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INTRODUCTION

Oleic acid is a mono-unsaturated fatty acid (MUFA) known
as omega-9 fatty acid found in various animal and vegetable
oil sources, such as olive oil nuts, peanuts and walnuts. The
oleic acid intake accounts for about 15% of total energy intake
in a standard Med Diet [1]. Oleic acid is utilized in pharmaceu-
ticals as an excipient and in aerosol products as an emulsifying
or solubilizing agent, but also for industrial lubricants, fuels
and pharmaceutical raw materials [2]. In the presence of albu-
min, oleic acid was the only fatty acid produced and released
by astrocytes, implying that this occurrence serves a purpose.
Oleic acid’s single double bond is sufficient to significantly
improve the fluidity of biological membranes [3]. Because
membrane fluidity is essential for neurons, incorporating oleic
acid-derived phospholipids into a specific area of the memb-
rane could significantly alter membrane properties [4]. In
general, oleic acid is preferentially incorporated into neurite
bases, suggesting that increased fluidity is required at the sites
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Oleic acid is a mono-unsaturated omega-9 fatty acid that serves as an antioxidant, antibacterial, antidiabetic, anti-inflammatory, anticancer |
and antidepressive agents. The present study focused on the production of oleic acid from mango kernel waste as an alternate method for |
conventional chemical extraction. An alternate mechanism has been devised to synthesize oleic acid from agro-industrial waste using
probiotic bacteria and has been found to be economical. Microbial production of oleic acid from kernels discharged as waste from mango |
pulp processing industrial waste is a typical example of the valorization. The results of the present study demonstrated 5.26 mg/100 mL |
of oleic acid production using gut bacterial isolates from marine fish. Optimization of oleic acid production with response surface |
methodology by using Design-Expert has shown 40 mg/100 mL at pH 6.0, 15 °C and 25 g concentration of mango kernel substrate with |
48 h of incubation. The oleic acid produced using gut bacteria have been confirmed with the GC-MS fatty acid methyl ester. Therapeutic
applications of oleic acids like antioxidant, anti-inflammatory and antibacterial activities were found to be promising. I
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of newly emerging axons and/or dendrites. Oleic acid diminishes
the expression of cholesterol transport-related proteins, decre-
ases cholesterol absorption and decreases the oxidation of low-
density lipoprotein (LDL), preventing atherosclerosis [5].

Mango (Mangiferia indica L.) is one of the most important
tropical fruits of the tropical countries. Mangoes are native to
the Indian subcontinent and Southeast Asia [4]. It is one of the
most widely used fruits in terms of food, juice, flavour, smell
and colour. About 17-22%, in the pulp processing industries,
kernels are being thrown away as wastes. Thus, valorization
of mango kernels would be an alternative way to reduce the
economic burden incurred in waste disposal [6]. Polyphenols
and fatty acids are abundant in mango kernel waste. Due to the
high commercial cost of oleic acid, the current study focuses
on producing oleic acid using mango kernels as a substrate,
which could be cost-effective. It has been reported that stearic
acid (58.08%), oleic acid (17.99%), palmitic acid (1.33%),
linoleic acid (2.86%), myristic acid (0.17%) and oxadecanoate
acid are major components of the mango kernel [7].
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Microorganisms (bacteria and phytoplankton) are the
primary producers of oleic acid and they remain a primary source
for the transfer of fatty acids to the rest of the food chain. It
has been reported that the bacteria represent a green source of
Long-chain polyunsaturated fatty acids (LC-PUFAs), with
cheaper downstream processes compared with fish oil [8].
Several marine bacteria produce omega-3 fatty acids and their
metabolic pathways have been well studied. Fermentation is
the technique of the biological conversion of complex subst-
rates into simple compounds by various microorganisms, such
as bacteria and fungi. In the course of this metabolic break-
down, they also release several additional compounds apart
from the usual products of fermentation, such as carbon dioxide
and alcohol. The previous study already reported 3.38 mg/g
of oleic acid production [9]. This study examines the mechanisms
by which mango waste serves as a carbon supply and fatty
acid substrate for microbes obtained from fish intestines, focus-
ing specifically on the processes involving oleic acid.

EXPERIMENTAL

Preparation of substrate: The waste mango kernels were
collected from the Adhiyaman mango pulp processing industry
in Krishnagiri district, India. The seeds were dried in sunlight
for 3 days, followed by drying in a hot air oven at 60 °C for 24 h
and ground seeds were used for submerged fermentation.

Isolation of probiotic bacteria from marine fish: Three
varieties of fish [Mackerel (Fig. 1a), Chub Mackerel (Fig. 1b)
and Ladyfish (Fig. 1c¢)] were collected from Indian ocean at
Rameshwaram coast, India. The marine fish were packed asep-
tically in a sterile ice bag and brought to the laboratory. To isolate
the bacteria, the stomach and intestines were excised from the
fish into sections no longer than 5 cm. Each separate section
was then placed in a 250 mL Erlenmeyer flask containing 100
mL of PYM medium (5 g L™ peptone, 3 g ! yeast, 3 g L' malt
extract and 55 mM glucose) and incubated for 1 day at 15 °C.
A three-fold dilution was obtained from the sample and 10 UL
was streaked onto ZoBell’s marine agar. Bacterial colonies were
observed after 2-4 days of incubation at 15 °C. Isolates were
re-streaked onto ZoBell’s marine agar plates to check the purity
of the strains before secondary screening for fatty acid produ-
ction.

Primary screening for fatty acids: The reduction of 2,3,5-
triphenyl tetrazolium chloride (TTC) produced red-triphenyl
formazan, which indicated the synthesis of the fatty acids. The
red triphenyl formazan formed was measured using a 485 nm
spectrophotometer [10].

Fig. 1a. Mackerel

Fig. 1c. Lady Fish

Production of oleic acid: About 100 mL of ZoBell’s
marine broth supplemented with 2% of pasteurized mango
kernel was added and 1 mL (1.3 x 10° CFU/mL) of log culture
of isolate was added to the media and incubated for 2-4 days
at 15 °C.

Separation of oleic acid: After fermentation, the biomass
was removed by centrifugation at 10,000 rpm then the super-
natant was collected. It was then filtered again through Whatman
No. 1 filter paper. After filtration equal volume of hexane was
added and stored in a dark place and allowed to stand at room
temperature for the separation of organic phase and aqueous
phase. Fatty acids were extracted into the organic phase, which
was then separated for further analysis.

Optimization of oleic acid production using response
surface methodology: The response surface methodology
(RSM) of Box-Behnken design (BBD) was employed at 3 levels
(-1, 0, +1) to determine optimum conditions for oleic acid
production. BBD is one of the symmetrical experimental designs
used to determine which of the many experimental parameters
and their interactions have the greatest statistical significance.
This methodology is cheaper as it reduces the number of experi-
ments and offers an excellent opportunity for optimization
purposes [11]. The Design Expert 13 software was used to
simulate the experiment data to create a predictive model of
maximum oleic acid production. The model was used to deter-
mine the interactions, optimize the process of oleic acid produ-
ction. The number of experiments for the three levels in BBD
was determined using eqn. 1:

N =2k (k-1)+ Cp (1)

where N denotes the number of experiments, Cp is the number
of central points and k is the number of factors such as temp-
erature, pH and so on.

The total number of experiments carried out in this study
was 20, with twelve experiments for each factor at three levels
and five central experiments. Every factor in this study was
adjusted at three uniformly spaced levels (-1, 0, +1) by the
BBD rule. The BBD methodology was used to generate the
experimental points using the Design Expert 13 software pack-
age. The factors influencing oleic acid production under investi-
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gation include temperature, pH and the percentage of mango
kernel waste as a substrate. The experiments were carried out
using the matrix transformation. The parameters were the inde-
pendent variables (factors), while the yield of oleic acid was
the dependent variable (response). A statistical software package
(Design Expert 13) was used to relate the relationship between
oleic acid production and the parameters under investigation.
The quadratic polynomial equation was established to demon-
strate the relationship between oleic acid production (response)
and independent factors that are unrelated to each other. The
quadratic polynomials used for response can be represented
as follows [11]:

Y=f(A,B,0) (2)
Y =Bo + BiA + BB + B:C (3)

where Bo, B1, B2 and s are the independent variables, which are
represented by the coefficients A, B and C, while the objective
functions (dependent variables) represented by Y.
Characterization of oleic acid using GC-MS FAME:
Direct transmethylation of the stored bacterial pellets was used
to make fatty acid methyl esters (FAMESs) [12]. The biomass
was mixed with 10 pL of an internal standard solution (23:0
FAME in toluene) and 0.5 mL of 1% (v/v) sodium methoxide
in methanol. The mixture was then heated to 80 °C and left
there for 30 min. The incubation cycle was repeated after 0.5
mL of 5% methanolic HCl was added to the vial and it had
cooled to room temperature. Hexane (1 mL) was used to extract
the FAMEs, followed by hexane being evaporated with the
help of argon gas. The resulting FAME residue was then re-
dissolved in 100 mL of chloroform. Duplicate samples were
examined using the gas chromatograph GCMS-QP2010 Ultra
(Shimadzu, Tokyo, Japan) with a flame ionization detector (FID)
and mass spectrometry (MS) detector. Using a Restek Rtx-5MS
capillary column and a detector splitting system (30 m x 0.25
mm i.d, 0.25 um) split a column flow so that signal data could
be collected by both an MS detector and an FID. As a carrier gas,
1/20 split helium was used. Temperatures for the injector and
detector were 280 °C and 320 °C, respectively. The temperature
program of oven was set to begin at 70 °C (hold for 2 min),
then climb to 320 °C at a rate of 4 °C per min and stay there for
15 min. The MS spectra were used to locate fatty acid peaks.
By regressing linearly, the area of the chromatographic peak in
proportion to the peak of a known concentration of an internal
standard for FAME quantification was achieved (23:0).

In vitro approaches to studying the bioactivity of oleic acid

Antioxidant assay: A 1 mL of DPPH solution was mixed
with 250 uL of extract at levels of 25, 50, 75 and 100 pg/mL
or standards (ascorbic acid). After incubation in the dark at
room temperature for 30 min, absorbance was measured at
517 nm against pure methanol as a blank. The antioxidant
activity determined by the DPPH method was expressed as a
percentage using the formula below:

control

Antioxidant activity (%) = smple 100

control

where A is the absorbance of the control and experimental
samples.

Anti-inflammatory assay: Anti-inflammatory activity
was assessed using the human red blood cell (HRBC) memb-
rane stabilization method. The blood sample was collected
from a healthy human volunteer who had not taken any anti-
inflammatory drugs for 2 weeks before the experiment and
then transferred to heparinized centrifuge tubes at 3,000 rpm.
The blood was washed three times with an equal volume of
normal saline and reconstituted as a 10% v/v suspension. About
50 uL of blood cell suspension was added to different concen-
trations of fermented extract (25, 50, 75 and 100 pg/mL),
followed by 3 mL of phosphate buffer (PBS) added to it and
then incubated in a water bath at 54 °C for 20 min. Centrifuged
at 2500 rpm for 3 min to pellet the RBC and 3 mL of PBS
with 50 uL of blood cell suspension were used as a control.
Normal saline was used as a blank reference and aspirin was
used as standard. The absorbance of the supernatants was meas-
ured at 540 nm. The following equation was used to calculate
the percentage inhibition of hemolysis.

Inhibition of hemolysis (%) = [1 —%}xwo
1
where A, = absorbance of control and A, = absorbance of the
test sample.

Minimal inhibitory concentration (MIC): Pseudomonas
aeruginosa, Klebsiella pneumoniae and Escherichia coli were
obtained from the Bio-Line Laboratory, Salem district, India.
Bacteria were transferred to Luria-Bertani broth (LB) media
from slant. Aliquots of 100 UL of Mueller-Hinton broth
containing a series of fermented extracts containing oleic acid
at concentrations of 25, 50, 75 and 100 pg/mL were added to
each well of a 96-well plate (Iwaki brand, Asahi Techno Glass,
Japan). The concentrations of fatty acids in the crude extract
ranged from 250 to 1250 pg/mL. Bacterial cell suspension (2
UL) of 24 h culture was added to the appropriate wells. Micro-
plates were kept at room temperature for 24 h and the absor-
bance of the cell suspension was measured at 595 nm using a
microplate reader (Bio-Rad Mark, CA, USA).

RESULTS AND DISCUSSION

Isolation and identification of oleic acid-producing
bacteria: In order to isolate oleic acid-producing bacteria,
marine fish gut samples were used as a source of probiotics.
Nearly 15 different colonies were obtained from the intestines
of marine fish (Mackerel, Chub Mackerel and Ladyfish) samples.
Already, fatty acid-producing bacteria from marine fish gut
showed that the bacterial strain isolated from fish gut exhibited
antibacterial potential [ 13]. The marine environment represents
a largely untapped source of microorganisms that may be
capable of generating bioactive compounds. Similarly, 16 fish
isolates, 20 shrimp isolates and 24 shellfish isolates were
obtained from a similar study [14]. In order to further study
their bile and acid tolerances, three strains were chosen.

Based on standard methods of screening done with 2,3,5-
triphenyl tetrazolium chloride (TTC), it was indicated that out
of 15 bacteria, only six, namely C1, C2, C3, C4, C5 and C6,
showed positive results for fatty acid production (Fig. 2). Of



1514 Anandan et al.

Asian J. Chem.

1.4986
1.5
1.2138
£ 0.9546
c 1.0 0.7866 0.826
%
3 0.5546
©
o
- l
0
C1 c2 C3 C4 C5 C6

Bacterial culture
Fig. 2. Screening of fatty acids producer

these C2 strains, one showed a high production of fatty acids
(Fig. 3). In previous report, 2,3,5-triphenyltetrazolium chloride
(TTC) colorimetric method was used to screen for fatty acid
production [10]. TTC has been applied as a screening test for
the synthesis of bacterial fatty acids. This method reduced the
time, effort and cost involved in screening for fatty acid
production. Bacillus toyonens isolate demonstrated strong
activity for fatty acids. Accordingly, there is a direct correlation
between the ability to reduce TTC to triphenyl formazan (TF)
and the ability to produce fatty acid. Reduction of the colourless
TTC to the brilliant TF by the enzyme A’-desaturase [12]. The
16S rRNA sequencing was used to identify the bacterial strain
C2, which is responsible for oleic acid production and was
identified as Aeromonas veronii. A 98.8% similarity with
Aeromonas veronii was found in the NCBI blast, which suggests
that the test organism is Aeromonas veronii.

Secondary screening for the oleic acid-producing
bacteria: The isolate shown positive for the TTC assay was
screened for the presence of oleic acid using GC-MS FAME

Fig. 3. Potent fatty acids producer (C2)

analysis. Fatty acid methyl esters (FAMESs) of bacteria are the
most commonly used method for classifying them using lipid
profiling [15]. High oleic acid producers were identified based
on the amount of oleic acid produced. An GC-MS FAME anal-
ysis of the C2 isolate (Fig. 4) showed that it made cis-9 oleate
(C18:1) and omega-9 (5.26%). Such as previous studies, the
fatty acid methyl esters (FAMEs) were then extracted with super-
critical CO, and analyzed using GC/MS without additional
treatment [16]. The iso- and ante-iso C15:0 (pentadecanoic
acid) and C17:0 (heptadecanoic acid), along with C18:0 (stearic
acid), were predominant in Gram-positive bacteria.
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Production and optimization of oleic acid: Box-Behnken
design (BBD) was evaluated based on the interaction among
various factors of pH, temperature and concentration of subst-
rate to determine their optimal level of oleic acid production.
Three factors were optimized for oleic acid production viz.
pH, temperature and substrate concentration from the lowest
to highest ranges, which were analyzed at 3 levels (-1, 0 and

+1) in the model. The higher oleic acid production was
obtained under pH 6.0, 15 °C and 25 g of substrate concen-
tration (Tables 1 and 2). Higher production of (40 mg/100
mL) oleic acid by probiotic bacteria has been achieved (Fig.
5). Similarly, Rhodotorula sp. IIP-33 cultivated on sugarcane
bagasse hydrolysate produced a maximum amount of lipids
at pH 6.0 of 1.54 g ™. According to reports, Rhodotorula sp.

TABLE-1
EXPERIMENTAL DESIGN MATRIX FOR OPTIMIZATION OF OLEIC ACID
PRODUCTION USING ENVIRONMENTAL FACTORS ACCORDING TO BBD

Run Factor 1 Factor 2 Factor 3 Response 1: Oleic acid production mg/100 mL
A: Temp. (°C) B: pH C: Substrate concentration Actual value Predicted value

1 20 8 5.5 11.00 10.19

2 20 4 20 30.00 29.73

3 15 6 0.557002 5.00 5.78

4 15 6 12.75 25.00 24.50

5 20 4 5.5 12.00 10.69

6 15 6 12.75 24.00 24.50

7 23.409 6 12.75 17.00 18.73

8 10 4 5.5 13.00 13.53

9 15 9.36359 12.75 19.00 18.78

10 20 8 20 28.00 27.53

11 15 2.63641 12.75 22.00 22.14

12 6.59104 6 12.75 27.00 25.19

13 10 4 20 35.00 35.87

14 15 6 25 40.00 39.14

15 10 8 5.5 11.40 11.73

16 15 6 12.75 23.00 24.50

17 15 6 12.75 22.00 24.50

18 10 8 20 31.00 3237

19 15 6 12.75 26.00 24.50

20 15 6 12.75 27.00 24.50

TABLE-2
ANALYSIS OF VARIANCE (ANOVA) FOR THE FITTED QUADRATIC POLYNOMIAL MODEL FOR OPTIMIZATION OF OLEIC ACID
Source Sum of squares Df Mean square F-Value Probability (p) > F

Model 52.44 <0.0001
Lack of fit 0.7640 0.6125
Pure error
Corrected total 19

R’ =0.9793; R*,; = 0.9606 CV (%) = 7.84

Oleic acid (mg)
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Fig. 5. 3D Optimization of different parameters for enhanced oleic acid production whereas (a) temperature vs. substrate concentration, (b)
pH vs. temperature and (c) pH vs. substrate concentration
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IIP-33 grew best in sugarcane bagasse hydrolysate at 38 °C,
yielding a maximum lipid output of 2.12 g L™ [17]. Likewise,
as already reported with commercial oleic acid, the synthesis
of estolide fatty acids was optimized through the application
of the response surface methodology’s Box-Behnken model
[18]. The student t-test was used to statistically evaluate the
parameters; no significant difference was found between the
predicted and experimental yields, showing that the model was
satisfactory and suitable for reflecting the expected optimi-
zation.

Y =+-0.4746 *A +-2.05 *B + 8.83 *C +
-0.0250 *AB + -0.4000 *AC + -1.10 *BC +
-2.27 *A2 4+ -1.39 *B2 + 2.33 *C2

Characterization of oleic acids: The GC-MS FAME
analysis showed the variations in the metabolites of fermented
broth. After 48 h, the bioconverted fermented broth was subje-
cted to fatty acid extraction (Fig. 6). These isolates using mango
kernels as substrates produced 10 metabolites (Table-3). Based
on the GC-MS-FAME analysis, the predominant fatty acid is

cis-9 oleate (C18:1) omega-9 (40.00%) in this study, which is
likely to be the predominant fatty acids found in the mango
kernel (Table-3). The GC-MS FAME results from a previous
study showed that palmitate (13.44%), stearate (19.82%) and
linoleate (14.49%) made up most of the fatty acids in coconut
oil. Only palmitic acid, found to be higher in Pliek U oil, showed
a difference in predominant fatty acid content. This disparity
was most likely caused by the geographical location of the
coconut plantations [19]. Previous experimental results revealed
that biodiesel made from waste fish oil had a much higher
concentration of the methyl ester group in the biodiesel sample
[20]. The GC-MS FAME results revealed the existence of a
significant amount of palmitic acid, oleic acid and linolenic
acid, all of which are important biodiesel components.

Therapeutic applications of oleic acids

Antioxidant activity: Comparatively to standard ascorbic
acid, the fermented mango extract shows an important relation-
ship between concentration and radical scavenging activity
by progressively increasing from 25 uL to 100 uL when comp-
ared the DPPH tube method in present study (Fig. 7). It was

TABLE-3 already reported that the effective concentration of the sample
OPTIMIZED PRODUCTIONS OF FATTY ACIDS required scavenging DPPH radical by 50% (ICs value) was
Fatty acids (mg/100 mL) obtained by linear regression analysis of the dose-response
Methyl octanoate (C8:0) 5.546 curve plotted between the percentage of inhibition and concen-
Methyl palmitate (C16:0) 9.202 trations [21].
ﬁgﬁyi j;;iritgee(ﬁ (lfa?e) CI18:1) 123 '253791 Anti-inflammatory activity: The fatty acid-rich extract
M. ethil cis-9 oleate (C18:1) i 40.00 showed the. highest 17.08% inhibition of hemolysis in a sample
Methy! linoleate (C18:2) 9.923 concentration of 100 UL, compared to the standard showing
Methyl linolenate (C18:3) 0.477 equal inhibition. The fermented extract showed the highest
Methyl arachidiate (C20:0) 1.129 inhibition of protein denaturation at a concentration of 100 pL.
Methyl behenate (C22:0) 0.865 For fatty acid extracts, concentrations above 100 UL were hemo-
bile e (L2l LIzT lytic for cells and the concentration was low, automatically
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Fig. 6. GC-MS FAME analyses for oleic acids
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Fig. 7. Antioxidant activities of oleic acids

decreasing the hemolysis strongly; the recorded values were
significantly lower (p < 0.05) than the control (Fig. 8). Similarly,
as already reported, the fatty acid extracts showed equal inhib-
ition that was obtained comparable with selected standards. It
was already reported that inhibitory activities are closely related
to radical scavenging activity and the anti-inflammatory activity
of the concentrated extracts may be linked to the higher fatty
acids, especially oleic acid, palmitic acid, linolenic acid and
stearic acid [22]. This is consistent with the facts this study

reported.
60 56.2
H Aspirin Extract 50.2

—_ 42.2

o

& 40 32.9

c

£ 24.3

8 20.4

£ 20 13.7

) hgz

0
25 UL 50 uL 75 uL 100 pL

Fig. 8. Anti-inflammatory effects of oleic acids

Antibacterial activity: The MIC results of the crude oleic
acids showed the significant antibacterial activity against three
pathogens e.g. P. aeruginosa, K. pneumoniae and E. coli (Fig.
9). The measurement of the inhibition area showed that the
fermented extract gave a minimum inhibitory concentration
(MIC) of 1250 pg/mL of concentration to the bacterium P.
aeruginosa, K. pneumoniae and E. coli inhibition. Oleic acid
showed higher antibacterial activity against P. aeruginosa [23].

3.5 ﬁ M Pseudomonas aeruginosa
' © g Klebsiell i
| ~ © ~ g_’ epsiella pneumoniae
3.0171 o© Q g o 3 o © B Eschericia coli
a3 A ® o @ o
£ 257 al a =
c [aY)
8 2.01
1]
® 1.57
[a)]
O 1.01
0.5 1
0 -
0 250 500 750 1000 1250
Concentration of crude fatty acids (pg)
Fig. 9. Antibacterial activity of oleic acid against clinical pathogens
Conclusion

Extensive study is required to identify alternate produ-
ction methods for oleic acid from the industrial wastes. The

present study demonstrated that oleic acid can be produced
from mango kernels using probiotic bacteria. Oleic acid has
shown therapeutic applications like antimicrobial, antioxidant
and anti-inflammatory activities. This can be further taken for
other applications of fatty acids in pharmaceutical companies
with appropriate studies.
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