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Abstract 
The worldwide occurrence of antibiotic resistance, has triggered the quest for viable alternatives, to the failing antibiotics in 
common usage. Biosurfactants have been studied for their potential in this regard. The aim of this study, was to characterize 
a biosurfactant, produced from Pseudomonas aeruginosa strain S16 (accession number OQ734845), shown to possess effective 
biocontrol activity, against Staphylococcus aureus SO183 at 0.060 g/L. Pseudomonas aeruginosa strain S16 was isolated from soil 
in a mixed farm, at Ajibode area, Ibadan, Oyo State, Nigeria, with the use of the pour plate method, identified through 
biochemical tests, and confirmed through molecular studies. Scanning electron microscopy revealed that the biosurfactant 
possessed a surface composed of, globular and spindle-shaped projections, while energy dispersive x-ray spectroscopy revealed 
that its elemental composition was mainly oxygen (3.00%), carbon (36.10%), nitrogen (43.00%), phosphorus (3.00%) and 
sodium (6.60%); the least abundant was manganese (0.48%). High performance liquid chromatography and mass 
spectrometry, revealed that the monosaccharides, were mainly rhamnose, glucose, xylose and mannose, while the phenol-
sulfuric acid method measured their concentration as 0.0047 g/L. Fourier transform infrared spectroscopy, revealed the 
presence of carboxyl, alcohol, amine and halo functional groups, amongst others. The biosurfactant produced from 
Pseudomonas aeruginosa strain S16 was a positively charged, manganese-containing, polymeric biosurfactant made up of 
carbohydrates, lipid and peptide molecules. It was likely a positively-charged, manganese-containing glycolipopeptide/ 
glycolipoprotein, polysaccharide-protein-fatty acid composite, or lipopolysaccharide-protein composite. The manganese 
probably conferred to it, the potential for antibacterial and diverse bioactivities. From available records, this is the first report 
of a manganese-containing biosurfactant. 
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Introduction 

The worldwide occurrence of antibiotic resistance has 
triggered the quest for viable alternatives, to the 
present failing antibiotics in common usage. 
Antibiotic resistance is the descriptive term used, 
when bacteria are observed to possess the ability, to 
evade the harmful effects of drugs introduced either 
to kill them, or to suppress their growth. Antibiotic 
resistance is a major part of antimicrobial resistance 
(AMR) (WHO, 2021) that could develop on its own, 
but occurs mostly as a result of the inappropriate use 
of drugs, and the mismanagement of illnesses (Tanwar 
et al., 2014; Saha et al., 2021). The quest for 
alternative antibiotics has led, in part, to the use of 
biosurfactants. Biosurfactants possess antimicrobial 
properties (Pessione and Garcia-Contreras, 2022) 
amongst others. Biosurfactants are surface-acting 
compounds of biological origin. They are unique, 
secondary metabolites, synthesised in the absence of 
ribosomes, by some microbes (Ndlovu et al., 2017). 

The word “surfactant”, was created from the phrase 
“surface active agent” (Rosen and Kunjappu, 2012). 
Biosurfactants are amphiphilic chemical compounds 
(they have a hydrophobic tail group and a hydrophilic 
head group (Leong et al., 2021)), produced by 
microorganisms, with many advantages over 
conventional surfactants (Sandeep and Rajasree, 
2017). Some of these advantages include easy 
biodegradability, minimal toxicity and unaltered 
activity in extreme conditions of salinity and pH 
(Costa et al., 2018).  
Biosurfactants can broadly be grouped into two: 
biosurfactants with low molecular weights, and 
biosurfactants with high molecular weights (Adu et 
al., 2020). Biosurfactants with low molecular weights, 
have greater efficiency at surface tension and 
interfacial tension reduction, while those with high 
molecular weights (bioemulsifiers), demonstrate 
greater emulsification activity, than either surface, or 
interfacial tension reduction (Banat et al., 2010). 
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Biosurfactants can also be classified, based on their 
source of production, their chemical properties, and 
their electrical charges. With reference to their source, 
biosurfactants could be, for example, bacterial or 
fungal. With regards to their chemical composition, 
the classification of biosurfactants, includes 
lipopeptide/lipoprotein biosurfactants, phospholipid 
biosurfactants, neutral lipid biosurfactants, glycolipid 
biosurfactants, glycopeptide biosurfactants, polymeric 
(polysaccharide-protein-fatty acid composites, 
lipopolysaccharide-protein composites, 
glycolipopeptide/ glycolipoprotein) biosurfactants 
and particulate biosurfactants (Gürkök and Özdal, 
2021; Santos et al., 2016). Lipopeptide and 
lipoprotein biosurfactants, possess annular-shaped 
peptides, joined to chains of hydrophobic fatty acids 
(Sharma et al; 2021). An example is surfactin, 
produced by Bacillus subtilis species. Surfactin 
possesses a 7-amino acid cyclic shape, joined by a 
lactone to a fatty acid chain, and is a very powerful 
biosurfactant with activity against bacteria, viruses 
and fungi (Meena et al., 2017). Glycolipid 
biosurfactants are formed by the bonding of 
carbohydrates and lipids, and are situated in cell 
membranes (Hamid et al., 2015). The poster 
glycolipid biosurfactants, are the sophorolipids, 
rhamnolipids and trehalolipids (Chrzanowski et al., 
2012). Neutral lipid biosurfactants, are ester-like in 
chemical composition, and waxy in texture, and are 
produced by marine-dwelling hydrocarbonoclastic 
bacteria (Gayathiri et al., 2022). Polymeric 
biosurfactants are surfactants that are huge in size, 
and are composed of a collocation of smaller, 
repeated sub-units; known examples include emulsan, 
alasan, liposan, and complexes of polysaccharide 
proteins (Vijayakumar and Saravanan, 2015). Other 
examples of polymeric biosurfactants include, 
glycolipopeptide biosurfactants and glycolipoprotein 
biosurfactants; these are made up of carbohydrate, 
lipids and peptide (or protein) chains. 
Lipopolysaccharide-protein composites are part of the 
external plasma membrane of Gram-negative bacteria 
(Solov'eva and IuS, 1983). Particulate biosurfactants, 
are biosurfactants that cause the disaggregation of 
microbial extracellular membrane vesicles; this 
disaggregation, results in the formation of tiny 
emulsions, that in turn, produce some force on alkane 
uptake into the cells (Vijayakumar and Saravanan, 
2015). Examples of particulate biosurfactants, are the 
vesicles produced by Acinetobacter species, that 
consist of proteins, phospholipids, and 
lipopolysaccharides (Vijayakumar and Saravanan, 

2015). Phospholipid biosurfactants are complexes of 
phosphorus and lipids, with surface tension-reducing 
properties, while fatty acid biosurfactants, are lipid 
subunits, with micelle-formation properties. Many 
microorganisms, produce fatty acid and lipids, that 
have very good biosurfactant characteristics; this fact, 
makes them much sought out for, by several 
industries (Gayathiri et al., 2022). Acinetobacter 
species also produce vesicles with huge quantities of 
the fatty acid biosurfactant, phosphatidyl 
ethanolamine (Santos et al., 2016). Surfactants can be 
classified based on the net electrical charges they 
possess, into anionic, cationic, amphoteric 
(zwitterionic) and non-ionic surfactants (Nakama, 
2017); this classification can also be adapted for 
biosurfactants. The electrical charges emanate from 
the polar head of the biosurfactant (Santos et al., 
2016). Biosurfactants are mostly either anionic or 
neutral; the positively charged biosurfactants are 
those that contain amines (Santos et al., 2016). 
Biosurfactants have antimicrobial activity, and this is 
mainly from the positive charges on their cationic 
head; the more hydrophobic a biosurfactant is, the 
more antimicrobial activity it exhibits (Pessione and 
Garcia-Contreras, 2022. Biosurfactants can therefore, 
be used as antibiotics, antivirals and antifungals 
(Sharma et al., 2021). 
The metal manganese (Mn), is a chemical substance; 
it is the 25th element on the periodic table, and 
weighs 54.9 (Al-Fartusie. and Mohssan, 2017). 
Manganese is a blend of the colours, grey and white; 
and is splintery in composition (DOCCEEW, 2022). 
It is one of the ten principal elements, that exist in 
minute quantities (“trace elements”), in both 
greenfield and brownfield lands, and whose intake in 
gross amounts, is injurious to living things (Silva et al., 
2019). In the soil, it is very reactive (Li et al., 2021). 
Manganese is also found in both air and water 
matrices (Gad, 2005). The major way through which 
manganese enters the human body, is the intake of 
foods rich in manganese, and the intake of water from 
wells (Harischandra et al., 2019). Manganese is also 
an important constituent of certain organocatalysts 
(Vincente et al. 2014); it takes part in the synthesis, 
and triggering of a large number of enzymes (Li and 
Yang, 2018). Manganese possesses many oxidation 
states, with a range from 3 – to 7 +; the most 
frequently encountered oxidation states in the natural 
world, are oxidation states 2 +, 3 +, and 4 + (Ghosh, 
2020). Manganese does not exist on its own; it is 
always found in the bound form, in both carbon-
containing, and non-carbon-containing composites 
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(Avila et al., 2013). Some uses of non-carbon-
containing manganese composites, include alloy-
making, ceramic ware-production, pesticide-
compounding and pigment-manufacturing, while the 
carbon-containing (organic) manganese composite, 
manganese carbonate, has been employed in the drug-
manufacturing industry, amongst others 
(DOCCEEW, 2022). The maintenance of human 
health is a key factor in the determination of the 
quality of life and manganese contributes to this. 
Manganese aids in the maintenance of human health 
through its inclusion in metalloproteins (Horning et 
al., 2015). At the molecular level, metalloproteins that 
contain manganese, work as ligases, hydrolases and 
oxidoreductases, amongst other activities (Horning et 
al., 2015). In this manner, manganese performs the 
function of a coenzyme and many of the metabolic 
processes that occur in cells, require the presence of 
manganese (Erikson, 2005). The importance of 
manganese, in the cells of humans, is further 
appreciated in both its deficiency and its excess. Both 
a lack, and an excess, of manganese in man, could lead 
to severe health challenges, affecting organs like the 
sex organs, the lungs, the bones, and the brain (Keen 
et al., 2013; Harischandra et al., 2019; Avila et al., 
2022), however, manganese deficiency in humans, is 
hardly seen (Chen et al., 2018). Low manganese in the 
human body (hypomanganesaemia), is reported to be 
associated with bone density loss, and abnormal 
cerebral neural discharges (Pennington and Schoen, 
1996). Excessive manganese in the human body 
(hypermanganesaemia), mainly affects the brain, and 
could lead to “manganism”(Chen et al., 2018). 
Manganese deficiency in animals, causes diseases with 
overt manifestations, that include abnormal gait, 
skeletal malformations and hematological dyscrasias 
(Soetan et al., 2010). However, studies have revealed, 
that in animals that have been tamed by man, an 
excess of manganese, mainly causes a lack of iron, due 
to the disruptive effect of manganese on cellular iron 
intake; digestive, skeletal and cerebral functions can 
also be impaired (Keen and Zidenberg -Cherr, 2003) 
In plants, low manganese levels, affect photosystem II, 
and therefore, impairs the frequency of 
photosynthesis (Schmidt et al., 2016). The layering of 
cuticular waxes in foliage, is another plant metabolic 
activity, that is affected by manganese deficiency 
(Alejandro et al., 2020). Manganese toxicity also 
lowers the frequency of photosynthesis (Nable et al., 
1988), and hinders the movement of important 
chemicals such as calcium from the surroundings into 
the plant (Blamey et al., 2015), amongst other 

metabolic activities. Overt manifestations of 
manganese deficiency in plants, are frequently absent, 
showing up much later on, as the deficiency persists 
or progresses (Alejandro et al., 2020). Manganese 
toxicity, on the other hand, frequently shows up as a 
yellowing of leaves, and the formation of foci of dead 
leaf tissue (Millaleo et al., 2010). 
Fourier transform infrared (FTIR) spectroscopy, is a 
form of spectroscopic analysis, that exploits the 
infrared light- immersive capacity, of the majority of 
the chemically-bonded atomic particles, in a 
compound (Mishrah et al., 2018). It scrutinises the 
vacillatory motions of these chemically-bonded 
atomic particles (Berthomieu. and Hienerwadel, 
2009). The FTIR spectrum that is finally recorded, is 
a product of the infrared radiation that leaves the 
compound being investigated (Sigma-Aldrich, 2023), 
and is measured between wavenumbers 4000 cm-1 
and 400 cm-1 (Mishrah et al., 2018).  
A knowledge of the surface form and layout, of a pure 
compound, provides important information, and a 
scanning electron microscope is well suited for this. 
Scanning Electron Microscopy (SEM) is a research 
tool that utilises a beam of excitable electrons, rather 
than that from light radiation, to create an elaborate 
and enlarged image, of a mapped-out section, of the 
top of a sample. Both secondary and back-scattered 
electrons, are produced from the collision of these 
excitable electrons, with varied parts of the sample 
(Nanakoudis, 2019). These electronic emissions are, 
translated to images, by the SEM (Nanakoudis, 2019). 
The elemental analysis, of a sample from a 
compound, is often achieved, through an inbuilt 
analyser, such as an energy dispersive X-ray 
spectroscope. Energy dispersive x-ray spectroscopy 
(EDX), is a scientific investigative procedure, that 
reveals the elemental constitution of a sample (Ismail 
et al., 2019). EDX determines the nature of an 
element or chemical, in a sample, and measures its 
quantity, in relation to the total amount of elements 
or chemicals, in the sample (Nasrollahzadeh et al., 
2019). The spectral display of an EDX, is the result of 
the pooling, and the interpretation, of the x-ray 
radiation that emanates from the collision of the SEM 
electron beam with the compound (Raval et al., 
2019). Nevertheless, the discerning of x-ray radiation, 
by any device, is affected by the combination of 
emitted energy between particles in a compound and 
not by the form of the particles of the compound; 
namely, if they are solid, liquid or gaseous (Scimeca et 
al., 2018). 
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SEM and EDX produce vital analyses of a compound, 
and the information garnered, can serve as baseline 
data, for future analyses. The pair of SEMS and EDX, 
has had several applications in many disciplines and 
industries, such as archaeology, for the dating of eras, 
by examining excavated pots (Zuluaga et al., 2011); 
forensic science, for studies on inflicted injuries 
(Gentile et al., 2020); and the aviation, petroleum and 
chemical manufacturing industries, to detect the 
causes of malfunctioning (Nasrazadani and Hassani, 
2016). 
High performance liquid chromatography, also 
known as high pressure liquid chromatography 
(HPLC) is an invaluable analytical tool, that is broadly 
utilised for the determination of the type, and 
amount, of the molecules, that compose a drug or an 
organic compound (Malviya et al., 2010). In HPLC, a 
sample of the compound is mixed with a dissolving 
agent, called the mobile phase, and by utilizing high 
pressure, the mixture is brought into contact with a 
support material that is fixed in a column (stationary 
phase) (Petrova and Sauer, 2017). The separation into 
component parts that ensues, results from a 
difference in the masses and varied affinities of these 
parts, to the two phases in the HPLC; this is recorded 
as the retention times (Xiang et al., 2006) by the 
device detectors. HPLC could be described as normal-
phase HPLC, reverse-phase HPLC (Deshmukh et al., 
2019), ion-exchange HPLC, affinity HPLC, size-
exclusion HPLC, adsorption HPLC, chiral-phase 
HPLC (Dong, 2006), gradient-separation HPLC and 
isocratic HPLC (Sadapha and Dhamak, 2022). The 
end-product of the HPLC analysis can be measured, 
using Mass Spectrometry (MS).  
Mass Spectrometry is a very dynamic scientific 
procedure, that reveals the nature and quantity of a 
composite, as a result of the uniqueness of the mass-
to-charge ratios of its dissociated ions (Rockwood et 
al., 2018). The ion source of the mass spectrometer, 
ionizes the compound, and the resulting ions are 
disaggregated, on the basis of their different mass-to-
charge ratios (De Hoffmann and Stroobant., 2007). 
The separated ions that emerge from the second, in-
built analyzer, are picked up by detectors, identified 
and measured, and the results are displayed (De 
Hoffmann and Stroobant., 2007). Mass spectrometry 
finds its application in many sectors, such as forensic 
science, geology and medicine (Baghel et al., 2017). 
The chemical analysis of a compound, performed via 
the phenol-sulfuric acid method, assesses the total 
sugar-concentration of the compound (expressed in 
milligrams /litre), through two reactions. The first 

reaction occurs between with the reagents, phenol 
and sulfuric acid, and the compound; while the 
second reaction occurs between the reagents and a 
stock solution of glucose (Chaplin, 1986). This 
analytical method utilizes a standard glucose curve, to 
interpret the test results (Chaplin, 1986). The aim of 
this study was to characterize a biosurfactant 
produced from Pseudomonas aeruginosa strain S16, 
that had been demonstrated to possess effective 
biocontrol activity, against Staphylococcus aureus 
SO183, at 0.060 g/L, in a biocontrol activity study, 
conducted as a Master’s project (Okorie, 2023). This 
was done, in response to the need for viable 
alternatives to the present failing antibiotics in 
common usage. 
 

Materials And Methods 

A biosurfactant was produced from Pseudomonas 
aeruginosa strain S16 (accession number OQ734845) 
and purified. An aliquot of the biosurfactant, was 
aseptically placed in a sterile bottle and taken for 
analytical procedures, in order to characterize it. 

Fourier transform infrared (FTIR) 
spectroscopy 

Fourier transform infrared spectroscopy (FTIR) was 
performed with a Perkin Elmer Spectrum 100 Series 
3000 MX spectrometer. Potassium bromide plates 
were used to prepare the biosurfactant sample. An 
FTIR manual from Nanoscience Technology Centre 
(NTSC) (2008) was used as a guide for the procedure. 
The FTIR computerized display was switched on, and 
acetone was utilized to wipe clean its sample holder, 
taking care to avoid reagent spillage. The name of the 
sample, the range of the FTIR scan and the number 
of the FTIR scan, were fed into the computerized 
display, after which a combination of computer 
commands enabled the recording of the FTIR 
spectrum. The infrared spectra were analyzed with the 
aid of spectroscopic software Win-IR Pro Version 3.0. 
and the data was saved. The computerized display was 
logged off, and the device switched off, after which the 
sample holder was wiped clean once again. The 
infrared (IR) spectra were interpreted with the use of 
IR Spectra Table and Charts from Sigma-Aldrich 
Company (Sigma-Aldrich, 2023) and analyses of FTIR 
results from Nandiyanto et al. (2019), Smith (2017) 
and Aksnes and Aksnes (1963). 

High performance liquid chromatography 
(HPLC) and Mass spectrometry (MS) 
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High performance liquid chromatography (HPLC) of 
the biosurfactant was performed to analyses the 
simple sugars present, using Agilent 1100 series 
HPLC System (Agilent Technologies, California, 
USA), equipped with a diode array detector (DAD) 
and a reverse phase C-18 Zorbax Eclipse extra-dense 
bundle (XDB-C18) column (250 × 4.6 mm, 5 µm 
particle-size, 300 Å pore size). The mass-to-charge ratio 
of the simple sugars, was measured with an Agilent 
1100 Series LC/MSD benchtop mass spectrometer, 
that was coupled to the HPLC device. 
HPLC procedures documented by Sharma et al. 
(2020), Anumula (1994) and Guzzetta (2001), were 
used, in addition to the Agilent 1100 Series High 
Value System User’s Guide, from Agilent 
Technologies (1999). In preparation for the HPLC, 
the solvent lines were degassed by HPLC-grade 
isopropanol purging. Solvent A (HPLC-grade water 
combined with 0.1% v/v formic acid) and Solvent B 
(HPLC-grade acetonitrile and 0.1% v/v 
trifluoroacetic acid), constituted the HPLC reverse 
phase solvent system, for elution (Guzzetta, 2001). 
Multiple injections of the same samples were done 
through an HPLC injector application set-up (Huber, 
2010), to obtain the separation of the 
monosaccharide moieties. HPLC sorted out non-
volatile compounds from the analyte to forestall 
matrix interference (Ho et al., 2003).  
The incorporated Agilent 1100 Series LC/MSD 
(liquid chromatography/ mass selective detector) 
benchtop mass spectrometer, received the end-
product of the HPLC. This device, initially ionized 
the end-product (sample) before it separated the ions 
of the sample in its electromagnetic field, based on 
variances in ionic mass/charge (m/z) ratios (Reusch, 
2013). Finally, the combined ultraviolet and mass 
selective detectors of the mass spectrometer, 
quantified the disassociated ions, and displayed them 
as a spectrum (Reusch, 2013). Qualitative 
(composition) and quantitative (concentration) 
characterization were therefore, made possible 
through mass spectrometry (Ho et al., 2003).  
The final result of both HPLC and MS was displayed 
as a blend of graphical displays called a total ion 
chromatogram. 

Scanning electron microscopy (SEM) and 
Energy dispersive x-Ray 
analysis/spectroscopy (EDS/EDX) 

The surface topography of the biosurfactant was 
revealed using a JEOL JSM-7600F Scanning electron 
microscope (SEM) (Tokyo, Japan) while the elements 

that composed the compound were deciphered, using 
the inbuilt energy dispersive x-ray spectroscope 
(EDX). 
The protocol laid out by Core Facilities (2021) in 
preparing a SEM sample, was used as a reference. 
Formaldehyde and glutaraldehyde were utilized for 
primary fixation of a measured volume of the 
biosurfactant sample, while osmium tetroxide was 
utilized for secondary fixation. Ethanol was used for 
sample dehydration, before the sample was dried. 
Mounting of the sample, and firm fixation on a 
specimen stub, were performed next, prior to sample 
placement in the specimen slot. Sputter-coating of the 
sample, with platinum was performed, as a prelude to 
sample sectioning. The biosurfactant surface was 
observed by the SEM scanner. 
An analysis of the chemical that compose the 
biosurfactant, was done by the in-built EDX. The 
supercharged electron beam from the SEM hit the 
biosurfactant sample and caused the biosurfactant 
surface atoms to release X-rays (Thambiratnam et al., 
2020). The X-rays from this interaction, were pooled 
by the X-ray detector in the EDX, interpreted into 
data that was composed of the elemental-type and 
elemental-concentration; this data was finally 
displayed as an EDX spectrum (Thambiratnam et al., 
2020). 

Phenol-sulfuric acid method 

The concentration of the total sugar content of the 
biosurfactant (expressed in milligrams /litre), was 
calculated employing glucose as the standard, 
(Chaplin, 1986). This was measured in the following 
manner. A quantity (0.1 ml), of the biosurfactant, was 
added to 2 mL of distilled water. Measured quantities 
of the reagents, 0.1 mL of 6% phenol and 5 mL of 
sulphuric acid 95% (v/v), were sequentially and 
swiftly added, to the dissolved biosurfactant, and the 
mixture was shaken. This mixture was kept aside and 
its optical density was read, at a wavelength of 490 
nm. This procedure was performed in triplicate. 
Another measure of distilled water, 2 mL, was mixed 
with exactly the same volumes of reagent, 0.1 mL of 
6% phenol, and 5 mL sulphuric acid 95% (v/v), and 
used as blank; the absorbance was also measured. The 
number of sugars in the biosurfactant was deduced 
using a constructed glucose standard curve, from a 
technique by Dubois et al., (1956) with some 
modifications. In 100 mL of distilled water, 0.1 g of 
glucose was dissolved, to produce the stock solution. 
Ten milliliters of this stock solution, was added to 90 
mL, distilled water, to produce diluted stock solution 
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measuring 100 mL. Five different sterile bottles, were 
neatly lined up, into which 0.1 mL, 0.2 mL 0.4 mL, 
0.8 mL and 1.0 mL of the diluted stock solution were 
consecutively transferred. Each bottle was topped up 
to 3 mL, through the addition of the commensurate 
amount of distilled water. This procedure, created an 
array of varied, further dilutions, of the initially-
diluted, glucose stock solution. The same measures of 
reagents, 0.1 mL of 6% phenol and 5 mL of 95% (v/v) 
sulphuric acid, were swiftly added to each bottle, and 
the mixtures were left to stand for about ten minutes. 
A measurement of the optical densities (OD) at 490 
nm was performed, and a standard glucose curve was 
constructed, with the concentrations of chemically-
treated glucose solutions (mg/L), on the x-axis, and 
the corresponding optical densities (at 490 nm), on 
the y-axis. A linear graph of the optical densities of the 
different concentrations of chemically-treated, 
biosurfactant (mg/L) against their corresponding 
optical densities (at 490 nm), was also constructed on 
the same graph, from its own best-fit line.  
From the standard glucose curve, a mathematical 
equation was extrapolated: 
y = mx + c 
where: y = optical density/absorbance (at 490 nm); m 
= mass; x = biosurfactant monosaccharide-
concentration; c = velocity (mathematical) constant 
(Jain et al., 2017). 
Utilising precise data values, generated from the 
phenol-sulfuric acid method, the exact concentration 
of total biosurfactant sugars, was calculated from the 
formula: OD biosurfactant = 0.3492x + 1.2234 
where the OD biosurfactant represents the average 
optical density of the total biosurfactant sugars 
 

Results 

Fourier transform infrared (FTIR) 
spectroscopy 

Figure 3.2 shows the FTIR spectrum of the 
biosurfactant from Pseudomonas aeruginosa strain 
S16 at 4000- 400 cm-1. The results showed a medium 
absorption peak at 3368.67 cm-1, generated by the N-
H stretching of aliphatic primary amine groups, and a 
medium absorption peak at 3339.02 cm-1 generated 
by the N-H stretching of secondary amines. The 
strong broad peak at 3307.13 cm-1, was due to O-H 
stretching of an aromatic alcohol. The strong 
absorbance peak at 3294.20 cm-1, was due to O-H 
stretching, from a carboxylic acid group, or N-H 
stretching, in an amide salt. The strong absorption 
peak at 3272.04 cm-1 was generated by O-H stretching 

of a carboxylic acid/carboxylate (-COOH), or of a 
concentrated aromatic alcohol (-OH), present in the 
biosurfactant. The medium absorption peak at 
1638.11 cm-1, corresponded to the C=C stretching of 
either an alkene group, or a conjugated alkene group. 
Also, this peak at 1638.11 cm-1, was within the usual 
range of 1900 to 1600 cm-1, known for carbonyl 
groups belonging to sugars. Peaks in the 
fingerprinting region (< 1500 cm-1), were as follows: a 
strong absorption at 1064.94 cm-1 that represented 
the S=O stretching generated by a sulphoxide 
functional group; the strong absorption at 1044.10 
cm-1 that was due to the stretching vibrations, from 
CO-O-CO, by anhydrides; the strong absorption at 
876.52 cm-1 that was as a result of C=C bending of 
an alkene functional group; and the strong 
absorbance at 570.36 cm-1, that was either due to C-
I, or C-Br stretching of a halo compound. 

High performance liquid chromatography 
(HPLC) and mass spectrometry (MS) 

The total ion chromatogram, on Figure 3.4 shows the 
different masses of simple sugars in the biosurfactant 
that corresponded to different retention times, when 
compared to a standard for identification of each 
monosaccharide. A single simple sugar compound 
had several peaks, due to the different injection rates 
used in the HPLC, and the plausible presence of 
stereoisomers, in the biosurfactant. The total number 
of peaks for each monosaccharide, in the total ion 
chromatogram, was numbered. The biosurfactant 
from Pseudomonas aeruginosa strain S16 consisted of 
monosaccharide moieties mainly of rhamnose, 
glucose, xylose and mannose The other 
monosaccharides present, where D-ribose, galactose 
arabinose and inositol. There were fourteen peaks 
recorded, with glucose possessing three (peaks 1, 3 
and 14) because of the different rates of injection 
used, and the possibility of the presence of D- and L- 
glucose stereoisomers. Galactose had two peaks (4 and 
5) and is also a stereoisomer of glucose. Mannose had 
two peaks (3 and 4) and rhamnose also had two peaks 
(6 and 12). 

Scanning electron microscopy (SEM) and 
energy dispersive x-ray analysis/spectroscopy 
(EDS/EDX) 

Plate 3.2 shows the SEM image for the biosurfactant 
from Pseudomonas aeruginosa strain S16. The image 
showed a high-resolution, three-dimensional, image 
of the scanned surface of a narrow stretch of the 
surface of the biosurfactant. The biosurfactant 
possessed a surface composed of globular and spindle-
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shaped projections. The x-ray radiation, emitted by 
the SEM electron beam was captured and read off by 
an in-built analyser- EDX. This recorded the 
elemental compositions of the biosurfactant as a 
percentage of its total weight with the following 
results: oxygen (3.00%); carbon (36.10%); nitrogen 
(43.00%); sulphur (1.28%); phosphorus (3.00%); 
sodium (6.60%); calcium (2.20%) potassium (0.88%) 
and manganese (0.46%). The relatively high nitrogen 

content correlated with the presence of peptide or 
protein moieties as is found in biosurfactants. Carbon 
and oxygen presence suggested carboxylic bonds. 
Phosphorus and oxygen were of the same quantity. 

Phenol-Sulfuric Acid Method 

The phenol-sulfuric acid method measured the 
concentration of the monosaccharides in the 
biosurfactant as 0.0047 g/L.

 

 
Plate 1: Scanning electron microscopy (SEM) micrograph of the biosurfactant from Pseudomonas aeruginosa strain S16. 

Key: S-16 Biosurfactant: biosurfactant from Pseudomonas aeruginosa strain S16; WD: working distance; Mag: magnification; Hv: high 
voltage; HFW: horizontal field switch; MM: millimetres; KV: kilovolts; µm: micrometres; PA: Pascals 

 

 
Figure 1: Energy dispersive x-ray analysis (EDX) spectrum for the biosurfactant from Pseudomonas aeruginosa strain S16. 

Key- O: oxygen; C: carbon; N: nitrogen; S: sulphur; P: phosphorus; Na: sodium; Ca: calcium; K: potassium; Mn: manganese; KeV (x-axis): 
energy of the x-rays; y-axis: peak intensity (counts); Wt (%): percentage weight; S16: Pseudomonas aeruginosa strain S16. 

 

 
Figure 2: FTIR spectrum of the biosurfactant from Pseudomonas aeruginosa strain S16. 

Key: y-axis- absorbance (2-log%T); x-axis-wavelength measured in cm-1; S16: Pseudomonas aerugnosa strain S16 
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Discussion 

Fourier transform infrared (FTIR) spectroscopy of the 
biosurfactant revealed the presence of certain 
functional groups that corresponded to specified 
peaks. The functional groups that were typical for a 
lipopeptide biosurfactant as reported by Umar et al. 
(2021), were seen. These were the carboxylic 
functional group that was represented as a strong 
broad peak at 3294.20 cm-1 from O-H stretching, and 
the aliphatic primary amine, and secondary amine 
groups that were represented by the broad peaks from 
N-H stretching, seen at 3339.02 cm-1 and 3339.02 
cm-1, respectively. The presence of these amines, also 
indicated, that the biosurfactant from Pseudomonas 
aeruginosa strain S16 was positively charged (Santos 
et al., 2016). The absorbance peak at 3294.20 cm-1 
that was strong and as a result of O-H stretching from 
a carboxylic acid group, or from N-H stretching in an 
amide salt, may have alluded to the formation of an 
amide, from its corresponding carboxylic acid 
(Moldoveaunu, 2019). Kumari et al. (2020), reported 
that the amide functioning unit, is a key factor in the 
constitution of many compounds that possess the 
ability to trigger a quantifiable action, on living cells 
and tissues. The two functional groups commonly 
present in carbohydrates (Roberts and Caserio, 1977), 
were also seen in the biosurfactant from 
Pseudomonas aeruginosa strain S16. These were the 
hydroxyl group, alluded to from the strong broad peak 
at 3307.13 that was from O-H stretching in an 
aromatic alcohol group, and the carbonyl group 
alluded to by the medium absorption peak at 1638.11 
cm-1, that fell into the 1900-1600 cm-1 range that was 
usual for the group (Smith, 2017). The sulphoxide 
functional group (that generated a strong absorption 
at 1064.94 cm-1, and represented S=O stretching) 
present in the biosurfactant from Pseudomonas 
aeruginosa strain S16, may have contributed to the 
antibacterial activity of the biosurfactant, if the 
sulphoxide functional moiety, displayed chirality 
(Olbe et al., 2003). Interestingly, the alkene functional 
group (FTIR strong absorption at 876.52 cm-1), may 
also have proven important in the biosurfactant’s 
capacity to exert antibacterial; activity. This was 
because the report from research on a lipopeptide 
biosurfactant from Lactobacillus sp., conducted by 
Emmanuel etal. (2019), that demonstrated bioactivity 
against Escherichia coli, also contained an alkene 
functional group. It may be that the reactivity of the 
alkene functional group, due to the presence of the 
double bond between carbon atoms (Stauffer et al., 

2007), could have contributed to the bioactivities of 
the biosurfactants in both studies. Although there was 
a strong absorbance at 570.36 cm-1 that was due to 
either C-I or C-Br stretching of a halo compound, this 
compound may have been volatile, as no halogen was 
detected on EDX analysis. 
The total ion chromatogram from the high-
performance liquid chromatographic, and mass 
spectrometric analyses, of the biosurfactant from 
Pseudomonas aeruginosa strain S16, revealed that the 
biosurfactant was composed of varied 
monosaccharides. These monosaccharides were 
predominantly rhamnose, glucose, xylose and 
mannose, and had a total sugar concentration of 
0.0047 g/L when measured using the phenol-
sulphuric acid method. This confirmed the 
heteropolysaccharide nature of the carbohydrate, 
present in the biosurfactant.  
Scanning Electron Microscopy of the biosurfactant 
showed the surface was composed of globular and 
spindle-shaped projections. The surface morphology 
of a biosurfactant may directly influence its surface- 
and interfacial tension-reduction capacities probably 
in the same context as described for a bioflocculant in 
the report by Xiong et al., 2010) This report stated the 
great importance the configuration of the surface of a 
bioflocculant carries, towards its capacity to form flocs 
in a liquid medium. EDS of the biosurfactant revealed 
a relative abundance of carbon (36.10%) and nitrogen 
(43.00%) with a low amount of oxygen (3.00%). The 
amount of phosphorus (3.00%) was similar to that of 
oxygen while sodium (6.60%) was relatively more 
than either oxygen or phosphorus. Other detectable 
elements in the biosurfactant were calcium (2.20%), 
sulphur (1.26%), potassium (0.88%); the least 
abundant was manganese (0.46%). Nikolova and 
Gutierrez (2021) have stated, the chemical elemental 
composition of biosurfactants vary immensely 
between different species of biosurfactant-producers. 
Sabturani et al. (2016) reported in their research, the 
presence of carbon and oxygen and the absence of 
nitrogen in the biosurfactant they worked on. Tied 
with the detection of hexose sugars in the 
biosurfactant, they concluded that the biosurfactant 
was a glycolipid and not a lipopeptide biosurfactant 
or polymeric surfactant. However, the biosurfactant 
produced from Pseudomonas aeruginosa strain S16 
was a polymeric biosurfactant made up of repeating 
aggregates of peptide, lipid and carbohydrate 
molecules. It was likely a manganese-containing 
phosphorylated glycolipopeptide/ glycolipoprotein, 
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polysaccharide-protein-fatty acid composite or 
lipopolysaccharide-protein composite. Of particular 
interest, was the presence of the metal manganese in 
the biosurfactant. McCarron et al. (2018) have 
reported that synthesised compounds of Manganese 
(II) (Mn2+) with thiosemicarbazones, were active 
against Mycobacterium tuberculosis. The activities of 
certain man-made Manganese (III) compounds 
against the reactive peroxynitrite ion, have also been 
documented in the research by Carballal et al. (2018). 
In addition, the anticancer properties of one of the 
Manganese (II) artificially-made compounds by Zhang 
et al. (2012) have been documented in their research. 
These studies bring to light the diverse, bioactivities 
of manganese-containing compounds. The studies 
also create intrigues concerning, and drive 
speculation over, the actual ambit of bioactivities, a 
natural manganese-containing compound, like the 
biosurfactant from Pseudomonas aeruginosa strain 
S16, possesses. From available records, this is the first 
report of a manganese-containing biosurfactant. 
 

Conclusion 

The biosurfactant produced from Pseudomonas 
aeruginosa strain S16, was a positively charged, 
manganese-containing polymeric biosurfactant made 
up of carbohydrates, lipid and peptide molecules. It 
was more likely a positively-charged, manganese-
containing, glycolipopeptide/glycolipoprotein; 
polysaccharide-protein-fatty acid composite or 
lipopolysaccharide-protein composite. From available 
records, this is the first report of a manganese-
containing biosurfactant. The presence of manganese 
in the biosurfactant could open up applications 
particularly in medicine and the pharmaceutical 
industry, though the range of manganese applications 
is more diverse. Owing to toxicities related to 
manganese, however, clinical phase trials would be in 
keeping, before any intended use in the human body. 
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