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identified as the most efficient substrate for higher FAs yield.
The FAs were stabilized by encapsulating them into
Nanoparticles(NP) using sodium alginate and PVA( poly-vinyl alcohol). SEM-EDS and XRD
are carried out to confirm the encapsulation of FAs into the NPs. The agar well diffusion
method and MTT assay demonstrated that the FA-NPs possess potent antimicrobial and

anticancer activities. Therefore, these FA-NPs represent a viable biotherapeutic agent for future
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clinical applications.
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1. INTRODUCTION

Microbial production is a salient biological approach for obtaining complex organic molecules
from precursor molecules; the products formed are primary metabolites, which are synthesized
during the exponential growth phase, and they are an integral part of the normal growth process.
The resulting products can stem from both anabolic metabolism and catabolic metabolism.
Industries widely target this natural machinery for the synthesis of vital commercial products,
including amino acids, nucleotides, and various organic acids(Sanchez & Demain, 2008). This
study specifically focuses on the microbial synthesis of Fatty Acids (FAs) by Lysinibacillus
fusiformis using different dietary fibre sources under in vitro conditions. We will explore the
optimal conditions required for this synthesis and the subsequent formation of nanoparticles
using alginate and PVA to encapsulate and utilize the produced fatty acids. Fatty acids (FAS)
are the chief organic molecules of triacylglycerols, and the second primary source of dietary
energy for humans, FAs provide energy of 9kcal per gram making up to 20-35% of total calorie
intake, furthermore they act as a vehicle that carry fat soluble vitamins such as A, D, E and K.
They perform various important functions namely, cholesterol metabolism, constitute the cell
membrane phospholipids there by providing fluidity and signalling and immune system
regulation. Fatty acids can be classified into three types based on the chain length, they are
SCFA(short chain fatty acids) C1-C6, MCFA (medium chain fatty acids), C7-C12; and long
chain Fatty acids C13-C18 (Machate et al., 2020). The downside of FAs includes thrombosis,
dysbiosis, which is an abnormal change in gut microbiota that leads to a wide range of diseases,
such as gastrointestinal complications and obesity. (Maciel-Fiuza et al., 2023) Dysbiosis can
also cause fungal infections, for instance Genus Candida can cause candidiasis, which affects
the vagina, oral, and skin; it could also enter the bloodstream, imposing life-threatening
complications.(Talapko et al., 2021). The human gut microbiota is the abode for diverse

microorganisms, which include bacteria, fungi, viruses, and other eukaryotes that thrive to
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maintain gut homeostasis. (Afzaal et al., 2022). The gut microbiome converts natural
precursors from the host or dietary sources into a variety of lipid metabolites, such as FAs. The
synthesis of FAs occurs as a result of microbial fermentation of dietary fiber (H. Zhang et al.,
2024).

Dietary fibres are non-digestible carbohydrates, namely polysaccharides such as cellulose,
starch, glycogen, and peptidoglycan. (Barber et al., 2020) For the microbial production of FAs
different substrates were used, namely glucose, cellulose and orange peel. Cellulose is an
unbranched, natural polymer consisting of repeated glucose units. It is the predominant
polysaccharides that are present in cell walls of wood and plants, algal tissues, etc. Bacteria
can also produce cellulose in the form of a nanofiber network. As a biocompatible polymer, it

has broad applications in the field of biomedical (Seddiqi et al., 2021).

Food waste vaporization has acquired striking importance. The orange peel is considered to
be the uneaten part of the citrus fruit; it is estimated that 20% of the fruit is composed of peel
while the remaining is pulp, encompassing the nutrients. The orange peel contains 23% sugar,
22% cellulose, 25%pectins, and 11% hemicellulose. The orange peel can be used as a source
for cellulose to produce FAs and bioethanol by following a conventional process known as
fermentation. (Ayala et al., 2021a).

Bacillus spp., are aerobic or facultative anaerobic and inhabit soil, possessing a wide range of
applications from enzyme production, bioremediation, and metabolite production. Bacillus spp
is a gram-positive, rod-shaped, spore-forming bacterium that belongs to the family Bacillaceae.
It represents heterogeneous groups in terms of phenotypic and genotypic characters. The
inherent ability to produce a large number of secretory proteins, enzymes, and antimicrobial
compounds, Bacillus spp., is exploited in human health-related functional food research,
coupled with their enhanced tolerance and survivability under the hostile environments of the
gastrointestinal tract. Besides, bacilli are more stable during the processing and storage of food
and pharmaceutical preparations, making them more suitable candidates for health-promoting
formulations. Further, Bacillus strains possess biotherapeutic agents.(Elshaghabee et al.,
2017).

2. MATERIALS AND METHODOLOGY MATERIALS
The microbial strain was isolated from soil taken from the college campus, and the OP were

obtained from the college canteen. All media used in this research study were purchased from
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HI1 Media, and chemicals were purchased from Qualigens. Cellulose and dextrose (D-Glucose)
were from SRL. Whereas Sodium alginate and PVA (polyvinyl alcohol) were brought from
Sigma-Aldrich.

METHODOLOGY

2.1 Isolation of Lysinibacillus fusiformis

2.1.1 Sample collection and serial dilution

The soil sample was collected from the college campus in a sterile container. Serial dilution
was done for the collected soil sample. It is a quantitative method that determines the microbial
counts present in a particular concentration.(Ben-David & Davidson, 2014). The dilution
factors are 107,102, 10, 10, 10°°, and 10°®.

2.1.2 Pour plate technique

Nutrient agar medium was prepared by dissolving 1.68g of Nutrient agar in a total volume of
60 mL of distilled water. Post autoclave, the media was poured into sterile petri plates and
allowed to solidify, then 100pl of 10, 10, 10°® of the serial diluted samples was added onto
each plate and spread out evenly with an L-rod. Incubate the Petri plates at 37°C for 24 hours
to observe the colonies.

2.1.3 Streak plate technique and Gram staining

This technique is carried out to obtain a pure culture of the Bacillus spp., The procedure is done
by picking up the isolated colony based on morphology, which appears to be white, or creamish
off-white, spherical in shape(Jamal & Ahmad, 2022) from the culture plate using an
inoculating loop, and streak the culture onto the nutrient agar plate (quadrant and S-streak).
Incubate the plates at 37°C and observe the results after 24 hours. Repeat this method until a
pure culture is obtained. Gram staining was carried out using a staining kit from HI media to

determine the presence of Gram-positive rods.

2.2 Biochemical characterization

Biochemical characterization is done to identify the species and the metabolic competence of
the particular bacterial strain. The IMViC(Indole, Methyl Red, VVoges-Proskauer and citric acid
utilization test), catalase, oxidase, and carbohydrate fermentation test are carried out according

to Bergey’s manual. These tests differentiate bacteria.
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2.3 Sanger- sequencing

Extraction of DNA was carried out by following the protocol of isolation of genomic DNA
(Phenol-Chloroform extraction method). Gel electrophoresis was done to determine the
genomic size. PCR amplification(PCR KIT from Thermoscientific) and 16S rRNA gene
sequencing analysis were done. The primers used are listed below in Table 1; the amplified
gene was detected by gel electrophoresis (1.5%) agarose gel. Phylogenetic analysis is carried

out to determine the species of the bacterial strain.(Foysal & Lisa, 2018).

Table 1: Primers used.

Primer Details

No. Oligo Name Sequence (5'a 37) Tm (°C) | GC- Content
1 16S Forward GGATGAGCCCGCGGCCTA 57 72.22%
2 16S Reverse CGGTGTGTACAAGGCCCGG 58 68.42%

2.4 Microbial synthesis of fatty acids

2.4.1 Microbial synthesis of fatty acids with substrate 1% and 5% cellulose

The fermentation media components, Yeast extract(0.75g), Peptone(0.75g), Ammonium
sulphate(0.45g), Dipotassium hydrogen phosphate(0.22g), Sodium chloride (0.99),
Magnesium sulphate (0.099), Ferrous sulphate (0.045g) are weighed for 150ml of distilled
water, with 1% and 5% of cellulose, equivalent to 1.5g and 7.5g, respectively. The weighed
amount of cellulose is added to the labelled bottles and tightly closed. Sterilisation is carried
out in an autoclave, after which the pH is adjusted to around 6-7 using diluted hydrochloric
acid. Inoculate the loop of L. fusiformis into the bottles and mix the contents. And are placed
in the anaerobic chamber under static conditions. The samples were removed after 24 and 48
hours for further processing. The composition of the fermentation broth is similar to (Atasoy
et al., 2019) The above procedure is repeated by changing the substrate from cellulose to
glucose-1% and OP extract to check the synthesis of FAs in different carbohydrate sources.
Optimisation was carried out to determine the fatty acid produced in the fermentation broth at

different times and using various substrates.

2.4.2  Microbial synthesis of fatty acid using orange(Citrus sinensis) peel extract as
an alternative substrate

Pretreatment of orange peel

Fresh orange peels were collected from the college canteen. The orange peels were dried in the
hot air oven for 3 days at a temperature of 60 °C, followed by grinding the orange peel to obtain
a fine powder. Prepare 2% NaOH solution. Subsequently, weigh 10g of orange peel and transfer
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it to the 2% NaOH solution, mix the contents well and then heat it at 80 °C for 2 hours in the
water bath (alkali treatment). Filter the solid residue and treat it with sodium hypochlorite and
heat it at 70 °C for 2 hours in the water bath. Filter the solid residue and wash thoroughly with
distilled water. The above fermentation process is repeated; instead of cellulose, 1 g of orange
peel extract is used.(Ayala et al., 2021b)

2.4.3 Extraction of fatty acids from the fermentation broth

Firstly, the fermentation broth samples were removed after 24 and 48 hours and then transferred
to centrifuge tubes. The samples were centrifuged at 8,500 rpm for 10 minutes at 4 °C. The
supernatant was removed without mixing with the pellet. The second step involves filtering the
supernatant using a 0.22um membrane filter, and acidification of the filtered sample is carried
out for the stability of FAs present. The filtered supernatant was subjected to liquid-liquid
extraction, carried out by the organic solvent ethyl acetate from Qualigens chemicals. The
separating funnel was set up, where the sample was mixed with ethyl acetate in a ratio of 1:1.
First, the aqueous sample was poured, followed by the organic ethyl acetate. The separating
funnel is mixed continuously for 5 minutes, followed by a resting time for 10 minutes without
any disturbance. This step is repeated twice to remove other impurities, and the extracted
samples(upper organic layer) were transferred to tubes and stored in the refrigerator at 4 °C for
further analysis.(Fioravante et al., 2025). A small portion of the extraction is run in a rotary
evaporator to remove the ethyl acetate from the FAs, so the FTIR results would not be hindered
by it.

2.4.4 Synthesis of Fatty Acid Nanoparticles

The emulsion solvent evaporation method is applied to synthesize the FA-NPs. The samples
extracted using ethyl acetate are mixed well at 500 rpm for 15 minutes on a magnetic stirrer;
on the other hand, 1g of alginate was dissolved in deionised water for 20 minutes at 800 rpm.
Subsequently, add 1g of polyvinyl alcohol to 100 ml of deionised water and stir until PVA is
completely dissolved. Slowly add the PVA to the alginate (aqueous phase) and continue
stirring. Emulsion formation is carried out by slowly adding the organic phase FAs with ethyl
acetate into the aqueous phase under magnetic stirring for 30 minutes. Use the sonicator to
create a fine oil-in-water emulsion. Sonicate for 15 minutes. Centrifuge at 10,000 rpm for 10
minutes at 4 °C. Resuspend the pellet in deionised water and repeat the centrifugation to
remove impurities. Lyophilise the sample to obtain the powder form. This procedure was
modified from (Azam et al., 2022).
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2.5 Analysis of Fatty acids

2.5.1 FTIR(Fourier Transform Infrared Spectroscopy)

Fourier Transformed Infrared (Shimadzu corp (00504), QATR single reflection ATR accessory
was used. FTIR provides information on the functional group present in the samples, by
forming peaks at a particular range, the spectra recorded between 4000 and 500 cm™, implying
a bond formation. The samples, namely 1% cellulose, 5% cellulose, 1% glucose, orange peel,

and avocado peel, were analysed for SCFA.(Shapaval et al., 2014)

2.5.2 Gas Chromatography- Mass spectrometry

GC-MS was carried out to determine the fatty acids present. The instrument used is Agilent
Model 8890 GC System with Single Quadrupole Mass Spectrometer (5977B MSD) analyzer
and the column DB-WAX(DB-17 capillary column). The GC-MS conditions were set
according to (Tong et al., 2007).

2.5.3 XRD of the synthesized nanoparticles

X-ray diffraction of the synthesized nanoparticles was scanned using Powder XRD Panalytical
Xpert Pro3 at SRM SCIF facilities, to determine the crystalline structure of the nanoparticles.
The 26 scans were recorded at room temperature in a continuous scan mode with a starting

position at 5.0109 and an ending position of 58.3950.(Azam et al., 2022)

2.5.4 SEM(Scanning electron microscope) -EDS

The surface morphology and elemental composition of the Fatty acid nanoparticles was
examined by HESE(Hi-Resolution SEM) coupled with EDS(Energy Dispersive X-ray
spectroscopy detector Bruker Xflash detector 610 M). (Ismail et al., 2019)

2.6 Antimicrobial assay

2.6.1 Antibacterial assay

The agar well diffusion method was carried out for fatty FAs samples produced from cellulose,
orange peel extract and glucose, using. Muller-Hinton agar and tested against Staphylococcus
spp, Enterococcus spp, Klebsiella spp, Pseudomonas spp. 4 Wells were punctured using a gel
puncher, and 100pl of cellulose, glucose, and orange peel samples were added positive control
is ampicillin. The plates were incubated at 37°C for 24 hours, and the result was
observed.(Thananimit et al., 2022).
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2.6.2 Anti fungal assay

To check the antifungal activity, an assay was performed for the same samples using PDA agar
and tested against Aspergillus spp. and Candida spp. The control used was fluconazole. The
procedure is the same as that of the antibacterial assay; however, the incubation period for the

antifungal assay is 48 hours.(Bhattacharyya et al., 2020)

2.7 Antioxidant Assay

Antioxidant assay was done using DPPH solution to check scavenging activity, where 3 mL of
0.1mM of DPPH was added to 2ml of the samples, and then incubated in the dark for 30
minutes at room temperature. The reduction of DPPH free radical was measured using a
spectrophotometer by reading the absorbance at 517 nm (ALENCAR et al., 2018). The control
is ascorbic acid. The % of total scavenging activity is calculated using the formula.

% of total scavenging activity = absorbance of control- absorbance of test X 100

absorbance of control

A graph was plotted using the formula, the concentration of the sample on the x-axis and % of

total scavenging activity on the y-axis.

2.8 Cytotoxicity assay

Cytotoxicity assay was carried out using the VERO cell line, the samples were added and
incubated for 24 hours in a CO2 incubator at 37°C, post incubation the samples were removed
from the 96-well plate and washed with phosphate-buffered saline. 100 ul of 0.5% 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-tetrazolium bromide (MTT) was added to the well and
incubated for 4 hours. 1ml of DMSO was added to the well after incubation. Using an ELISA
reader, absorbance was measured at 570nm, (Senthilraja & Kathiresan, 2015) The percentage
of cell viability can be calculated using the formula.

% of cell viability = Absorbance at 570nm of treated cells X 100

Absorbance of control cells

A graph was plotted using the formula, the concentration of the sample on the x-axis and % of

cell viability on the y-axis.

2.9 Anti-cancer test
The anti-cancer activity was carried out using the breast cancer cell line MCF-7. The MTT (3-

(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide) assay was performed to

www.wipr.net | Vol 15, Issue 5,2026. |  1SO 9001: 2015 Certified Journal | 1442



Sanjana et al. World Journal of Pharmaceutical Research

determine cell viability. The protocol was carried out according to (Roopashree et al., 2024).
A graph was plotted using the formula, with the concentration of the sample on the x-axis and
%of cell viability on the y-axis.)

% of cell viability = Absorbance at 570nm of treated cells X100

Absorbance of control cells

3. RESULTS AND DISCUSSION

3.1 Isolation of Lysinibacillus fusiformis

3.1.1 sample collection and serial dilution

Soil is the abode of the diverse biological communities that possess microorganisms, pests, and
plants, Unique and beneficial microorganisms can be isolated from soil and could be harnessed
for our use. Serial dilution (Fig.1) is a quantitative method that determines the microbial counts
that are present in a particular concentration.(Ben-David & Davidson, 2014), it also regulates
the microbial load i.e., the higher the dilution factor lower the microbial load, and more isolated

colonies could be obtained.

Fig.1 Serial dilution of the collected soil sample.

3.1.2 Pour plate technique

The pour plate technique was carried out for 102, 10, and 10 of dilution factor, mixed
colonies were observed in the culture plates, and from these plates, isolated colonies were
picked based on Bacillus morphology, which are opaque white colonies.(LU et al., 2018) And

streaked to procure a pure culture strain.

3.1.3 streak plate technique and Gram staining

A pure culture of Bacillus spp was isolated by streaking on the nutrient agar plates (Fig.2). By
streaking a single isolated colony, we can procure the culture plate with the specific bacterial
culture, which can be primarily confirmed by Gram staining. The isolated streaked colonies
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were smeared and stained to confirm the purple rod-shaped Gram-positive bacteria (Fig.3),

which are Bacillus spp. Gram staining is based on the cell wall composition of the bacterial

organism. Thick layers of peptidoglycan, which are present in Gram-positive bacteria, stain

purple due to the interlocking of crystal violet and iodine complex in the cell.

Fig.2: S- streak plate of Bacillus spp.,

3.2 Biochemical characterisation

The Bacillus spp usually is positive for Indole, VVP; however, this particular strain was negative

for both tests. On the other hand, this strain was positive for gelatin, catalase, oxidase test and

also showed positive results for citric acid utilization and carbohydrate metabolism. The

biochemical characterization results are listed in Table 2 (Jinka, 2020)

Table 2: Biochemical characterization for Bacillus.

TEST RESULT

Indole Negative

Methy! red Negative

'\Voges-Proskauer Negative

Citric acid utilization Positive

Gelatin Positive

Catalase Positive

Oxidase Positive

Carbohydrate metabolism  |Positive with no gas production
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3.3 sanger sequencing

9 Sample A
Lysinibacillus fusiformis strain LF 41M 168 ribosomal RNA gene, partial sequence
Lysinibacillus macroides strain KPB6 16S ribosomal RNA gene, partial sequence
Lysinibacillus sp. strain XJYC9-1 168 ribosomal RNA gene, partial sequence
Lysinibacillus macroides strain V1191 168 ribosomal RNA gene, partial sequence
Lysinibacillus macroides strain M004 16S ribosomal RNA gene, partial sequence
Lysinibacillus sp. strain 2 168 ribosomal RNA gene, partial sequence
Lysinibacillus xylanilyticus partial 16S rRNA gene, isolate KWW 56
Lysinibacillus xylanilyticus strain XCY27 16S ribosomal RNA gene, partial seque...

' 0.0005 | Lysinibacillus sp. mkj-10 16S ribosomal RNA gene, partial sequence

Bacillus sp. CZGRYS 16S ribosomal RNA gene, partial sequence

Fig. 4: phylogenetic analysis of Lysinibacillus fusiformis.

The Bacillus strain is identified as Lysinibacillus fusiformis strain LF 41M, which is a soil
bacterium, rod-shaped, Gram-positive and spore-forming. In recent years, Lysinibacillus spp
have been used in several biotechnological processes to produce metabolites, organic acids and

enzymes. (Passera et al., 2021) The phylogenetic analysis of the strain is depicted in (Fig.4).

3.4 Microbial synthesis of Fatty Acids

3.4.1 Microbial synthesis of FAs with substrate 1% and 5% cellulose

Cellulose is a dietary fibre composed of polysaccharides. The building block of cellulose is D-
glucopyranose, linked by B-1,4-glycosidic bonds (Revathi et al., 2025). L fusiformis is cultured
in the fermentation broth of varying cellulose concentrations, such as 5% and 1%, the
fermentation process was carried out for 48 hours, and samples were removed at 24hours and

48hours respectively.

3.4.2 Microbial synthesis of FAs using orange(Citrus sinensis) peel extract

Different sources of cellulose as substrate were used in the fermentation, namely orange-peel
powder, the fresh orange peel was collected from the college canteen. The peels were dried and
pre-treated and used as a source of dietary fibre for microbial synthesis of Fatty Acids. The
orange peel is composed of sugar -23%, cellulose -22% , pectin -25% and finally 11%of
hemicellulose.(Ayala et al., 2021b) (fig 6).
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Fig. 6: Extraction of orange peel and orange peel residue.

3.4.3 Extraction of fatty acids from the fermentation broth

The collected samples were centrifuged to remove cell debris and other denser components.
The supernatant was transferred to a centrifuge tube and the pellet was discarded. Liquid-liquid
extraction was carried out using ethyl acetate (fig 7). Ethyl acetate, a volatile and water-
immiscible solvent suitable for extracting. The extraction is carried out by acidifying the
centrifuged samples (S. Zhang et al., 2019). The extracted FAs in ethyl acetate are stored at
4°C.

Fig. 7: liquid-liquid extraction of fatty acids present in the sample.

Synthesis of Fatty Acid Nanoparticles

The FA-NPs are synthesised using fatty acids obtained from different sources, namely
cellulose, orange peel extract and two polymers namely alginate, a biodegradable and
biocompatible biopolymer and PVA(polyvinyl alcohol), a synthetic polymer, together with
alginate assist in achieving beneficial physical properties. This amalgamation of polymers is

useful in drug delivery and efficiently encapsulates the FAs.(Inan & Ozgimen, 2021a) (Fig 8)
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3.5 Analysis of Fatty acids
3.5.1 FTIR analysis of Fatty acids
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Fig. 9: FTIR analysis of Fatty Acids in different

samples. A-1% Glucose, B- 1%

cellulose, C- 5% cellulose, D-orange peel extract.
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Table 3: FTIR data of different samples. A-1% Glucose, B- 1% cellulose, C-5%

cellulose, D- orange peel extract.

SI.no | Wave Functional SLNO | Wave Functional
‘ ) number group
number | group (cm)
(cm) . s S
L [ [133873 [ C-Obond L 180 Lo
2 1378.92 | C-O bond B - st o
3 | 1362.41 | C-O bond ; é ;éiig E_gb .
4 1266.23 | C-O bond : - D00
5 293228 C-H bond
C SINO | Wave Functional b SINO | Wave Functional
number(cm) | group number(cm) | group
1 1043.70 C-O bond
2 1097.54 C-O bond 1 1045.14 C-O bond
3 1737.11 C=0 bond 2 1096.82 C-0 bond
4 2985.40 C-H bond 3 1736.40 C=0 bond
5 2907.87 C-H bond

FTIR analysis showed the presence of FAs that are produced in the various substrates used in
the biosynthesis of FAs. The frequency range, wave number in which the functional groups
that identify FAs are 1,700-1750 cm™ C=0 fatty acid group, 1000- 1200 cm™ C-O, 2800-3000
cm™ C-H alkane group stretching, respectively. In 1% glucose substrate sample (fig 9A) the
peaks were formed at 1338.73, 1378.92, 1362.41 cm™, which indicates C-O stretching. For 1%
cellulose substrate (fig 9B) the peaks of C-O bond stretching are 1045.86and 1098.26, while
the C-H bond stretching is 2932.28, 2984.68 cm™ and the wave number 1739.99 cm is for C=0

group.

In 5% cellulose (fig 9C) substrate, the frequency range for C-O is 1043.70, 1097.54 cm™.
Similarly, for the C-H bond, the ranges are 2985 and 2907 cm-1, and for the C=0 bond, it is
1737.11 cm-1. Orange peel substrate (fig 9D) showed a peak at 1736.40, 1045.14, 1096.82
cm, indicating C=0 and C-H bond stretching.

The results obtained were similar for FA starch, (Abdul Hadi et al., 2020), in which the carbonyl
stretching of the C=0 bond is in the range from 1781 to 1690 cm™ and in the determination of
free fatty acids in Swiss cheese, where strong bands were seen in the range 1,745 cm™' carbonyl
groups, 1,460 C-H bending, and 1,175 cm™'C-O stretching. (Koca et al., 2007)

The FTIR analysis shows that the presence of FAs is more in 5% cellulose, followed by 1%
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cellulose and OP extract, while a minimal presence is detected in glucose. 48-hour samples

showed significant peaks(Fig 9)in comparison to 24hr samples. (Rasi et al., 2022)

3.5.2 Gas Chromatography and Mass-Spectrometry
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Fig 10: FA present in cellulose substrate fermentation broth.

Table 4: Retention time — FA present in cellulose substrate fermentation broth.

RT Compound No. of C
11.337 Lauric Acid C12:0
13.867 Myristic Acid C14:0
16.27 Palmitic Acid C16:0
18.523 Linoleic Acid C18:2
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Fig 11 FA present in orange peel substrate fermentation broth.

Table 5: retention time- FA present in orange peel substrate fermentation broth.
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RT Compound No. of C
11.337 Lauric Acid C12:0
13.867 Myristic Acid C14:0
16.27 Palmitic Acid C16:0
18.529 Linoleic Acid C18:2
18.601 Oleic Acid C18:1
18.939 Stearic Acid C18:0
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The Fatty acids present in the cellulose substrate sample are myristic acid(C14) and Palmitic
acid (C16) (Fig 10), whereas in the orange peel extract substrate, oleic acid (C18) is present
(Fig 11). The retention times were compared with the NIST library, and were identified by the
base peak.(Kilulya et al., 2011). Myristic acid, a saturated fatty acid, has anticancer activity
that demonstrates cytotoxicity to tumour cells, and it also helps to strengthen the skin barrier.
Furthermore, palmitic acid expresses anti-tumour effects by inducing apoptosis through the
mitochondrial pathway by producing ROS. It prevents alveolar collapse. And finally, Linoleic
acid (LA) is an omega-6 polyunsaturated fatty acid (PUFA) that improves cardiometabolic
health and prevents atherosclerosis.(Fhu & Ali, 2021)

3.5.3 XRD
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Fig. 12a: XRD pattern of FA-NPs(FA obtained from cellulose substrate, Fermentation
broth).
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Fig. 12b: XRD pattern of FA-NPs(FA obtained from OP extract substrate
Fermentation broth)

XRD patterns of the Alg-PVA-Fa were represented in Fig 12, where Fig 12a presents FAs

obtained from fermentation broth with cellulose as a substrate, whereas Fig 12b depicts the
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FAs from OP extract as substrate. Intense peaks were seen in Fig 12a at 20 Values of 21.38°,
22.12°,25.62°,28.19°,30.54°, 32.22°, 36.36°. On the other hand, in Fig 12b the intensity peaks
were relatively small, indicating its amorphous nature. Similar results were obtained in (Alva
et al., 2017). The PVA and alginate influence the broad and weak diffraction peaks formed,
which happens due to the strong intermolecular and intramolecular H-bonding that occurs
between the polymer and chain, thereby indicating a crystalline peak. In addition, the intensity

of the peak can also vary with the concentration of the polymer used.(inan & Ozgimen, 2021b)

3.5.4 SEM-EDS

EDS Layered Image 1

Fig 13 a SEM-EDS of FA-NPs (FA obtained from cellulose substrate Fermentation
broth).

EDS Layered Image 2
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Fig. 13c: EDS spectrum.
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The SEM-EDS of Alg-PVA-FA images are depicted in Fig 13a-c. Fig 13 a and b depicts the
electron and EDS layered image of the surface morphology of the synthesized NP which is
flake like formation. Furthermore, EDS image shows the elemental composition of the NPs
majorly Carbon, Oxygen, Sodium, and Phosphorus. The presence of C and O confirms the

presence of Fatty acids, whereas Na is present due to the use of Sodium alginate.

The EDS spectrum provides data on the peaks is seen in fig 13 ¢ and Table 8 show the weight
and atomic %. The EDS result shows weight% of 55.57% for C,32.18% for O element and
6.99% for Na, while certain other elements are seen in the spectrum which could be due to
sample processing. While the findings are different in comparison to (Téin (Anastasiu) et al.,
2025) which used liposomes as the main component in their NP synthesis, and in this study,

the fatty acids are utilized.

Table 6: the weight and atomic % of the elements present in EDS.

Element | Weight % Atomic %
C 55.57 65.10

o) 32.18 28.30
Na 6.99 4.28

Al 0.10 0.05

Si 0.25 0.12

P 3.94 1.79

Cl 0.38 0.15
Ca 0.59 0.21
Total 100.00 100.00

3.6 Anti-microbial assay

3.6.1 Anti- bacterial assay

Zone of inhibition(Fig 14) was seen in the FA-NP synthesized from cellulose substrate in
Enterococcus spp, Klebsiella pneumoniae, and Escherichia coli, which is 3mm, 10mm and
3.5mm, respectively. In Klebsiella pneumoniae the FA biosynthesized from glucose and

orange peel substrates shows a zone of inhibition of about 20mm and 6mm. (Table 7)

Similar results were observed in (Machado et al., 2021) Where FA Kills or slows the growth of
organisms, namely, Enterococcus faecalis, Pseudomonas aeruginosa, and Mycobacterium
tuberculosis. The FA diffuses across the cell membrane of Gram-negative bacteria and changes
the pH conditions in the cytoplasm, causing acidic stress and hindering the growth of the

organism.
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C D
Fig. 14: Antibacterial assay for the samples cellulose glucose and orange peel extract.

A- Enterococcus spp, B-Klebsiella pneumoniae, C-Escherichia coli, D- Staphylococcus
aureus.

Table 7: zone of inhibition for different samples in the tested microorganism.

SI NO. |Organisms Cellulose glucose Orange peel
1 Enterococcus spp 3mm - -
2 Klebsiella pneumoniae 10mm 10mm 6mm
3 Escherichia coli 3.5mm - -
4 Staphylococcus aureus - - -

3.6.2 Antifungal assay

In the antifungal assay zone of inhibition(Fig 15) was seen in the FAs synthesized from
cellulose as substrate in both Candida, where it is 16.5 mm, and Aspergillus spp, which is
6.5mm.(Table8) generally FAs are known to inhibit candida wherein the organism uses fatty

acids as an alternative carbon source, which is required by processes such as gluconeogenesis
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and fatty acid p-oxidation, leading to a metabolic shift from fermentative to a respiratory state,
thereby affecting the cell wall structure that resists various antifungal drugs. This can

potentially be therapeutic for candidiasis. (Baldewijns et al., 2021)

Fig. 15: Anti-fungal assay the samples cellulose glucose and orange peel extract A-

Candida spp, B- Aspergillus spp.

Table 8: zone of inhibition for different samples in the tested microorganism.

SINO |Organisms cellulose Glucose Orange peel
1 Candida spp. 16.5mm - -
2 Aspergillus spp 6.5mm - -

3.7 Anti-oxidant assay

Anti -oxidant assay
80.00%
Z  78.00%
£ 76.00% et
® 7400% et
W
g T200% e
§ 70.00% et
3 68.00%
T 66.00%
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glucose cellulose orange peel
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Total scavenging activity =~ seseesess Linear (Total scavenging activity)

Fig 16. Total scavenging activity graph of antioxidant assay.
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Table 9: Total scavenging activity of the samples.

Samples Total scavenging activity
Glucose 68.00%
Cellulose 72.00%
Orange peel extract 75.00%

The antioxidant activity of FA was seen to be high in orange peel substrate about 75%, when
compared to glucose and cellulose, which were 68% and 72%, respectively(table 11). A graph
was plotted, which illustrates the data obtained. The X-axis represents the different samples,
while the Total scavenging activity is on the y-axis.(Fig 16) The results obtained were similar
to SCFA antioxidant activity in postbiotics (Jalali et al., 2024). The DPPH test focuses on the
quantification of elements based on their reducing capacity, whether it acts with hydrogen
transfer or electron transfer. Among the FAs palmitic and linoleic acid have a positive effect,

wherein they reduce cholesterol(LDL) and protect ischemic stroke, as well as reduce heart
diseases(Fratianni et al., 2021).

3.8 Cytotoxicity assay

Cytotoxicity Assay

120.00%

100.00%
®

Z 80.00%

S 60.00%
=

= 40.00%
(&)

20.00%

0.00%

Control cellulose Glucose Orange peel
extract
FA-NP Samples from different sources
Cell viability %

Fig. 17: Graph for the cytotoxicity assay.

Table 10: cell viability% of cytotoxicity assay.

Samples Cell viability %
Control 100.00%
cellulose 84.23%
Glucose 77.05%
Orange peel extract 73.54%

The cytotoxicity assay was carried out for the samples and the data is represented in table 12,

it clearly shows that cellulose has highest cell viability% -84.23%, while the fatty acid obtained
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from glucose and orange peel extract are above 70%.). A graph was plotted, which illustrates
the data obtained. The X-axis represents the different samples, while the cell viability % is on
the y-axis.(Fig 17) Hence, fatty acid nanoparticles can be potent biotherapeutics in treating
medical conditions and cancer. The Vero cell lines are predominantly used in cytotoxicity
assays. The results differ from (Chrzanowska et al., 2022) where certain fatty acids like palmitic

and linoleic acid, expressed moderate cytotoxicity and other FAs were unsatisfactory.

3.9 Anti-cancer test

Fig. 18: 96-well plate image of MTT assay (MCF7+ breast cancer cell lines).

Anti cancer activity

90%
35%
80%
75%
70% .
65%

cellulose glucose orange peel

Cell viability%

samples

M percentage of cell viability

Fig. 17: Anticancer activity graph.

Table 11: Cell viability% of anticancer activity.

Samples Percentage of cell viability
Cellulose 73%
Glucose 82%
Orange peel substrate 86%
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The synthesized FA-NP from different substrates is represented on the x-axis and the cell
viability% on the y-axis in the anti-cancer activity graph fig 18, and Table 13 provides the data
of the cell viability% for different substrates. The FA-NP has low anti-cancer activity against
MCF7+breast cancer cell lines, the percentage of cell viability was lower in cellulose substrate
that is 90%, glucose and orange peel substrate was relatively low compared to cellulose.
Generally Anticancer activity of FAs is more significant against colon rectal cancer lines were
low cell viability% are exhibited this was mainly because the fatty acid transport system surged
in several cancer cells, thereby increasing the expression of fatty acid binding proteins involved
in trafficking of exogenous fatty acids, which leads to higher concentration of fatty acid in cells
and result in cell death. In addition, there has been a suggestion that fatty acids such as Palmitic
acid can be used as a matrix-forming agent in situ forming system for localized drug delivery
for treating colorectal cancer.(Thammasut et al., 2023)

4. CONCLUSION

The exploration of Lysinibacillus fusiformis species as microbial factories for fatty acid
biosynthesis represents a significant stride toward sustainable and potentially cost-effective
production. This approach diverges from traditional chemical synthesis, offering a bio-based
alternative that aligns with the growing demand for environmentally friendly processes.
Throughout this investigation, it has become evident that Lysinibacillus fusiformis strain
possesses remarkable versatility and metabolic capabilities that can be harnessed for the

production of valuable FAs.

The FAs produced through Lysinibacillus fusiformis fermentation and synthesized into
nanoparticles using alginate and PVA demonstrate promising antimicrobial and anticancer
activities, highlighting their potential as therapeutic agents. Their ability to inhibit pathogen
growth and induce apoptosis in cancer cells underscores their multifaceted biological functions.
The FA-ALG-PVA nanoparticles synthesized from various substrates, such as cellulose and
orange peel extract, showed the incorporation of FAs; however, the FAs obtained from glucose
substrate showed poor incorporation and more residual contamination. Prospects lie in
optimizing Lysinibacillus fusiformis fermentation for enhanced FA production, exploring
synergistic effects with other therapeutic modalities, conducting comprehensive clinical trials
to validate their efficacy and safety and synthesizing them into potential Nanoparticles which
are completely devoid of elemental contamination. Further research should focus on the
specific mechanisms of action, targeted delivery systems, and the development of novel FAs
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derivatives to maximise their therapeutic potential in combating infectious diseases and cancer.
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