) ions''. BM02 was preserved (—20 °C) in a glycerol solution at the
Bio-test and Bio-processes Laboratory of Unifesspa, Marabd-PA, Brazil. BM02 was identified by sequencing
the V1-V2 regions of amplicon 16S rRNA. Total DNA was extracted using Kit ZR Bacterial DNA MiniPrep™
(D6005), and the integrity and quality of DNA were verified by electrophoresis. DNA was quantified using
dsDNA HS Assay Kit (Invitrogen™, EUA). The primers used for sequencing were: 8F (5 AGA GTT TGA TCC
TGG CTC AG 3'), 519F (5' GAG CAG CCG CGG TAA TAC 3'), 1492R (5 GGT TAC CTT GTT ACG ACT T
3'), 519R (5’ GTA TTA CCG CGG CTG CTG 3'), and 968R (5" GTA AGG TTC TTC GCG TT 3'). The obtained
sequence was compared with GenBank sequences (NCBI), using Geneious (version 4.8.3; RRID: SCR_010519)
software. For phylogenetic comparison, 15 NCBI sequences closest to BM02 were retrieved (Table S1), aligned
(MAFFT v7, G-INS-i)', and trimmed (TrimAl v1.3, Gappyout)'®. The treated sequences were compared for
maximum likelihood, through workflow RAXML-HPC2, in XSEDE (Cypres: https://www.phylo.org), model
GTRGAMMA, and 1000 permutations'. Pseudomonas aeruginosa DSM 50,071 was chosen for rooting the
phylogenetic tree since it is a species close to BMO02 by the alignment test via Clustal Omega (Table S1). The 16S
rRNA sequence of BM02 was deposited in NCBI (GenBank: OP410927.1).

Factorial design

23-factorial design with a central compound was used, considering the production yield of BS (g/L) as a response
variable; the independent variables were: pH (5-9), temperature (25-45 °C), and glycerol concentration (1-3%).
The center point was performed in duplicate. The BM02 inoculum (1.5 x 10® bacteria/mL; 5 mL) was transferred
into an Erlenmeyer flask containing (100 mL) sterile mineral saline medium (MSM), with the following composi-
tion (g/L): K,HPO,, 4.0; Na,HPO,, 1.5; NaNO;, 1.0; MgSO,-7H,0, 0.2; CaCl,-2H,0, 0.02; FeCl,-6H,0, 0.02. The
Erlenmeyer flasks were incubated at 180 rpm for five days to determine BS production and assess cell growth
and emulsification production.

Cell growth and emulsification production

During the incubation period, the bacterial growth was spectrophotometrically monitored (Bel UV-M51; Ab ¢ nm)-
Aliquots were taken at time zero and every 24 h of incubation, and centrifuged (4000 rpm, 4 °C, 20 min) to obtain
a cell-free broth. The emulsification index (IE24) was performed in tubes containing 2 mL of cell-free broth and
2 mL of mineral oil (Nujol). This mixture was vortexed at a high speed for two minutes and kept at rest for 24 h
at 25 °C. The IE24 was calculated using the following formula: IE24 (%) = x/y x 100, where x and y represent the
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heights of the emulsified layer and the total layer of mixture, respectively’®. The negative control was made with
uninoculated MSM, and the positive control, with 1% sodium dodecyl sulfate (SDS).

BS quantification

After the incubation period, the microbial culture was centrifuged (4000 rpm, 4 °C, 20 min) and the cell-free
broth was acidified to pH 2.0 using hydrochloric acid solution (6 N) and then kept at 4 °C overnight. The pre-
cipitate was centrifuged (4000 rpm, 4 °C, 10 min), resuspended with chloroform-ethanol (2:1, v/v) solution,
vigorously mixed, and then kept at rest (24 h) in a phase separation flask. This procedure was repeated twice
more. Afterward, the organic phase was evaporated in a rotary evaporator (Quimis, Brazil) to obtain crude BS,
followed by drying in a circulated air oven to constant weight'®.

BS characterization

Stability analysis

Crude BS was dissolved in ultra-pure water (1 g/L) and submitted to analysis under the following conditions:
temperature (10-100 °C), pH (3-11), and NaCl concentration (2-10%). The surface tension was assessed using
a tensiometer (DataPhysics, Ocal5 plus, Germany), by the hanging drop method, using an automatic video
imaging system and program Oca 10/Oca 20.

Structural determination

The chemical structure of BS was determined by Fourier-Transform Infrared Spectroscopy (FT-IR), Nuclear
Magnetic Resonance (NMR), and Electrospray Ionization Mass Spectrometry (ESI-MS). The FT-IR (Bruker
FT-IR spectrometer, model Vertex 70, Germany) spectra was recorded within the region 4000-400 cm™ and
analyzed using the OriginPro 9.0 program. One-dimensional NMR analysis was performed on a Bruker Spec-
trometer (Model Avance III 400 MHz, Germany), operating at 400 MHz for 'H with a 5 mm probe at 25 °C.
The experiment was carried out using the standard pulse programs of the NMR equipment and the spectral
analysis was performed using the program MestreNova-6.0. The sample for NMR analysis was prepared from
the crude BS at 12.5 mg/mL in CDCl; and the chemical shifts were reported in ppm, with the solvent peak as a
standard. ESI-MS analysis was performed on a QTOF spectrometer: quadrupole and TOF system for ultra-high
resolution and mass precision (Bruker Daltonics, Model Compact, Germany) with direct injection. The mass
spectrum was obtained in positive ion mode and the full scan data ranged from 50 to 1500 m/z. The equipment
conditions were: capillary voltage of 3.8 kV, gaseous phase of nitrogen, gas flow of 4.0 L/min, gas temperature
0f 200 °C, and ion energy of 5.0 eV. The sample for ESI-MS analysis was prepared from the crude BS, dissolved
in MS grade methanol at 0.01 mg/mL.

BS toxicity

BS cytotoxicity was initially assessed after 72 h of exposure in different cell lineages (ATCC’): Vero (CCL-81,
kidney of monkey; RRID: CVCL_0059), L-929 (CCL-1, fibroblast cloned from L strain; RRID: CVCL_IW05),
MCEF-7 (HTB-22", metastatic breast adenocarcinoma; RRID: CVCL_1D39), and HEp-2 (CCL-23, human laryn-
geal carcinoma; RRID: CVCL_B7H7)". Additionally, the BS cytotoxicity (12.5-500 pg/mL) was assessed at
different times (1, 15, 30 and 60 min) after exposure to Vero CCL-81 cells (1.0 x 10* cells/well), cultured (37 °C,
5% CO,) with Dulbecco’s Modified Eagle medium (DMEM, Gibco, USA), supplemented with 10% fetal bovine
serum (FBS, Gibco, USA), penicillin (100 IU/mL), streptomycin (100 pg/mL) and 0.24% sodium bicarbonate
(Sigma-Aldrich, USA)'8. Untreated cells were kept with ‘DMEM’ as cell control (CC) and were able to promote
reduction of MTT (Sigma-Aldrich, USA). The cell viability was calculated from the formula: Cell Viability
(%) = [(AbBSs570nm=AbBS¢90nm)/ (ADCCsr0nm=ABCCogonm) X 100], where AbBS and AbCC, refer to the cells treated
with BS and CC, respectively. The BS concentration able to reduce 50% of cell viability (CCs,) was determined
through linear regression. The BS selectivity for tumor cells was determined through the selectivity index (SI),
calculated by the ratio: CCs, in non-tumor cell lineage/CCs, in tumor cell lineage. BS concentrations with SI>2
were considered potentially selective for tumor cells'.

Antitumor activity of BS

Cell morphology assay

The antitumor effect of BS was assessed in MCF-7 cells using the dyes fluorescein diacetate (FDA, 7.5 ug/mL),
Hoeschst 33.342 (Ho, 4.0 pg/mL), and propidium iodide (PI, 1.0 ug/mL) (Sigma-Aldrich, USA) for analysis of
apoptosis or necrosis, through the presence or absence of apoptotic bodies, respectively?. Cells were exposed
to BS (1-10 pg/mL) for 72 h with subsequent staining with fluorochromes and counting 300 cells/treatment.
Phosphate buffered saline and Docetaxel (DT 50 uM) were used as negative (NC) and positive (PC) controls,
respectively. The cells were analyzed by microscopy (Olympus BX 43, Olympus Microscopy, Europe) to assess
the percentage of viable cells (FDA+/Ho+); in early (FDA+/Ho+), late (FDA+/Ho+/PI+) apoptosis; and necrosis
(FDA—/Ho-/PI+)".

Lactate dehydrogenase (LDH) release assay

LDH release by MCF-7 cells lineage was assessed using kit PierceTM LDH (Thermo Scientific, EUA). After the
formation of the monolayer (1.0 x 10%/well), the cells were treated with BS (10-100 pg/mL) and incubated (37 °C,
5% CO,) for 72 h. LDH concentration was determined as: [A(BS)/A(control)], where: A (value obtained for each
experimental group) = [(117,216 X Ab g0,) (80,586 X Abggy,m) 1?2 The PC, provided by the kit, represented 100%
membrane lysis. Standard chemotherapy (DT50: docetaxel, 50 uM) was applied.
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Clonogenic assay (CL)

MCEF-7 cells were seeded in a 24-well plate (5 x 10* cells/well). After 24 h, treatments with BS (1-10 pg/mL), NC
(phosphate buffered saline), and PC (DT50, 50 M) were added to the cultures for 72 h. Then, the cells were
trypsinized and counted, and 250 viable cells were seeded in 6-well plates, kept immobile for 14 days. For staining,
the plates were washed with NC and fixative solution (ethanol/acetone, 1:2, v/v) for 10 min, followed by staining
with 5% Giemsa (Dinamica, Brazil). Then, the plates were washed with distilled water and photographed, and
the colonies were counted using the software Zen 2.3 (Zeiss, Germany). The survival fraction of the treated cells
was obtained in relation to the NC (100% survival fraction)?.

Antiviral activity of BS

The BS effect was assessed against enveloped (Herpes Simplex Virus Type 1: HSV-1, KOS strain; Murine Coro-
navirus Type 3: MHV-3; Respiratory Syncytial Virus A: RSV, strain Long), and non-enveloped (Poliovirus: PV-1,
strain Sabin) viruses, kept in a biobank at — 80 °C, in the Virology Laboratory of State University of Londrina,
Londrina-PR, Brazil. Previously, the viral stocks were obtained by inoculating Vero (HSV-1 and PV-1), L-929
(MHV-3), or HEp-2 (RSV) cells, grown in culture flasks 25 cm?. The cells were monitored daily for 5 to 10 days
to observe the cytopathic effect (CPE). Viral titration was carried out using the TCDI 50 technique®’. Then, the
viruses were incubated (1, 15, 30 and 60 min) with BS (500-6.25 pg/mL). Afterward, an aliquot of each suspen-
sion was diluted 10 or 100 times for inoculation in the respective cells (MOI 0.1), grown in 96-well microplates
(10* cells/mL), and at the non-cytotoxic dose. The plates were incubated (37 °C, 5% CO,) with daily observation
of the presence or absence of CPE, for 72 h. The virus control (VC; infected and untreated cells) was performed
simultaneously and under the same conditions, but without BS. The antiviral activity was determined by the
reduction in viral titer concerning VC*.

Antimicrobial activity of BS

It was assessed by the microdilution method according to the recommendations of the National Committee for
Clinical Laboratory Standards, against Staphylococcus aureus (ATCC 25,923), Escherichia coli (ATCC 25,922),
Enterococcus faecium (ATCC 6569) and Salmonella choleraesuis (ATCC 10,708), and the strains Pseudomonas
aeruginosa (INCQS 2742) and Candida albicans (INCQS 72,000), provided by the National Institute for Quality
Control in Health, Fundagdo Oswaldo Cruz, Brazil. In 96-well flat-bottom microplates, serial dilutions of BS
(50,000-25 pg/mL) were made in sterile Mueller-Hinton broth. Subsequently, a suspension of each microorgan-
ism (1.5 x 10® microorganism/mL) was inoculated in the exponential growth phase, and incubated at 37 °C for
24 h for bacteria and 48 h for yeast. The minimum inhibitory concentration (MIC) was determined by adding
4 uL of developing solution (2,3,5 triphenyl tetrazolium chloride, 1%; Sigma Chem. Co., USA). The lowest con-
centration that showed no color in the wells was established as MIC. Tetracycline (Prati-Donaduzzi, Brazil) and
fluconazole (Cimed, Brazil) were used as PC for bacteria and yeast, respectively.

Statistical analysis

The statistical analyses of the factorial design were made using the program Statistics for Windows, version 10.0
by Stat Soft (1984-2011), generating the ANOVA table and Pareto and response surface charts. The descriptive
analyses of the BS stability tests were made using Microsoft Excel, version 2010. For the analysis of the cyto-
toxic, antitumor, and antiviral activities, One-Way variance analysis (ANOVA) was used, followed by Tukey’s
test (p<0.05), using the software GraphPad Prism’, version 7.00 (RRID: SCR_002798). Sample normality was
assessed by the Shapiro-Wilk test.

Results

Alignment test analyses by Clustal Omega indicate 100% similarity of the BM02 sequence with other 16S rRNA
sequences from Pseudomonas spp., including P. aeruginosa (Table S1). These analyses also suggest that all 16S
rRNA sequences recovered from NCBI are close, indicating very recent divergence, with the BM02 showing
high similarity (>97%) with other Pseudomonas sequences. According to the phylogenetic analyzes, the BM02
sequence is closer to the P. aeruginosa DSM 50,071 and NBRC 12,689 sequences (Fig. S1). Pseudomonas aer-
uginosa NBRC 12,689 was determined for the rooting of the phylogenetic tree due to the close proximity of the
BMO2 obtained in the test of alignment by Clustal Omega (Fig. S1).

Factorial design analyses reveal variation in the BS production concerning the variables temperature
(p=0.0317) and glycerol content (p=0.0408); only the pH variable was not significant (p=0.0651) (Table S2).
As described in Table 1, the factorial combinations of test 1 (pH 5.0, 25 °C, and 1.0% glycerol) promoted the
highest yield in BS production (2.28 mg/mL), although the central point replicates (tests 9 and 10) also stands
out in the BS production, with the average of the central point equivalent to 82% of the highest obtained value.

Pareto chart (Fig. 1D) analyzes reveal that the pH variation in the range studied did not influence the BS pro-
duction. In turn, the temperature influenced the BS production (Fig. 1A, C), being the 25 °C was the most favored
for BS production. The pH was not a significant variable alone, but the interactions of pH 5.0 and temperature
of 25 °C (Fig. 1A), and pH 9.0 and 3.0% glycerol (Fig. 1B) contributed to the higher BS yield.

For purposes of follow-up of BS production by P. aeruginosa BM02, the IE24 and the optical density of tests
(entry) 1 and 9 (tests with higher yield based on factorial design) were monitored. The IE24 resulted within the
range of 54% to 60% (Fig. 2), SDS was 72% and uninoculated MSM did not form emulsified. The optical density
(OD) varied from 0.70 to 2.0 in the exponential growth phase, between 24 and 48 h (Fig. 2).

The BS demonstrated stability in all tested conditions (Table 2), with the minimum value of surface tension
(~27 mN/m) at pH 3.0, 2% NaCl and 80 °C. The assay control (uninoculated MSM) presented a surface tension
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Test | pH | Temperature (°C) | Glycerol concentration (%) | BS yield (mg/mL)

1 50 |25 1.0 2.28
2 50 |45 1.0 0.70
3 9.0 |25 1.0 0.96
4 9.0 |45 1.0 0.54
5 50 |25 3.0 1.91
6 50 |45 3.0 1.11
7 9.0 |25 3.0 1.47
8 9.0 |45 3.0 1.86
9 7.0 |35 2.0 1.91
10 7.0 |35 2.0 1.85

Table 1. Factorial combinations for biosurfactant (BS) production by Pseudomonas aeruginosa BM02.
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Figure 1. Factorial Design Response Surfaces: (A) pH vs temperature; (B) pH vs glycerol content; (C)
temperature vs glycerol content; (D) Significant variables from the Pareto chart.

ranging from 54.2 to 67.8 mN/m, according to the glycerol concentration (1% to 3%), and ultrapure water was
of 72.45 mN/m.

According to FT-IR analyses, the important absorption bands observed in BS were located at 3318, 2923,
2855, 1736, and 1036 cm™ (Fig. S2). The broad absorption band at 3318 cm™ is characteristic of hydroxyl group
stretching vibrations. The bands at 2923 and 2855 cm™ refer to the asymmetric and symmetric vibrations of
the stretching of C-H bonds of sp® carbon, respectively. These signals may come from the long aliphatic chains
of the RL. The peak with maximum absorption (1736 cm™) is characteristic of the stretching vibration of the
ester C=0 bond, superimposed with the stretching band of the carboxylic acid carbonyl group (1707 cm™). The
absorption bands of 1300-1000 cm™ are characteristic of stretching vibrations of C-O bonds, indicating the
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Figure 2. Emulsification index and growth of Pseudomonas aeruginosa BM02.

Variable Surface tension (mN/m) Variable Surface tension (mN/m) Variable Surface tension (mN/m)
3 27.95+0.4 2 27.29+0.5 10 27.41+0.1
5 28.35+0.4 4 28.01+£0.2 30 27.67+0.0
pH 7 3322+1.6 NaCl (%) 6 31.80+0.4 Temperature (°C) 55 27.44+0.3
9 32.70+0.6 8 31.39+0.2 80 26.83+£0.3
11 33.81+0.6 10 31.44+0.2 100 29.26+0.3

Table 2. Stability of the biosurfactant by Pseudomonas aeruginosa BM02. Results of thre replicates are
expressed as mean+ SD.

presence of alcohol and ester functional groups. The most intense band in this region at 1036 cm™ corresponds
to the stretching vibration of the ~-C-O-C- group of the cyclic structure of the rhamnose rings. These results
show strong evidence that the found signals are consistent with the functional groups of the RL.

The 'H NMR spectrometry (Fig. S3) analysis revealed signals with chemical shifts (§H) between 0.86 and
0.89 ppm, which are characteristic of the methyl groups in both the rhamnose moiety and the fatty acid. The
signals between §H 1.36 to 2.63 ppm refer to the fatty acid chain hydrogens, and the rhamnose moiety hydrogens
appear between §H 3.29 and 4.88 ppm. In addition, the three signals in the range of 6H 4.85 to 5.42 ppm stand
out, which show two rhamnose units in the structure and two bonded fatty acids, since the shift at 5.42 ppm is
characteristic of CH that connects the fatty acids. There was no clear evidence of the presence of unsaturated
fatty acids, as the spectrum did not show relevant signals with H>8.0 ppm. Thus, based on the attributions
made by the FT-IR and NMR analyses, it can be stated that the BS consists of RL. The low resolution of the NMR
spectrum can be an indication that the BS contemplates a mixture of RL congeners.

BS was submitted to mass spectrometry analysis to identify its lipid side chains and the structural homologs
(Fig. S4). Table 3 shows the putative composition of the RL congeners of BS, consisting of a mixture of mono-RL
(one rhamnose unit) and di-RL (two rhamnose units). Due to the analysis in positive mode, one RL was detected

Rhamnolipids ‘ [M] ‘ [M+H]* m/z ‘ [M+Na]* m/z ‘ [M+K]* m/z
Mono-rhamnolipids

Rha-Fa-Cg, 302 325

Rha-Fa-Cyg, 330 353 369
Rha-Fa-Cy,, 358 381

Rha-Fa-Cg-Fa-C, or Rha-Fa-C,,-Fa-Cg 476 499

Rha-Fa-C,y-Fa-C), 504 527

Rha-Fa-C,;-Fa-C,,, or Rha-Fa-C,,-Fa-C,, or Rha-Fa-C,;:1-Fa-C,, or Rha-Fa-C,,,-Fa-C,, | 530 553

Di-rhamnolipids

Rha-Rha-Fa-C,,-Fa-C,,,, or Rha-Rha-Fa-C y-Fa-C,,, or Rha-Rha-Fa-C,y,-Fa-C, 646 647

Rha-Rha-Fa-C,-Fa-C,, 650 673

Table 3. Putative chemical composition of biosurfactant by Pseudomonas aeruginosa BM02. Rha, rhamnose;
Fa, fatty acid; C8:x to C14:x: length of the fatty acids and presence of unsaturations.
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in the H* form, while the others were mainly detected with the addition of Na* counter-ions. The obtained BS
might be a complex mixture of these RL, emphasizing the mono- and di-RL containing two saturated C,, fatty
acids.

The cytotoxicity of BS on Vero, L-929 and HEp-2 cells were dose-dependent, with a reduction in viability pro-
portional to the increase in concentrations, after 72 h of exposure (Fig. 3A), with CCs, of 25 ug/mL, 27.25 ug/mL,
and 20.16 ug/mL, respectively. Due to their well-established use in viral replication studies, Vero cells were used in
determination trials of the antiviral and antitumor potential of BS. The BS concentration of 12.5 pg/mL kept the
cells viable (>88.8%) at all assessed times (Fig. 3B). A similar result was obtained only for the two shortest times
(1 and 15 min) at 25 pg/mL, reducing the viability to 54.9% and 50% at 30 and 60 min of exposure, respectively.
At 50 pg/mL, Vero cells maintained 63.2% cell viability in 1 min, reducing to less than 50% in the other assessed
times. However, lower viability (CCs,=5.71 ug/mL) was found for MCE-7 cells after 72 h of exposure, and the
LDH release assay was performed to assess whether BS alters plasma membrane integrity (Fig. 3C). All tested BS
concentrations decreased MCF-7 cell viability (CCs,=4.43 pug/mL) to levels close to the standard chemotherapy
(DT50). The SI of BS found for MCF-7 was 4.4, considered potentially selective for this tumor cell lineage. The
antitumor activity of BS in MCF-7 was assessed (Fig. 3D), and after 72 h of treatment, the number of viable cells
reduced by 37%, 29%, and 6%, at BS concentrations of 1.0, 5.0, and 10 pg/mL, respectively. Furthermore, BS
induced cell death observed by the increase of cells in initial apoptosis, 35% and 37% at concentrations of 1.0
and 5.0 pg/mL, respectively; similar results were observed to the positive control of the assay (36.5%; data not
shown). At the highest BS concentration (10 pg/mL), most cells (87%) were in terminal apoptosis. BS appears
not to induce necrosis in MCF-7 cells, or weakly stimulate this cellular event, under assay conditions.

From the clonogenic assay analyses, it was identified that MCE-7 cells treated with BS equivalent and lower
concentrations of CCq (1.0, 2.5 and 5.0 ug/mL) reduced the cell viability to 81.5%, 79.0%, and 72.8%, respec-
tively (Fig. 4A). Furthermore, BS decreased the ability of MCF-7 cells to form colonies (Fig. 4B). DT (50 uM)
completely inhibited colony formation.

Analyses of the virucidal effects of BS highlight its ability to inhibit 96.4% of the CPE of all enveloped viruses
(HSV-1, MHV-3 and RSV) evaluated, in 1 min contact, at 250 pg/mL (Fig. 5). At 50 ug/mL and same contact
time, the absence of CPE (100%) was observed only for HSV-1, with a reduction to 71.6% and 77.8% for MHV-3
and RSV, respectively. In the other contact times (15, 30, and 60 min), the inhibition occurred for all enveloped
viruses, from the BS concentration of 50 pg/mL. Based on BS virucidal effect results, the anti-HSV-1 activity
of BS was also investigated, showing total CPE inhibition after 1 min of exposure, up to 12.5 ug/mL, without
cytotoxicity. At BS concentration of 6.25 pg/mL, the absence of CPE depended on the exposure time, with 85%
inhibition in 30 and 60 min, reduction to 68% in 15 min, and no inactivation when exposed to 1 min of contact.
However, BS did not inactivate the Poliovirus (PV-1), a non-enveloped virus, at all tested conditions.

The antimicrobial potential of BS was also investigated, and the analyses suggest that Gram-positive bacteria
(S. aureus and E. faecium) were more susceptible to BS. In contrast, Gram-negative bacteria (S. choleraesuis, E.
coli and P. aeruginosa) and yeast (C. albicans) showed weak antimicrobial activity (Table 4).

Discussion

Pseudomonas aeruginosa is a common, Gram-negative environmental organism, known to exhibiting adaptable
metabolism and ability to colonize a range of niches®®. An important characteristic of P. aeruginosa, reported in
the literature, is its ability to produce BS. However, its function for bacterial cells is still not fully understood?’;
some physiological applications have been suggested, such as solubilization of insoluble substrates, adhesion to
interfaces in natural ecosystems, and metal complexation, as a form of adaptation of microorganisms in metal-
rich environments, to reduce or inhibit cellular toxicity?®. Bonds between metal and BS micelles can occur by
attraction between anionic BS and non-ionic metallic forms, or by the formation of chelates on the surface of
micelles’. In this work, the BM02 lineage was isolated from the soil of the bauxite mining industry, an aluminum-
rich environment that may have influenced the BS production.

Factorial design analyses revealed the production of BS by P. aeruginosa is influenced by pH and glycerol
concentration, corroborating preliminary studies?*’, namely: moderately acidic pH (~ 6.0), and glycerol concen-
tration between 0.5% and 3.0% are considered optimal. However, unlike our findings, Silva et al.** did not record
differences in BS production by P. aeruginosa at temperatures up to 37 °C. These authors provided no informa-
tion on the biological origin of the bacterial strain. In our study, the BMO02 strain was isolated from the acid soil
of a Brazilian municipality with temperatures around 28 + 6 °C*!, a temperature range close to that considered
optimal for BS production, according to factorial design analyses. These conditions may have favored the best
BS yield, under the tested culture conditions. The carbon source in the culture medium is an essential element in
the BS production’. However, it is essential to establish sustainable production routes, employing environmen-
tally friendly bioprocesses and reagents, and glycerol is a highly available and low-cost option applied to green
chemistry®?. Glycerol was used as the only carbon source in this work, an alternative substrate commonly used
in the production of microbial BS. The use of factorial design, allied to the use of industrial process wastes, is
an important tool to optimize BS production conditions from independent variables, enabling the prediction of
adequate parameters to achieve the best BS yield and correct disposal of glycerol residues®. However, the yield
of BS produced by P. aeruginosa BM02 was considered low when compared to other studies, making it neces-
sary to evaluate the production capacity of the bacteria species against different growth and synthesis factors.

The obtained BS showed the highest IE24 (60%) using 2% glycerol. The emulsified production remaining
constant throughout the monitored period (120 h). Emulsion production is a widely used technique to determine
the presence of BS in cell-free broth®, considering a satisfactory emulsifying agent when forming 50% emul-
sion, maintained for 24 h*. Emulsification activity is an important characteristic used to evaluate the potential
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Figure 3. Percentage of cell viability (A) after 72 h of exposure in Vero, L-929 and Hep-2 cells and (B) after
exposure at different times (1-60 min) in Vero cells; and antitumor activity by (C) lactate dehydrogenase
(LDH) release and (D) assessment of cell morphology of biosurfactant and antitumor activity by (C) lactate
dehydrogenase (LDH) release and (D) assessment of cell morphology (MCEF-7) of biosurfactant (BS) from
Pseudomonas aeruginosa BMO02.
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applicability of BS in industry (e.g., medicine, cosmetic, bioremediation)*, and the presented results strengthen
the potential of the obtained BS for industrial application.

The application of BS depends on its ability to remain stable under different conditions, considering variations
in pH, temperature, and salinity®®. Joshi et al.’”” reported that the BS was stable at a temperature of 80 °C, and
variations in pH and NaCl between 6 and 12, and 1-7%, respectively; however, it increased its surface tension
at NaCl concentrations greater than 10%, and at acidic pH, with precipitate formation. Gudifia et al.*® observed
that the surface activity of BS remained stable at temperatures from 25 to 60 °C, however, there was lower surface
tension at pH 7, and the highest at pH below 6, showing turbidity and partial precipitation of BS. Giri et al.*®
showed minimum values of surface tension at pH 7 and 20 °C, with reduction of BS activity at temperatures
higher than 100 °C. In this work, BS showed stability in all tested variables; there was no formation of precipitate
or reduction of tensioactive activity. Some studies characterize the BS as primary metabolites associated with
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Microbial Strains Biosurfactant Tetracycline Fluconazole
Staphylococcus aureus 50 25 NT
Escherichia coli NI 25 NT
Enterococcus faecium 50 25 NT
Salmonella choleraesuis 50,000 25 NT
Pseudomonas aeruginosa NI 50 NT
Pseudomonas aeruginosa 50,000 NT 50

Table 4. Minimum inhibitory concentration (MIC, pg/mL) of the biosurfactant produced by P. aeruginosa
BMO02 against pathogenic microbial strains. Tetracycline and fluconazole were used as positive controls

for bacterial and fungal strains, respectively. The tested compounds were added at different concentrations
(50,000-25 pg/mL) to the microbial strains for 24 h for bacteria and 48 h for yeast. MIC was determined as
the lowest concentration, which did not show any color. NI: There was no inhibition up to the highest tested
concentration (50,000 ug/mL). NT: Not tested.

exponential bacterial growth®. In this work, it was not possible to determine in which phase of bacterial growth
the BS was produced, enabling the performance of studies in this theme.

According to FT-IR and "H NMR analyses, the found signals are consistent with the functional groups of the
RL described in the literature®?”. In this study, the putative composition of the RL congeners of BS was described
as consisting of a mixture of mono- and di-RL. The most abundant P. aeruginosa RL reported in the literature
contains fatty acids from Cgq to C,,, considering that C,, is the most common*’. Furthermore, based on the
Table 3 data, it can be observed that the peaks at m/z 499, 553, and 647 provide the possibility of RL congeners
with different dispositions of the fatty acid chains. It should be pointed out that there was no quantification of
each congener; therefore, some of them, especially the less common ones, may be present in minor quantities.
This may explain the fact that the presence of unsaturated chain congeners was not evidenced by NMR analysis,
despite the very weak signals in the 7.0-8.2 ppm region, but was detected in mass spectrometry. Finally, the
information provided by mass spectrometry revealed that there may be both mono- and di-rhamnose moieties,
as well as mono- and di-lipid congeners. In addition, high diversity was observed in the length and the nature
(saturated or unsaturated) of the lipid chains in relation to the most common chemical structures for the species.

The cytotoxic activity of BS was determined by the MTT assay, which is widely used to assess cellular met-
abolic activity*!, evidencing selective toxicity for MCF-7 cells (CCs,=5.71 pg/mL), a breast cancer cell line,
corroborating with studies on antitumor/anticancer potential of BS vary according to cell lines and exposure
time*>*, Similar results were obtained by RL by P. aeruginosa BN10, with CC5,=8.6 pg/mL for MCF-74. RL
by P. aeruginosa B189 showed CCs,=6.25 pg/mL for MCF-7, but was not cytotoxic (CCs,> 50 ug/mL) for Vero
cells, and lung (NCI-H187), and oral epidermoid (KB) cell carcinomas®. The LDH release assay analyses sug-
gest the cytotoxic safety of the obtained BS; all tested BS concentrations decreased MCF-7 cell viability (SI=4.4)
to levels close to the standard chemotherapy (DT50), similar to results reported by Tambone et al.* for RL by
P. aeruginosa. The antitumor activity of RL-type BS was demonstrated for different cells*”*, strengthening the
feasibility of indicating the obtained BS as an alternative to conventional chemotherapeutic agents.

In addition to compromising the membrane integrity, BS induced cell death by apoptosis and decreased
the clonogenic capacity of MCEF-7 cells, probably due to the amphiphilic nature of the molecule, similar to that
reported in other studies*’. Cytotoxic or cytostatic activity of BS seems to depend on interaction/penetration into
the lipid bilayer influenced by the chain size and the micelle formation capacity*. However, the greater cytotox-
icity found for MCEF-7 cells does not rule out the hypothesis that our BS may interfere with other mechanisms,
resulting in cancer cell apoptosis. The potentially selective and effective inhibition of MCF-7 cell proliferation,
at low BS concentrations, are promising for anticancer therapies, considering the limited efficacy of most avail-
able therapeutic drugs.

BS showed virucidal effects against enveloped viruses HSV-1, MHV-3 and RSV after 1 min contact. The
anti-HSV effect of BS has been widely investigated®'; however, the activity for RSV virus is still little reported.
The inactivation of RSV shows promise in the investigation of BS antiviral properties in general therapy for
respiratory viruses, where the use of chemical surfactants is indicated®?. The virucidal effect of BS is attributed
mainly to its physicochemical characteristics that favor interaction with the viral envelope lipid membrane. Many
viruses of epidemiological importance have this structure, which is fundamental for the recognition of the host
cell and the onset of the infectious cycle®’. Molecules containing fatty acids are strongly suggested as inactivating
enveloped viruses®**, especially HSV-1, the most susceptible viral strain to BS. In the present study, BS presented
RL containing units of C,, saturated fatty acids in its composition, capable of interact physiochemically with the
viruses, which may explain the viral inactivation. Additionally, several BS were assessed against coronaviruses,
using SARS-CoV-2 or similar species®. In this study, the murine coronavirus (MHV-3) was used as a model
for assessment the virucidal effect of BS, as it belongs to the same genus of SARS-CoV-2°¢. The inactivation of
MHV-3 after 1 min of contact makes BS a promise in the coronaviruses’ management, contributing to world pub-
lic health. However, BS did not inactivate the Poliovirus (PV-1), a non-enveloped virus, at all tested conditions.

The BS also has antimicrobial activity against pathogenic bacteria and yeast. Reports on the antimicrobial
activity of BS by P. aeruginosa against Gram-positive and Gram-negative bacteria and yeast investigated in this
research, as well as other microorganisms of industrial and medical importance, have already been described
in the literature®*®. Gram-positive bacteria usually are more susceptible to BS*, whose inhibition mechanism
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occurs through the insertion of fatty acid components (short acyl tails) into the bacterial cell membrane, causing
a break between the cytoskeletal elements and the plasma membrane®”*8. However, Gram-negative bacteria are
normally more resistant to BS, possibly due to the presence of lipopolysaccharide and extracellular polymers
in the outer membrane, which is little permeable to hydrophobic and amphipathic molecules®. The weak anti-
fungal activity can be attributed to the BS composition, as suggested by Rodrigues et al.®’; compared to di-RL,
mono-RL congeners interact weakly with the fungal phospholipid bilayer, and in our heterogeneous mixture of
rhamnolipids, the ratio of mono-RL is higher.

Surfactant activity due to the ability of their amphiphilic regions to interact with membrane structures, chan-
nel formation and significant conformational changes, has been proposed for biosurfactants®. In this study, we
suggest that this non-specific mechanism is mainly responsible for the found biological activities. However,
other mechanisms by which biosurfactants affect membrane integrity such as the property of adhesion to cell
surfaces, ability to internalize the plasma membrane, rupture of the cytoskeleton, accumulation of intramem-
branous particles, increase in electrical conductance of the membrane, and induction of intracellular signaling
pathways infections should not be ruled out®*%*. New studies will contribute to elucidating the structure-activity
relationships of this BS.

Conclusions

The possibilities of enhancing BS production by P. aeruginosa BM02 using media composition design and result-
ing BS properties were studied. The BM02 lineage was isolated in the Brazilian Amazon region, under the
influence of the bauxite extraction, and identified as P. aeruginosa, a BS-producing bacterium RL-type under
cultivation conditions using a temperature of 25 °C, pH 5 and 1.0% glycerol. The applicability of prediction was
verified for media composition optimization with significant BS yield above 2.0 mg/mL and stability of surfactant
properties for up to 120 h. The applications of BS include strong virucidal effect against enveloped viruses and
selective antitumor activity for breast tumor cells, as well as inhibition of the growth of Gram-positive bacteria.
Our results indicate RL-type BS from P. aeruginosa BM02 as a promising compound for the development of new
antitumor and antimicrobial prototypes, as a management strategy for important public health concerns. The
Amazonian mining environment, particularly that of bauxite, is still little known in microbiological studies, but
it may present itself as an important microbial reservoir with specific biological functions, as presented in this
work. This study also enables discussions on the use of contaminated soil and mining waste, especially from the
Brazilian Amazon region, the largest rainforest in the world, for the development of low-cost and ecologically
friendly processes.
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The authors confirm that the data generated or analyzed during this research are available within the article. The
16S rRNA sequence of BMO02 is available in National Center for Biotechnology Information (NCBI), with the
accession number OP410927.1 (https://www.ncbi.nlm.nih.gov/nuccore/OP410927).

Received: 9 November 2023; Accepted: 16 February 2024
Published online: 12 March 2024

References

1. Karnwal, A. et al. Microbial biosurfactant as an alternate to chemical surfactants for application in cosmetics industries in personal
and skin care products: A critical review. Biomed. Res. Int. 1-21, 2023. https://doi.org/10.1155/2023/2375223 (2023).

2. Kashif, A. et al. Current advances in the classification, production, properties and applications of microbial biosurfactants: A
critical review. Adv. Colloid Interface Sci. 306, €102718. https://doi.org/10.1016/j.cis.2022.102718 (2022).

3. Araujo, J. S. et al. Production of rhamnolipids by Pseudomonas aeruginosa AP029-GLVIIA and application on bioremediation and
as a fungicide. Biosci. Biotechnol. Res. Asia. 17, 467-477. https://doi.org/10.13005/bbra/2850 (2020).

4. Chen, S.-Y. et al. Improved production of biosurfactant with newly isolated Pseudomonas aeruginosa S2. Biotechnol. Prog. 23,
661-666. https://doi.org/10.1021/bp0700152 (2007).

5. Global Market Insights. Biosurfactants Market—By Product (Sophorolipids, Rhamnolipids, Alkyl Polyglucosides, Sucrose Esters,
Lipopeptides, Phospholipids), By Application (Personal Care, Industrial Cleaners, Food Processing, Textiles, Pharma, Bioremedia-
tion), & Forecast, 2023-2032; https://www.gminsights.com/industry-analysis/biosurfactants-market-report (2023).

6. Reis, C. B. L. D. et al. First report of the production of a potent biosurfactant with a, B-trehalose by Fusarium fujikuroi under opti-
mized conditions of submerged fermentation. Braz. . Microbiol. 49, 185-192. https://doi.org/10.1016/j.bjm.2018.04.004 (2018).

7. Desai, J. D. & Banat, I. M. Microbial production of biosurfactants and their commercial potential. Microbiol. Mol. Biol. Rev. 61,
47-64. https://doi.org/10.1128/mmbr.61.1.47-64.1997 (1997).

8. Soberén-Chavez, G., Gonzalez-Valdez, A., Soto-Aceves, M. P. & Cocotl-Yafiez, M. Rhamnolipids produced by Pseudomonas: From
molecular genetics to the market. Microb. Biotechnol. 14, 136-146. https://doi.org/10.1111/1751-7915.13700 (2021).

9. Chauhan, V., Mazumdar, S., Pandey, A. & Kanwar, S. S. Pseudomonas lipopeptide: An excellent biomedical agent. MedComm. 2,
1-15. https://doi.org/10.1002/mba2.27 (2023).

10. Forests & Finance. The impact of mining on the Brazilian Amazon. https://forestsandfinance.org/mining/the-impact-of-min-
ing-on-the-brazilian-amazon/#:~:text=Several %20large%2C%200pen%2Dpit%20mining,nickel %2C%20tin%2C%20and%20zinc
(2022).

11. Souza, R. S. Génese e comportamento fisico- hidrico de solos construidos em mina de bauxita no sudoeste paraense. Tese (Dou-
torado em Agronomia), Universidade Federal Rural da Amazonia, Belém, 2018. 141 f.

12. Katoh, K. & Standley, D. M. MAFFT: Iterative refinement and additional methods. Methods Mol. Biol. 1079, 131-146. https://doi.
0rg/10.1007/978-1-62703-646-7_8 (2014).

13. Capella-Gutiérrez, S., Silla-Martinez, J. M. & Gabaldén, T. trimAl: A tool for automated alignment trimming in large-scale phy-
logenetic analyses. Bioinformatics 25, 1972-1973. https://doi.org/10.1093/bioinformatics/btp348 (2009).

14. Miller, M. A., Pfeiffer, W. & Schwartz, T. Creating the CIPRES science gateway for interfence of large phylogenetic trees. Gateway
Computing Environments Workshop (GCE), New Orleans, 1-8. https://doi.org/10.1109/GCE.2010.5676129 (2010).

15. Das, M., Das, S. K. & Mukherjee, R. K. Surface active properties of the culture filtrates of a Micrococcus species grown on n-alkanes
and sugars. Bioresour. Technol. 63, 231-235. https://doi.org/10.1016/S0960-8524(97)00133-8 (1998).

Scientific Reports |

(2024) 14:4629 | https://doi.org/10.1038/s41598-024-54828-w nature portfolio


https://www.ncbi.nlm.nih.gov/nuccore/OP410927
https://doi.org/10.1155/2023/2375223
https://doi.org/10.1016/j.cis.2022.102718
https://doi.org/10.13005/bbra/2850
https://doi.org/10.1021/bp0700152
https://www.gminsights.com/industry-analysis/biosurfactants-market-report
https://doi.org/10.1016/j.bjm.2018.04.004
https://doi.org/10.1128/mmbr.61.1.47-64.1997
https://doi.org/10.1111/1751-7915.13700
https://doi.org/10.1002/mba2.27
https://forestsandfinance.org/mining/the-impact-of-mining-on-the-brazilian-amazon/#:~:text=Several%20large%2C%20open%2Dpit%20mining,nickel%2C%20tin%2C%20and%20zinc
https://forestsandfinance.org/mining/the-impact-of-mining-on-the-brazilian-amazon/#:~:text=Several%20large%2C%20open%2Dpit%20mining,nickel%2C%20tin%2C%20and%20zinc
https://doi.org/10.1007/978-1-62703-646-7_8
https://doi.org/10.1007/978-1-62703-646-7_8
https://doi.org/10.1093/bioinformatics/btp348
https://doi.org/10.1109/GCE.2010.5676129
https://doi.org/10.1016/S0960-8524(97)00133-8

www.nature.com/scientificreports/

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Lotfabad, T. B. et al. An efficient biosurfactant-producing bacterium Pseudomonas aeruginosa MRO1, isolated from oil excavation
areas in south of Iran. Colloids Surf. B Biointerfaces 69, 183-193. https://doi.org/10.1016/j.colsurfb.2008.11.018 (2009).

Wouk, J. et al. Sulfonated (1—6)-p-p-Glucan (Lasiodiplodan): A promising candidate against the acyclovir-resistant herpes simplex
virus type 1 (HSV-1) strain. Biomacromolecules 23, 4041-4052. https://doi.org/10.1021/acs.biomac.2c00156 (2022).

Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays. J.
Immunol. Methods 65, 55-63. https://doi.org/10.1016/0022-1759(83)90303-4 (1983).

Indrayanto, G., Putra, G. S. & Suhud, E. A. Validation of in-vitro bioassay methods: Application in herbal drug research. In Profiles
drug substances, excipients, and related methodology 1st edn (ed. Al-Majed, A. A.) 273-307 (Academic Press Inc., 2021).
Serpeloni, J. M. et al. Flavone cirsimarin impairs cell proliferation, migration, and invasion in MCF-7 cells grown in 2D and 3D
models. Toxicol. In Vitro 83, e105416. https://doi.org/10.1016/j.tiv.2022.105416 (2022).

Laghezza Masci, V. et al. Apoptotic effects on HL60 human leukaemia cells induced by lavandin essential oil treatment. Molecules
25, 1-13. https://doi.org/10.3390/molecules25030538 (2020).

Decker, T. & Lohmann-Matthes, M. L. A quick and simple method for the quantitation of lactate dehydrogenase release in meas-
urements of cellular cytotoxicity and tumor necrosis factor (TNF) activity. J. Immunol. Methods 115, 61-69. https://doi.org/10.
1016/0022-1759(88)90310-9 (1988).

Franken, N. A., Rodermond, H. M., Stap, J., Haveman, J. & van Bree, C. Clonogenic assay of cells in vitro. Nat. Protoc. 1,2315-2319.
https://doi.org/10.1038/nprot.2006.339 (2006).

Reed, L. J. & Muench, H. A simple method of estimating fifty per cent endpoints. Am. J. Hyg. 27, 493-497. https://doi.org/10.1093/
oxfordjournals.aje.al18408 (1938).

Nishimura, T., Toku, H. & Fukuyasu, H. Antiviral compounds. XII. Antiviral activity of amidinohydrazones of alkoxyphenyl-
substituted carbonyl compounds against influenza virus in eggs and in mice. Kitasato Arch. Exp. Med. 50, 39-46 (1977).

Mielko, K. A. et al. Metabolomic studies of Pseudomonas aeruginosa. World J. Microbiol. Biotechnol. 35, 1-11. https://doi.org/10.
1007/s11274-019-2739-1 (2019).

Cortés-Sanchez, A. J., Herndndez-Sanchez, H. & Jaramillo-Flores, M. E. Biological activity of glycolipids produced by microorgan-
isms: New trends and possible therapeutic alternatives. Microbiol. Res. 168, 22-32. https://doi.org/10.1016/j.micres.2012.07.002
(2013).

Ocampo, G. Y. Role of biosurfactants in nature, and biotechnological applications. J. Bacteriol. Mycol. 2, 95-96. https://doi.org/10.
15406/jbmoa.2016.02.00031 (2016).

Eraqi, W. A, Yassin, A. S, Ali, A. E. & Amin, M. A. Utilization of crude glycerol as a substrate for the production of rhamnolipid
by Pseudomonas aeruginosa. Biotechnol. Res. Int. 1-9, 2016. https://doi.org/10.1155/2016/3464509 (2016).

Silva, S. N., Farias, C. B., Rufino, R. D., Luna, J. M. & Sarubbo, L. A. Glycerol as substrate for the production of biosurfactant by
Pseudomonas aeruginosa UCP0992. Colloids Surf. B. 79, 174-183. https://doi.org/10.1016/j.colsurfb.2010.03.050 (2010).
Weather Spark. Average weather and climate in Paragominas-PA, Brazil. https://weatherspark.com/y/30245/ Average-Weather-in-
Paragominas-Brazil-Year-Round (2023)

Makris, D. P. & Lalas, S. Glycerol and glycerol-based deep eutectic mixtures as emerging green solvents for polyphenol extraction:
The evidence so far. Molecules 25, 1-15. https://doi.org/10.3390/molecules25245842 (2020).

Baskaran, S. M. et al. Valorization of biodiesel side stream waste glycerol for rhamnolipids production by Pseudomonas aeruginosa
RS6. Environ. Pollut. 276, 1-14. https://doi.org/10.1016/j.envpol.2021.116742 (2021).

Abbot, V., Paliwal, D., Sharma, A. & Sharma, P. A review on the physicochemical and biological applications of biosurfactants in
biotechnology and pharmaceuticals. Heliyon 8, 1-22. https://doi.org/10.1016/j.heliyon.2022.e10149 (2022).

Onlamool, T., Saimmai, A. & Maneerat, S. Antifungal activity of rhamnolipid biosurfactant produced by Pseudomonas aeruginosa
A4 against plant pathogenic fungi. Trends Sci. 20, 6524-6524. https://doi.org/10.48048/tis.2023.6524 (2023).

Gudina, E. J., Teixeira, J. A. & Rodrigues, L. R. Isolation and functional characterization of a biosurfactant produced by Lactobacil-
lus paracasei. Colloids Surf. B. 76, 298-304. https://doi.org/10.1016/j.colsurfb.2009.11.008 (2010).

Joshi, S. et al. Biosurfactant production using molasses and whey under thermophilic conditions. Bioresour. Technol. 99, 195-199.
https://doi.org/10.1016/j.biortech.2006.12.010 (2008).

Giri, S. S., Ryu, E. C., Sukumaran, V. & Park, S. C. Antioxidant, antibacterial, and anti-adhesive activities of biosurfactants isolated
from Bacillus strains. Microb. Pathog. 132, 66-72. https://doi.org/10.1016/j.micpath.2019.04.035 (2019).

Darwesh, O. M., Mahmoud, M. S., Barakat, K. M., Abuellil, A. & Ahmad, M. EImproving the bioremediation technology of con-
taminated wastewater using biosurfactants produced by novel bacillus isolates. Heliyon 7, 1-12. https://doi.org/10.1016/j.heliyon.
2021.e08616 (2021).

Abdel-Mawgoud, A. M., Lépine, F. & Déziel, E. Rhamnolipids: Diversity of structures, microbial origins and roles. Appl. Microbiol.
Biotechnol. 86, 1323-1336. https://doi.org/10.1007/s00253-010-2498-2 (2010).

Ghasemi, M., Turnbull, T, Sebastian, S. & Kempson, I. The MTT assay: Utility, limitations, pitfalls, and interpretation in bulk and
single-cell analysis. Int. J. Mol. Sci. 22, 1-30. https://doi.org/10.3390/ijms222312827 (2021).

Duarte, C., Gudifia, E. J., Lima, C. F. & Rodrigues, L. R. Effects of biosurfactants on the viability and proliferation of human breast
cancer cells. AMB Express 4, 1-12. https://doi.org/10.1186/s13568-014-0040-0 (2014).

Meena, K. R., Sharma, A. & Kanwar, S. S. Antitumoral and antimicrobial activity of surfactin extracted from Bacillus subtilis
KLP2015. Int. J. Pept. Res. Ther. 26, 423-433. https://doi.org/10.1007/s10989-019-09848-w (2020).

Semkova, S. et al. Rhamnolipid biosurfactants: Possible natural anticancer agents and autophagy inhibitors. Separations 8, 1-14.
https://doi.org/10.3390/separations8070092 (2021).

Thanomsub, B. et al. Chemical structures and biological activities of rhamnolipids produced by Pseudomonas aeruginosa B189
isolated from milk factory waste. Bioresour. Technol. 97, 2457-2461. https://doi.org/10.1016/j.biortech.2005.10.029 (2006).
Tambone, E. et al. Rhamnolipid coating reduces microbial biofilm formation on titanium implants: An in vitro study. BMC Oral
Health 21, 1-13. https://doi.org/10.1186/s12903-021-01412-7 (2021).

Sanjivkumar, M., Deivakumari, M. & Immanuel, G. Investigation on spectral and biomedical characterization of rhamnolipid
from a marine associated bacterium Pseudomonas aeruginosa (DKB1). Arch. Microbiol. 203, 2297-2314. https://doi.org/10.1007/
$00203-021-02220-x (2021).

Twigg, M. S., Adu, S. A., Sugiyama, S., Marchant, R. & Banat, I. M. Mono-rhamnolipid biosurfactants synthesized by Pseudomonas
aeruginosa detrimentally affect colorectal cancer cells. Pharmaceutics 14, 1-16. https://doi.org/10.3390/pharmaceutics14122799
(2022).

Rahimi, K., Lotfabad, T. B., Jabeen, F. & Mohammad Ganji, S. Cytotoxic effects of mono- and di-rhamnolipids from Pseudomonas
aeruginosa MRO1 on MCF-7 human breast cancer cells. Colloids Surf. B. 181, 943-952. https://doi.org/10.1016/j.colsurfb.2019.
06.058 (2019).

Liu, X. et al. Effect of the microbial lipopeptide on tumor cell lines: Apoptosis induced by disturbing the fatty acid composition of
cell membrane. Protein Cell. 1, 584-594. https://doi.org/10.1007/s13238-010-0072-4 (2010).

Hegazy, G. E. et al. Bioprocess development for biosurfactant production by Natrialba sp. M6 with effective direct virucidal and
anti-replicative potential against HCV and HSV. Sci. Rep. 12, 1-19. https://doi.org/10.1038/s41598-022-20091-0 (2022).

Han, S. H. & Mallampalli, R. K. The role of surfactant in lung disease and host defense against pulmonary infections. Ann. Am.
Thorac. Soc. 12, 765-774. https://doi.org/10.1513/ AnnalsATS.201411-507FR (2015).

Scientific Reports |

(2024) 14:4629 | https://doi.org/10.1038/s41598-024-54828-w nature portfolio


https://doi.org/10.1016/j.colsurfb.2008.11.018
https://doi.org/10.1021/acs.biomac.2c00156
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.1016/j.tiv.2022.105416
https://doi.org/10.3390/molecules25030538
https://doi.org/10.1016/0022-1759(88)90310-9
https://doi.org/10.1016/0022-1759(88)90310-9
https://doi.org/10.1038/nprot.2006.339
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1007/s11274-019-2739-1
https://doi.org/10.1007/s11274-019-2739-1
https://doi.org/10.1016/j.micres.2012.07.002
https://doi.org/10.15406/jbmoa.2016.02.00031
https://doi.org/10.15406/jbmoa.2016.02.00031
https://doi.org/10.1155/2016/3464509
https://doi.org/10.1016/j.colsurfb.2010.03.050
https://weatherspark.com/y/30245/Average-Weather-in-Paragominas-Brazil-Year-Round
https://weatherspark.com/y/30245/Average-Weather-in-Paragominas-Brazil-Year-Round
https://doi.org/10.3390/molecules25245842
https://doi.org/10.1016/j.envpol.2021.116742
https://doi.org/10.1016/j.heliyon.2022.e10149
https://doi.org/10.48048/tis.2023.6524
https://doi.org/10.1016/j.colsurfb.2009.11.008
https://doi.org/10.1016/j.biortech.2006.12.010
https://doi.org/10.1016/j.micpath.2019.04.035
https://doi.org/10.1016/j.heliyon.2021.e08616
https://doi.org/10.1016/j.heliyon.2021.e08616
https://doi.org/10.1007/s00253-010-2498-2
https://doi.org/10.3390/ijms222312827
https://doi.org/10.1186/s13568-014-0040-0
https://doi.org/10.1007/s10989-019-09848-w
https://doi.org/10.3390/separations8070092
https://doi.org/10.1016/j.biortech.2005.10.029
https://doi.org/10.1186/s12903-021-01412-7
https://doi.org/10.1007/s00203-021-02220-x
https://doi.org/10.1007/s00203-021-02220-x
https://doi.org/10.3390/pharmaceutics14122799
https://doi.org/10.1016/j.colsurfb.2019.06.058
https://doi.org/10.1016/j.colsurfb.2019.06.058
https://doi.org/10.1007/s13238-010-0072-4
https://doi.org/10.1038/s41598-022-20091-0
https://doi.org/10.1513/AnnalsATS.201411-507FR

www.nature.com/scientificreports/

53. Hilmarsson, H., Kristmundsdéttir, T. & Thormar, H. Virucidal activities of medium-and long-chain fatty alcohols, fatty acids and
monoglycerides against herpes simplex virus types 1 and 2: Comparison at different pH levels. APMIS 113, 58-65. https://doi.
0rg/10.1111/j.1600-0463.2005.apm1130109.x (2005).

54. Remichkova, M. et al. Anti-herpesvirus activities of Pseudomonas sp. S-17 rhamnolipid and its complex with alginate. Z. Naturforsch
C. J. Biosci. 63, 75-81. https://doi.org/10.1515/znc-2008-1-214 (2008).

55. Subramaniam, M. D. et al. Biosurfactants and anti-inflammatory activity: A potential new approach towards COVID-19. Curr.
Opin. Environ. Sci. Health 17, 72-81. https://doi.org/10.1016/j.coesh.2020.09.002 (2020).

56. Oliveira, G. P. & Kroon, E. G. Mouse hepatitis virus: A betacoronavirus model to study the virucidal activity of air disinfection
equipment on surface contamination. J. Virol. Methods 297, 1-4. https://doi.org/10.1016/j.jviromet.2021.114274 (2021).

57. Bharali, P, Saikia, J. P.,, Ray, A. & Konwar, B. K. Rhamnolipid (RL) from Pseudomonas aeruginosa OBP1: A novel chemotaxis and
antibacterial agent. Colloids Surf. B. 103, 502-509. https://doi.org/10.1016/j.colsurfb.2012.10.064 (2011).

58. El-Sheshtawy, H. S. & Doheim, M. M. Selection of Pseudomonas aeruginosa for biosurfactant production and studies of its anti-
microbial activity. Egypt J. Pet. 23, 1-6. https://doi.org/10.1016/j.ejpe.2014.02.001 (2014).

59. Zhao, F, Wang, B., Yuan, M. & Ren, S. Comparative study on antimicrobial activity of mono-rhamnolipid and di-rhamnolipid
and exploration of cost-effective antimicrobial agents for agricultural applications. Microb. Cell Fact. 21, 1-10. https://doi.org/10.
1186/512934-022-01950-x (2022).

60. Rodrigues, A. I, Gudifa, E. ]., Teixeira, J. A. & Rodrigues, L. R. Sodium chloride effect on the aggregation behaviour of rham-
nolipids and their antifungal activity. Sci. Rep. 7, €12907. https://doi.org/10.1038/s41598-017-13424-x (2017).

61. Bjerk, T. R. et al. Biosurfactants: Properties and applications in drug delivery, biotechnology and ecotoxicology. Bioengineering 8,
115. https://doi.org/10.3390/bioengineering8080115 (2021).

62. Carrillo, C., Teruel, J. A., Aranda, E J. & Ortiz, A. Molecular mechanism of membrane permeabilization by the peptide antibiotic
surfactin. Biochim. Biophys. Acta. 611, 91-97. https://doi.org/10.1016/s0005-2736(03)00029-4 (2003).

63. Desai, J. D. & Banat, I. M. Microbial production of surfactants and their commercial potential. Microbiol. Mol. Biol. Rev. 61, 47-56.
https://doi.org/10.1128/mmbr.61.1.47-64.1997 (1997).

Acknowledgements

The authors would like to thank Fundagiao Amazonia de Amparo a Estudos e Pesquisas (FAPESPA); the Coordi-
nation for the Improvement of Higher Education Personnel (CAPES), 88887.603005/2021-00 (M.Sc. Mario Bar-
boza), 88887.666577/2022-00 (Erica Romao Pereira), 88887.798349/2022-00 (Dr. Giulian S4); the National Coun-
cil for Scientific and Technological Development (CNPq), 143560/2022-0 (Matheus Arakawa), 131379/2021-6
(M.S.c André Dyna), 304248/2022-3 (Dr. Ligia Faccin-Galhardi), Senior Research Fellowship (Dr. Cristina
Quintella) for granting research support scholarships; the Fundagdo Araucdria-PR (Project Amazdnia+10
CONFAP—736/2022-AMA 2022) for support and financial assistance; the Post-Graduate Programs in Chem-
istry (Unifesspa and UEL), Development Program (Amazonia Legal), and Microbiology (UEL); the Fundagao
Oswaldo Cruz (FIOCRUZ) for providing the microbial strains; the Institute of Chemistry and Energy (UFBA)
and Environment Center (UFBA) for the use of laboratories; the Multiuser Laboratories (LAMM/FINEP and
ESPEC/FINEP, UEL) for the ESI-MS and NMR analyses; and the National and International Relations Office
(Arni/Propit/Unifesspa) for the qualified publication support (Call n° 04/2023—PAPQ).

Author contributions

All authors contributed to the methodological and intellectual design of the study, as well as reading and approv-
ing the final manuscript. ].A.P.B. performed the molecular identification; S.C.S., C.A.T., S.C.S. and D.A.S. per-
formed the factorial design experiments; A.O., D.A.S. and K.L. performed the chemical characterization analysis;
S.C.S., PD.R. and C.M.Q. analyzed the physicochemical properties; .M.S., R.L.G. and E.R.P. performed the
cytotoxicity experiments and antitumor evaluation; A.L.D., M.G.L.B. and M.H.EA. performed cytotoxicity and
antiviral assays; S.C.S. and L.C.E.-G. contributed financial support, and performed the experimental design and
data analysis; S.C.S., ].A.PB., A.O,, ].M.S. and L.C.E.-G. drafted the manuscript; G.C.S.S. revised and edited the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-54828-w.

Correspondence and requests for materials should be addressed to S.C.d.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:4629 | https://doi.org/10.1038/s41598-024-54828-w nature portfolio


https://doi.org/10.1111/j.1600-0463.2005.apm1130109.x
https://doi.org/10.1111/j.1600-0463.2005.apm1130109.x
https://doi.org/10.1515/znc-2008-1-214
https://doi.org/10.1016/j.coesh.2020.09.002
https://doi.org/10.1016/j.jviromet.2021.114274
https://doi.org/10.1016/j.colsurfb.2012.10.064
https://doi.org/10.1016/j.ejpe.2014.02.001
https://doi.org/10.1186/s12934-022-01950-x
https://doi.org/10.1186/s12934-022-01950-x
https://doi.org/10.1038/s41598-017-13424-x
https://doi.org/10.3390/bioengineering8080115
https://doi.org/10.1016/s0005-2736(03)00029-4
https://doi.org/10.1128/mmbr.61.1.47-64.1997
https://doi.org/10.1038/s41598-024-54828-w
https://doi.org/10.1038/s41598-024-54828-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Production and characterization of rhamnolipids by Pseudomonas aeruginosa isolated in the Amazon region, and potential antiviral, antitumor, and antimicrobial activity
	Material and methods
	BS production
	Isolation, DNA extraction, sequencing, and molecular identification
	Factorial design
	Cell growth and emulsification production
	BS quantification

	BS characterization
	Stability analysis
	Structural determination

	BS toxicity
	Antitumor activity of BS
	Cell morphology assay
	Lactate dehydrogenase (LDH) release assay
	Clonogenic assay (CL)

	Antiviral activity of BS
	Antimicrobial activity of BS
	Statistical analysis

	Results
	Discussion
	Conclusions
	References
	Acknowledgements


