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Fifty-four soil samples were collected from various sites (agricultural, oil-polluted, riverbank, and animal dung-
contaminated soils) in northern Basrah, southern Iraq, between September 18 and November 28, 2022. The
specimens were transported to the laboratory within 3 hours, serially diluted, and cultivated on selective media. The
screening indicated that 28 samples (51.9 %) exhibited positive bacterial growth. Phenotypic and molecular
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! College of Education, identification via PCR amplification of the 16S rRNA gene (~1400 bp) revealed the presence of Pseudomonas
Quran, University of Basrah, aeruginosa (8 isolates), Escherichia coli (7 isolates), Klebsiella pneumoniae (4 isolates), Staphylococcus aureus (4
University of Basrah, isolates), Bacillus cereus (3 isolates), and Bacillus subtilis (2 isolates). Among these, a dominant P. aeruginosa
Basrah, 61016 Iraq isolate was successfully utilized for the green biosynthesis of iron nanoparticles (FeNPs). The successful formation

of biogenic FeNPs was initially indicated by a rapid color transition from yellow to dark brown. UV-Vis
* Marine Science Center, spectroscopy confirmed nanoparticle synthesis with a sharp surface plasmon resonance peak at 304 nm, while FT-
University of Basrah, IR spectroscopy verified the definitive metal-oxygen (Fe—O) stretching bond at 589.97 cm™ along with capping

Basrah, 61001 Iraq bacterial functional groups. Scanning electron microscopy (SEM) demonstrated a predominantly spherical

nanoparticle morphology with a well-defined representative particle size of 22.83 nm. The quantitative microtiter
Medicine, University of p!ate and Congo red agar assays S:onﬁrmed that t'h§ pathogen'ic isolates posse;sed a robust basc?lipe capacity for
Shatrah ’ bloﬁlm formation. Th; blosyr.ltheS{zed Fe_NP; §>§h1b1ted exceptional, concentratlon—dep@ndent antibiofilm efficacy,
Nasiriy';.h, 64001 Traq achieving characteristically high biofilm inhibition rates of up to 91.64 % at concentrations of 50 and 100 pg/mL.
Furthermore, the nanoparticles displayed potent antibacterial activity via the agar well diffusion method, with
inhibition zones expanding proportionally with concentration and reaching a maximum diameter of 21.0 mm against
P. aeruginosa. These collective findings suggest that biosynthesized iron nanoparticles could serve as highly
effective, biocompatible, and environmentally friendly nano-antimicrobials for mitigating multidrug-resistant
pathogens and persistent biofilm-associated infections.
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3eJieHHil CHHTE3 HAHOYACTHHOK 3aJ1i3a 32 10NOMOror Pseudomonas aeruginosa,
BU/IJICHOI 3 IPYHTY, Ta IXHSl aHTHOAKTepiaJbHA il aHTHOIOMIIBKOBA
AKTHBHICTh IPOTH NATOreHHUX OaKTepii

L. k. A6Gacc' | E. A. Anb-Imapa? | [I. A. Anbxacan®

V nepiox 3 18 Bepecus o 28 nucronana 2022 poky 3 pi3HUX JIoKaniil y miBHIuHIl yacTuHi bacpu (miBreHHMIT
Ipax) Oyi0 BinibpaHo 54 3pa3ku IpyHTY (CLIBCHKOTOCIIONAPCHKI, 3a0pyAHeH] HadTor0, IPUOEPEKHI IPYHTH, @ TAKOXK
IPYHTH, 3a0py/JHEHI TBAPUHHUM THOEM). 3pa3Ku TPAHCHOPTYBAIH /10 JlabopaTopii mpoTArom 3 roJuH, micis 4oro
BUKOHYBAJIM CEpiiiHI PO3BEJCHHS Ta BUCIB Ha CEJICKTUBHI KMBUIIbHI cepefoBHILa. [IepBHHHMIA CKPUHIHT II0Ka3aB,
mo 28 3paskiB (51,9 %) mpopeMOHCTpYBaIM IMO3UTHBHHUI picT Oakrepiid. 3a JOMOMOrorw (EHOTHIIOBOI Ta
MOJIEKYJISIPHO-TeHETHYHOI ineHTudikauii nuisxom I[IJIP-ammuidikaunii rena 16S pPHK (~1400 map ocHoB) Gyio

! Tlegaroriunuii hakyabTeT B
Enb-KypHi, YHiBepcurer
Bacpn,

Bacpa, Ipax

2 [leHTp MOPCHKHUX HayK,

Vuisepcurer Bacpu, MiATBEP/KEHO HASBHICTh TaKUX BUIIB Oaktepiit: Pseudomonas aeruginosa (8 i3onsriB), Escherichia coli
Bacpa, Ipax (7 i30ms1TiB), Klebsiella pneumoniae (4 i3onstn), Staphylococcus aureus (4 i3omnatn), Bacillus cereus (3 i305TH) T2

Bacillus subtilis (2 130onatu). Cepen HUX HAHOUIbII NOMKMPEHUH 1301T P. aeruginosa 0yno yCHilIHO BUKOPUCTAHO
3 QakyIbTeT BETCPUHAPHOT JUIs 3eJIeHOro OiocuHTe3y HaHoyacTHHOK 3aii3a (FeNPs). Ha nmoyatkoBomy erami opmyBanHs GioreHHux FeNPs
MEJIMIMHH, Y HIBEPCUTET criocrepiraiacs IIBHIKA 3MiHa KOJILOPY PEaKIiHOI CyMilll 3 5KOBTOr0 Ha TeMHO-KopruHeBHil. Meton Y ®-Buanmoi
IHaTPPp CIIEKTPOCKOIII MiATBEpPAUB CHHTE3 HAHOYACTUHOK 3a HAABHICTIO YITKOTO MKy IHOBEPXHEBOIO IITa3MOHHOTO
Hacupis, Ipax pe3onancy mpu 304 Hwm, Toxi sik [Y-cnekrpockomis 3 meperBopeHHsIM Dyp’e ocTaTouHO BepudikyBana GopMyBaHHS

XapaKTepHOT0 BAJICHTHOTO 3B 513Ky Meran-kuceHsb (Fe—O) npu 589,97 cm™! pasom i3 QyHKIIOHATEHHMH IpyHaMy
OaxtepianbHnX Oiomonekyn o00o0ioHKH. CkaHylo4a EJNEKTPOHHA MIKPOCKOIS IMPOJEMOHCTpYBana MEpeBaKHO
chepruHy MOPGOIIOTiI0 HAHOYACTHHOK i3 4iTKO BU3HAYCHHM PEIPE3eHTATUBHUM po3MipoM 22,83 um. KinbkicHnit
aHaNi3 y MIKPOTHTPOBAHMX IUIAHIIETaX Ta TECT Ha arapi 3 KOHTO YEPBOHUM IIATBEPIMIH, IO JOCIIKYyBaHI
MaTOTEHHI 130JITH MallM BUCOKY 06a30BY 3[aTHICTH 10 (hopMyBaHHs OiomniBok. biocunrezoBani FeNPs Bussuimn
BHUHATKOBY [I0303aJI€)KHY AaHTHOIOIUTIBKOBY €(eKTHBHICTh, 3a0€3Neuyloud BHCOKI IOKa3HUKU HPUTHIYCHHS
GiomriBok — 10 91,64 % npu konnentpanisx 50 i 100 mxr/mi. Kpim TOro, HAHOYaCTHHKH IPOJEMOHCTPYBAIU
MOTY)KHY aHTHOAKTepiallbHy Mil0 3a MeToJoM Judys3ii B arap: 30HM NpPHUTHIYEHHS pOCTY 30iibIIyBaiHCs
MPOMOPIIIHHO [0 KOHIEHTpalii, JOCATAIOYM MaKCUMalbHOTo niametpa 21,0 MM BimHOCHO P. aeruginosa.
VY cykymHOCTI I pe3yibTaTH CBiA4aTh IpO Te, IO OiOCHHTE30BaHI HAHOYACTHHKH 3ali3a MOXYThH CIYI'yBaTH
BHCOKOC()EKTHBHO0, OIOCYMICHOIO Ta EKOJIONiYHO OE3NEeYHON aIbTEPHATHBOK aHTHOIOTHMKAM Uit GOpoThOM 3
MyJIbTUPE3UCTCHTHUMH TTaTOr€HAMH Ta XPOHIYHUMH 1H(EKIISIMHU, aCOLiHOBaHUMHU 3 OiOTLTIBKaMH.

Kuarwuosi ciioBa: Pseudomonas aeruginosa, HaHOYaCTHHKH 3alli3a, 3CJICHUH CHHTE3, aHTHOIOIUIiIBKOBA Jifl,
aHTHOAKTepialbHa AKTUBHICTb.
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Introduction

Pseudomonas aeruginosa is a Gram-negative,
asporogenous, and monoflagellated bacterium [1]. It is a
highly versatile and adaptable bacterial species prevalent
in the environment, possessing a wide variety of virulence
genes, substantial clinical significance, and numerous
innate or acquired antibiotic resistance traits.
Additionally, P. aeruginosa expresses multiple intrinsic
and acquired antimicrobial resistance (AMR)
mechanisms, including low outer-membrane
permeability, expression of efflux pumps, and
chromosomal or plasmid-mediated pB-lactamases. Due to
limited treatment options, its association with increased
mortality, and longer ICU stays, P. aeruginosa 1is
currently classified by the World Health Organization as
a critical-priority pathogen [2].

Biofilm-embedded cells of this pathogen are highly
tolerant to antibiotics, disinfectants, and host immunity.

This tolerance predisposes patients to chronic
colonization, graft failure, and progression to sepsis [2].
Consequently, interest in  developing various

nanomaterials via green chemistry to control microbial
pathogens has grown significantly, driven by the
numerous benefits of nanotechnology [3]. Furthermore,
these nanomaterials have found widespread use in a
variety of applications, including antioxidants,
nanosensors, anticancer agents, and coatings for medical
devices [4].

For the synthesis of nanoparticles (NPs), employing
green chemistry instead of conventional physical and
chemical methods offers several distinct advantages,
including greater cost-effectiveness, simplicity, reduced
environmental impact, and lower release of hazardous
chemicals [3]. Nanoparticles possess unique properties that
make them a promising approach for treating microbial
infections, such as small size, large surface area-to-volume
ratio, high stability, biocompatibility, targeted delivery
capabilities, and enhanced cellular interactions. In recent
years, green chemistry has facilitated the synthesis of
biocompatible NPs effective in controlling biofilm-related
infections while minimizing the reliance on conventional
antibiotics. Several studies have reported the potential of
green-synthesized nanoparticles to combat biofilms formed
by both mono- and polymicrobial pathogens associated
with severe diseases. Various biological sources — such as
plants, animals, microorganisms, and algae — have been
widely utilized in NP synthesis, where their biomolecules
play a crucial role as reducing and stabilizing agents during
nanoparticle formation [5].

These NPs have been synthesized using a wide variety
of biological materials, including plants, animals,
bacteria, and algae. The production process involves
several biomolecules from these biological sources; these
molecules form a corona around the nanoparticles,
enhancing their stability and biocompatibility [3].
Furthermore, by interacting with the cell membrane and
undergoing internalization, the corona layer covering the
NPs increases their biological efficacy. When this corona
is derived from microbial species, it can facilitate contact
with the cell surface of microbial pathogens that share
similar structural components, thereby helping to inhibit
biofilm-forming microbes [6].

One of the most critical elements required by these
bacteria is iron. The fact that iron-dependent genes
account for approximately 6 % of overall gene expression
underscores the vital importance of this element. In
P. aeruginosa, fluctuations in iron levels influence
intracellular ~ signaling and subsequent biofilm
development. These mechanisms demonstrate how
crucial iron is to the lifecycle of this opportunistic
pathogen [7].

The current study aims to apply this concept by
synthesizing bacterial-inspired nanoparticles designed to
suppress biofilm formation and reduce the virulence of
bacterial pathogens. Specifically, utilizing P. aeruginosa
siderophores as a surface corona in nanoparticle synthesis
represents a promising strategy for developing potential
antivirulence and antibiofilm agents. Nanoparticles
synthesized using siderophores may be recognized by
specific bacterial receptor proteins and active transport
systems. Because these cellular systems naturally identify
siderophore molecules, they can facilitate nanoparticle
entry into bacterial cells, subsequently leading to cell
death.

The aim of the study

Therefore, this study aimed to isolate bacterial species
from various soil samples, identify the most prevalent
species, utilize them for the biosynthesis of iron
nanoparticles, and evaluate their resulting antimicrobial
and antibiofilm activities.

Materials and methods

Samples collection

A total of fifty-four soil samples were collected from
various sites in northern Basrah, southern Iraq,
specifically from the Al-Qurna and Al-Madinah districts.
The samples represented diverse environments, including
agricultural soil, oil-polluted areas, riverbanks (Tigris and
Euphrates), sewage-impacted sites, and soil contaminated
with animal dung. The samples were obtained under
sterile conditions by digging 5 cm into the ground using a
shovel and were collected in sterilized plastic bottles. All
samples were labeled with relevant metadata (location,
date, and soil type) and transferred to the laboratory
within 3 hours. For processing, 1 gram of each soil sample
was suspended in a test tube containing 10 mL of distilled
water. Serial tenfold dilutions ranging from 107! to
105 CFU/mL were prepared using a micropipette.
Subsequently, a 0.5 mL aliquot from the dilutions was
inoculated onto nutrient agar plates and incubated
overnight at 37 °C [8].

Isolation of bacteria

Bacterial isolation was performed by cultivating the
samples on different selective and differential culture
media, including nutrient agar, blood agar, and
MacConkey agar.

Bacterial identification

Microscopic identification

The isolated bacteria were subjected to Gram staining
and examined under an optical microscope to evaluate
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their Gram reaction (Gram-positive or Gram-negative)
and cellular morphology.

Phenotypic identification

Bacterial isolates grown on the various media were
phenotypically identified based on macro-morphological
characteristics of the colonies, including color, margin
shape, elevation, and size.

Genetic identification

For Pseudomonas aeruginosa isolates selected for the
biosynthesis of iron nanoparticles (FeNPs), genomic
DNA was extracted using the Presto™ Mini gDNA
Bacteria Kit (Geneaid) following the manufacturer's
protocol. The quality and concentration of the extracted
DNA were evaluated via agarose gel electrophoresis
according to the method described by [9]. The purified
genomic DNA then served as a template for PCR
amplification using Primax PCR Master Mix. The
16S rRNA gene was amplified using specific primers
according to the protocol described by [10], targeting an
expected amplicon size of 1400 bp. The primer sequences
utilized were:

e F:5-AGAGTTTGATCMTGGCTCAG-3'

e R:5-TACGGTACCTTGTTACGACTT-3’

Detection of biofilm-forming bacterial isolates

Congo red agar method

The screening for biofilm-forming isolates was
conducted using the Congo red agar medium, following
the procedure described by [11].

Microtiter plate (MTP) assay

Biofilm formation by the bacterial isolates was
quantified using the microtiter plate method according
to the protocol by [12]. The optical density (OD) of each
well was measured using a Multiskan Go
spectrophotometer at a wavelength of 630 nm according
to [13]. Biofilm formation capacity was determined using
the following parameters:

e A: Absorbance of the test wells containing the
bacterial suspension with the culture medium.

e Ac: Absorbance of the control wells containing
only the culture medium.

The strength of biofilm formation was categorized as
follows:

e A4 <Ac: Non-biofilm producer (Negative)

o  Ac<A<2 x Ac: Moderate biofilm producer

e A >2XxAc Strong/High biofilm producer

Synthesis of extracellular iron nanoparticles (FeNPs)
from P. aeruginosa

Preparation of P. aeruginosa supernatant

The selected P. aeruginosa isolate was inoculated into
nutrient broth and incubated in a shaking incubator at 150
rpm and 37 °C for 48 hours to generate sufficient biomass.
Afterward, the culture was centrifuged at 6,000 rpm to
pellet the bacterial cells. The cell-free supernatant was
collected and stored at 4 °C until further use.

Biosynthesis of iron nanoparticles (FeNPs)

To prepare the precursor solution, 0.5 g of iron nitrate
[Fe(NOs)s -+ 9H,0] was dissolved in 100 mL of sterile
distilled water to achieve a final concentration of
0.01 mM and stored until use. Subsequently, 100 mL of
this iron nitrate solution was mixed with 100 mL of the
P. aeruginosa cell-free supernatant. A rapid change in the

color of the mixture indicated the initial formation of
nanoparticles.

Purification of nanoparticles

The synthesized nanoparticles were harvested by
centrifugation at 6,000 rpm for 15 minutes to collect the
pellet and remove the supernatant. The resulting
precipitate was washed three times with double-distilled
water (DDW). Finally, the purified nanoparticles were
dried in a hot air oven at 100 °C for 3 hours, yielding dry
FeNPs ready for subsequent characterization assays.

Characterization of FeNPs

Visual observation (color change)

The initial indication of the successful biosynthesis of
iron nanoparticles was monitored via the visual color
change of the reaction solution.

UV-visible spectroscopy

1. A 3 mL aliquot of the initial P. aeruginosa cell-free
supernatant was analyzed in the spectrophotometer to
establish the baseline absorbance.

2. Subsequently, a 3 mL aliquot of the reaction
mixture was collected after the color change, and its
absorbance spectrum was recorded. The resulting profiles
were compared against the baseline supernatant spectrum
to confirm nanoparticle synthesis.

FT-IR spectroscopy

A FT-IR 4600 spectrometer was used to identify the
functional groups present in the bacterial supernatant
solution that are responsible for the reduction of mineral
salts. The spectra were recorded with a resolution of 4
cm'. For analysis, 0.1 mg of the synthesized
nanomaterial was weighed and dissolved in 10 mL of
dimethyl sulfoxide (DMSO). The mixture was then placed
in an ultrasonic bath for 16 minutes to ensure complete
homogenization of the material within the solvent.
Subsequently, a 510 pL aliquot was pipetted and placed
onto the crystal lens. After ensuring the complete absence
of air bubbles, the sample was secured using the pressure
arm, and the measurement was conducted [14].

Scanning electron microscopy (SEM)

The morphological properties of the nanoparticles were
analyzed using scanning electron microscopy (SEM) for
surface imaging. This method reveals the shape, structural
characteristics, and size distribution of the nanoparticles. It
also provides essential information regarding the level of
agglomeration, particle aggregation, and purity of the
synthesized material. Modern SEM instruments are capable
of determining the morphology of nanoparticles smaller
than 15 nm. For characterization, approximately 0.5 g of
the dry nanomaterial was weighed and submitted to the
central SEM laboratory for analysis [15].

Evaluation of the antibiofilm activity of FeNPs

The microtiter plate assay, as described by [16], was
used to evaluate the antibiofilm activity of the synthesized
iron nanoparticles (FeNPs). Biofilm-forming bacterial
isolates were initially activated on nutrient agar. A 5 mL
aliquot of Brain Heart Infusion (BHI) broth supplemented
with 2 % glucose was prepared in sterile test tubes, and
the bacterial cultures were inoculated into the medium.
Subsequently, 100 uL  of the resulting bacterial
suspension was distributed into individual wells of a
sterile 96-well microtiter plate.
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For each isolate, wells containing the bacterial
suspension without nanoparticles served as the negative
control. Iron nanoparticles were added to the remaining
wells at concentrations ranging from 50 to 100 pg/mL in
a horizontal arrangement, with three replicates for each
concentration. The plates were then incubated at 37 °C for
24 hours to allow biofilm development.

Following the incubation period, the contents of the
wells were carefully aspirated, and each well was washed
three times with phosphate-buffered saline (PBS) to
eliminate non-adherent cells. The adhered biofilms were
stained with a 3 % crystal violet solution and incubated at
room temperature for 15 minutes. Subsequently, 100 uL
of 93 % methanol was added to each well for 10 minutes
to fix the attached cells. Following fixation, the wells were
emptied and washed three times with distilled water to
remove excess stain. To solubilize the bound dye, 160 uL.
of 33 % glacial acetic acid was added to each well. The
optical density (OD) was then measured at 630 nm using
a Multiskan™ Go microplate reader. Finally, the
percentage of biofilm inhibition was calculated according
to the formula described by [17]:

wavelength of control pit - wavelength of equation pit

Biofilm Inhibition (%) = x 100

wavelength of the control pit

Effect of iron nanoparticles on the growth of
pathogenic bacteria

The antibacterial activity of the synthesized iron
nanoparticles (FeNPs) was investigated using the agar
well diffusion method, as described by [18]. A stock
solution was prepared by dissolving 0.001 g of iron
nanoparticles, which was subsequently diluted to obtain
final concentrations of 25, 50, 75, and 100 pg/mL.

The assay was performed against four distinct
pathogenic bacterial species: P. aeruginosa, E. coli,
K. pneumoniae, and S. aureus. Bacterial suspensions
were uniformly inoculated onto Mueller-Hinton agar
plates, and wells with a diameter of 6 mm were punctured
into the agar surface using a sterile cork borer. A volume
of 0.2 mL of each iron nanoparticle concentration was
carefully introduced into its respective well. The plates
were then incubated at 37 °C for 24 hours. After the
incubation period, the antibacterial activity was evaluated
by measuring the zone of inhibition diameters (in
millimeters) around each well using a standard ruler,
according to the method described by [19].

Results and discussion

The bacterial culture results indicated that out of
54 collected samples, 28 samples (51.9 %) showed
positive growth, while 26 samples (48.1 %) showed
negative growth. Table 1 presents the bacterial species
isolated in this study along with the number of isolates
obtained for each species. As shown in the table, the
distribution of the 28 isolates was as follows:
Pseudomonas aeruginosa (8 isolates), Escherichia coli
(7 isolates), Klebsiella pneumoniae (4 isolates),
Staphylococcus aureus (4 isolates), Bacillus cereus
(3 isolates), and B. subtilis (2 isolates).

The genus Pseudomonas is one of the most diverse
bacterial groups, capable of thriving in a wide variety of

environmental niches, including soil, water, plants, and
animals. Unlike many other species within this genus,
P. aeruginosa acts as a notable pathogen in animals [20].
The isolation rate of this species in the current study aligns
with the findings of [21] and [22], who successfully
isolated it from various soil types.

Table 1
Bacterial species isolated from soil samples and their
frequency

No Bacterial species Frequency
Pseudomonas aeruginosa 8
Escherichia coli
Klebsiella pneumoniae
Staphylococcus aureus
Bacillus cereus

Bacillus subtilis

AN AW =
N WA B~

Similarly, Klebsiella species are ubiquitous in nature
and frequently detected in soil, plants, sewage, surface
water, and other environmental matrices. Among them,
K. pneumoniae is a significant opportunistic pathogen
belonging to the Enterobacteriaceae family, which is
clinically associated with cutaneous, gastrointestinal,
respiratory, and urinary tract infections [23, 24]. While
some K. pneumoniae  isolates are  genuinely
environmental strains flourishing in their natural
habitat, others are likely introduced from human and
animal sources, thus serving as environmental
contaminants [25, 26]. In fact, soil, water, and vegetation
have been well-established as natural habitats for
K. pneumoniae [27]. Additionally, it has been
demonstrated that clinical and environmental isolates of
K. pneumoniae share highly similar phenotypic
characteristics [28].

The bacterium E. coli is a facultative anaerobe. It is a
mesophilic species that grows optimally between 37 °C
and 42 °C; its growth is significantly hindered at lower
temperatures and rapidly declines at higher temperatures.
As a classic model organism, E. coli has been extensively
researched to comprehend fundamental biological
processes, including gene expression, replication, and
metabolism. While the species contains numerous
pathogenic strains, it is also widely utilized in
biotechnology and medicine to produce recombinant
proteins and enzymes [29]. Most research on E. coli in
soils has been conducted through laboratory survival
experiments using field-collected soil samples inoculated
with specific bacterial strains. In these experiments,
E. coli abundance (typically expressed as CFU/g) tends to
decline quickly upon inoculation before leveling off until
the bacterial levels fall below detection limits. According
to previous reports, their lifespan in soil ranges from
several weeks to months, or even up to 336 days; longer
survival times have been observed in wetter soils and for
commensal rather than pathogenic isolates [30].

Our S. aureus isolation results were consistent
with [31], who demonstrated that certain soil
characteristics  significantly  influence  bacterial
abundance, confirming that soils serve as a vital source of
bacteria within watersheds. Understanding these sources
is essential for implementing management measures
aimed at reducing pathogen loads entering estuaries,
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thereby minimizing transmission risks to recreational
water users.

Furthermore, our study yielded the isolation of both
B. cereus (3 isolates) and B. subtilis (2 isolates). These
findings align with the results of [32], who reported that
metal-contaminated  soils can  be  effectively
bioremediated by Bacillus species. When applied at
controlled concentrations, these bacteria enhance carbon
sequestration and function as powerful denitrifying agents
in agroecosystems.

Numerous species and strains within the genus
Bacillus are well-known for producing a wide array of
antimicrobial compounds, including various antibiotics.
Among them, B. subtilis is considered one of the most
prominent producers, capable of synthesizing more than
70 distinct antibiotics. Some of its metabolites exhibit
potent antifungal and antibacterial activities against
several phytopathogenic microorganisms. Generally,
Bacillus species are Gram-positive, rod-shaped, motile,
and spore-forming bacteria commonly distributed across
diverse environments, particularly in soil. Their
remarkable ability to endure harsh environmental
conditions is largely attributed to their capacity to
generate resilient endospores through straightforward and
rapid developmental cycles [33].

Microscopic Identification

Following the purification of the bacterial isolates,
Gram staining revealed that the majority of the bacteria
were Gram-negative rods, occurring either singly or in
pairs, while some were Gram-positive, characterized by
long and medium-sized rods arranged in chains.
Additionally, certain bacterial samples appeared as Gram-
positive spherical cells arranged in clusters.

The differentiation of the positive cultures indicated
that Gram-negative bacteria constituted 64.3 %
(18 isolates of the positive growth), whereas Gram-
positive bacteria accounted for 35.7 % (10 isolates).
Microscopic examination of P. aeruginosa showed
Gram-negative, non-spore-forming rod cells, consistent
with the observations of [34]. Under the microscope,
E. coli appeared as single or paired non-spore-forming
rods, as previously described by [35]. Microscopic
examination of K. pneumoniae revealed short, Gram-
negative rods [36]. In contrast, microscopic inspection of
B. subtilis revealed Gram-positive rods arranged in short
chains or pairs [37], while B. cereus displayed Gram-
positive, rod-shaped cells appearing either single, paired,
or in long chains [38]. Finally, microscopic examination
and Gram staining of S. aureus demonstrated that the cells
were spherical, Gram-positive, and clustered in
characteristic grape-like formations, which serves as a key
diagnostic feature to distinguish staphylococci [39].

Biosynthesis of iron nanoparticles (FeNPs)

The present study demonstrated that Pseudomonas
aeruginosa possesses the capability to biosynthesize iron
nanoparticles. The physicochemical properties of the
synthesized nanoparticles were systematically confirmed
using the following characterization techniques:

Visual observation (color variation)

The primary macro-morphological indication of
successful nanoparticle biosynthesis is a distinct color

variation of the reaction mixture. Figure I shows the
color wvariation of iron nanoparticles produced by
Pseudomonas aeruginosa. The current results align with
the findings reported by [7], where the color of the
solution transitionally changed from yellow to a dark
brown hue, confirming the reduction of iron ions and the
formation of FeNPs.

Figure 1. Color variation of iron nanoparticles produced

by Pseudomonas aeruginosa:
A — initial cell-free culture supernatant before the reaction, and
B — synthesized nanoparticle solution after the addition of iron nitrate

UV-visible spectroscopy

The next step in verifying nanoparticle synthesis
involves measuring the optical absorbance spectrum, as
each nanomaterial exhibits a characteristic absorption
profile. Figure 2 shows the UV-visible spectrum of
FeNPs produced by Pseudomonas aeruginosa. The

scanning wavelength for the synthesized iron
nanoparticles ranged from 200 to 700nm. The
characteristic ~ surface plasmon resonance (SPR)

absorption peak of the iron nanoparticles was observed at
a wavelength of 304 nm. The spectrophotometric profiles
obtained in this study align with the results previously
reported by [40].
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Figure 2. UV-visible absorbance spectrum of FeNPs
produced by Pseudomonas aeruginosa

Fourier-transform infrared (FT-IR) spectroscopy

The functional surface groups present in the
biosynthesized iron nanoparticles were identified using FT-
IR spectroscopy. The resulting vibrational frequencies and
absorption bands were interpreted using the analytical tools
available on the InstaNANO platform, which facilitates the
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rapid identification of active biomolecules, chemical
compounds, and specific functional groups based on their
peak values. Table2 and Figure3 present the

Table 2

characteristic FT-IR absorption peaks and the respective
types of active functional groups involved in the capping,
stabilization, and green synthesis of the nanoparticles.

FT-IR peak assignments and functional groups of FeNPs synthesized by Pseudomonas aeruginosa

Peak (cm™) Functional group / Vibrational mode Compound class
3833.79 O-H stretching Alcohols / Phenols
3741.23 O-H / N-H stretching Alcohols / Amides
3617.80 O-H stretching (free) Alcohols / Phenols
3274.54 N-H stretching / O—H bonded Alcohols / Amines
2919.70 C—H stretching Alkanes
2360.44 0=C=0 stretching (CO,) background) / N-H stretching Amine salts / Ambient atmosphere
1643.05 C=C stretching / C=N stretching Alkenes / Imines / Oximes
960.38 C-H bending / O—H bending Alkenes / Carboxylic acids
589.97 Fe—O stretching / C—X stretching Metal oxides / Halo compounds
The FT-IR spectroscopic  analysis  verified The distinct peak at 1643.05 cm™ is attributed to the C=C

the presence of various functional groups capping the
surface of the biosynthesized iron nanoparticles (Table 2).
The absorption bands observed in the higher frequency
region, particularly around 3833.79-3274.54 cm™,
correspond to the stretching vibrations of hydroxyl
(O-H) and amine/amide (N-H) groups, which are
characteristic of bacterial proteins and carbohydrates.
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105 —

3266.82 cm-1
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or C=N stretching modes, suggesting the involvement
of microbial metabolites in the stabilizing processes.
Crucially, the lower frequency band at 589.97 cm™
confirms the successful formation of the metal-
oxygen (Fe—O) bond, establishing the definitive
chemical synthesis of iron oxide nanoparticles by
P. aeruginosa.
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Figure 3. FT-IR spectrum of the synthesized iron nanoparticles (FeNPs) displaying key functional groups and their
corresponding absorption bands

Scanning electron microscopy (SEM) analysis

The shape, size distribution, and surface morphology
of the synthesized nanoparticles were evaluated using
scanning electron microscopy (SEM). The electron
micrographs of the iron nanoparticles revealed a variety

SEM MAG: 5.00 kx WD: 4.84 mm
Det: SE SEM HV: 15.0 kV | 10 pm
Date{midiy): 11/01/23

SEM MAG: 135 kx

of morphologies; however, a spherical shape was
predominantly observed. The particle sizes were found to
range around a representative value of D; = 22.83 nm, as
shown in Figure 4.

WD: 4.83 mm
Det: SE SEM HV: 15.0 kv Z00 nm

B

Date(m/dry): 11/01/23

Figure 4. SEM micrographs of the biosynthesized iron nanoparticles (FeNPs) produced by Pseudomonas aeruginosa:
A — low-magnification view showing surface topography and particle agglomeration, and B — high-magnification view demonstrating a representative
spherical nanoparticle with a measured individual diameter of D1 = 22.83 nm
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The SEM images demonstrated that the nanoparticles
possess a smooth surface topography with a relatively
uniform spherical shell structure. The observed
enlargement or agglomeration of certain smaller particles
might be attributed to the high thermal conditions during
processing. At lower temperatures, the precursor units
tend to establish stronger cohesive bonds, which
subsequently drives the assembly into well-defined
spherical shell formations. The morphological findings
obtained in this current study align with the results
previously reported by [7].

Molecular Identification

Molecular identification of the bacterial isolates was
carried out using the polymerase chain reaction (PCR)
targeting the 16S rRNA gene, a highly conserved genetic
marker commonly utilized in bacterial taxonomy and
phylogenetic analysis [41]. Following genomic DNA
extraction, agarose gel electrophoresis confirmed the
presence of intact genomic DNA, as evidenced by clear
and distinct bands.

The 16S rRNA gene was successfully amplified using
specific primers, and the resulting PCR products were
analyzed via agarose gel electrophoresis and compared
against a DNA ladder (molecular weight marker). As
shown in Figure 5, the results revealed a distinct band at
approximately 1400 base pairs (bp), which is highly
consistent with the expected size of the 16S rRNA gene
fragment. These molecular findings align with the results
reported in previous studies [42, 43].

1400 bp

Figure 5. Agarose gel electrophoresis (1 %) showing
PCR amplification products of the bacterial 16S rRNA
gene. Lane DNA ladder: 200-3000 bp molecular weight
marker; Lanes M1, M2, M3, and M4: positive bacterial
isolates displaying the expected amplicon product length
of approximately 1400 bp

The success of the genomic amplification was visually
confirmed via agarose gel electrophoresis (Figure 5). As
illustrated, all four analyzed bacterial isolates (Lanes M1—
M4) exhibited a single, sharp, and highly intense band.
The migration distance of these PCR products, when
compared against the 3000 bp DNA ladder, corresponded
precisely to the expected molecular weight of
approximately 1400 bp. The absence of non-specific
amplification or primer-dimer bands indicates the high
specificity of the utilized primers and the purity of the
extracted template DNA, definitively confirming the
taxonomic suitability of the isolates for further 16S rRNA
sequencing.

Screening of biofilm-forming bacteria via Congo
Red Agar assay

The four pathogenic bacterial isolates (P. aeruginosa,
E. coli, K. pneumoniae, and S. aureus) were cultured on
Congo red agar (CRA) medium to evaluate their
phenotypic capacity for biofilm formation. This screening
method relies on the specific chemical interaction
between the exopolysaccharide (EPS) components of the
extracellular biofilm matrix and the Congo red dye. The
development of distinct black colonies indicates robust,
strong biofilm production. Furthermore, the intensity of
this black coloration directly reflects a high level of
extracellular polysaccharide synthesis and matrix
secretion, as systematically illustrated in Figure 6.

et aeruginosg

c d

Figure 6. Phenotypic screening of biofilm-forming
bacteria on Congo red agar (CRA) medium,
demonstrating characteristic black colonies due to robust

exopolysaccharide production in:
a— Klebsiella pneumoniae, b — Staphylococcus aureus,
¢ — Escherichia coli, and d — Pseudomonas aeruginosa

The phenotypic screening on Congo red agar (CRA)
plates confirmed that all four examined pathogenic
isolates possess robust biofilm-forming capabilities
(Figure 6). P. aeruginosa (Figure 6d) exhibited the most
intense, deep black coloration with a dry, crystalline
colony morphology, indicating an exceptionally high rate
of exopolysaccharide (EPS) secretion. This was closely
followed by K. pneumoniae (Figure 6a) and E. coli
(Figure 6¢), both of which developed distinct, dark black
streaks due to active interaction with the Congo red dye.
The Gram-positive pathogen S. aureus (Figure 6b) also
formed prominent dark brownish-black colonies,
confirming its ability to synthesize extracellular matrix
components. These qualitative macroscopic observations
demonstrate that all four strains are active biofilm
producers, establishing a solid baseline for subsequent
quantitative evaluations and nanoparticle treatment
assays.

Scientific Progress & Innovations e 29 (1)

250



Quantitative determination of biofilm formation via
Microtiter Plate (MTP) assay

The quantitative evaluation of biofilm formation by
the four pathogenic bacterial isolates was performed using
the microtiter plate (MTP) assay. The spectrophotometric

Table 3

results demonstrated that all four isolates possessed
a strong capacity to produce high-density biofilms,
as summarized in Table 3. All tested strains significantly
exceeded the threshold for strong biofilm production
(4>2xAc).

Quantitative classification of biofilm formation by the pathogenic isolates using the Microtiter Plate (MTP) assay

Bacterial species Control absorbance (4¢)

Isolate absorbance (4)

Mathematical condition Biofilm intensity

Pseudomonas aeruginosa 0.098 1.136 1.136 >2 x 0.098 Strong
Escherichia coli 0.075 1.513 1.513>2 % 0.075 Strong
Klebsiella pneumoniae 0.097 1.165 1.165>2 x 0.097 Strong
Staphylococcus aureus 0.108 1.329 1.329>2 x 0.108 Strong

The quantitative spectrophotometric data confirmed a
highly significant shift in optical density values compared
to the negative controls (Table 3). All four tested pathogens
demonstrated an outstanding capacity for architectural cell
attachment, with absorbance values (4) exceeding the strict
threshold for strong biofilm production by up to 10-fold to
20-fold. Notably, Escherichia coli exhibited the highest
optical accumulation value (4 = 1.513), followed closely
by Staphylococcus aureus (4 = 1.329). These quantitative
results strongly support current global microbiologic
reports highlighting the clinical persistence of these high-
priority strains due to their stable extracellular polymeric
matrices. The robust baseline formation rates observed
across both Gram-negative and Gram-positive isolates
underscore the urgent need for innovative non-antibiotic
intervention  strategies, such as target-delivered
nanomaterials and bio-inspired metallic complexes.

Evaluation of biofilm inhibition by synthesized iron
nanoparticles (FeNPs)

The current study demonstrated robust,
concentration-dependent  inhibitory effect of the
biosynthesized iron nanoparticles (FeNPs) against the
biofilm-forming bacterial isolates. As summarized in
Table 4, the highest biofilm inhibition rate was achieved
against S. aureus, reaching 91.64 % at a nanoparticle
concentration of 100 pg/mL, while the lowest inhibition
for the same pathogen was 89.69 % at 50 pg/mL. Similar
concentration-dependent trends were recorded for
P. aeruginosa (91.48 % at 100 ug/mL and 90.19 % at
50 pg/mL), E. coli (91.61 % at 100 pg/mL and 90.21 % at
50 pg/mL), and K. pneumoniae (91.22 % at 100 pg/mL
and 89.91 % at 50 ug/mL).

a

Table 4

Biofilm inhibition rates (%) of pathogenic bacterial
isolates treated with different concentrations of
biosynthesized FeNPs

susceptibility to nanoparticle interactions [44]. Oxidative
stress induced by metal oxides is widely recognized as the
primary mechanism underlying the antimicrobial and
antibiofilm activities of iron oxide nanoparticles. These
FeNPs typically carry a net positive surface charge,
whereas the surfaces of bacterial cells are net-negatively
charged. This electrostatic attraction significantly
enhances the adhesion of the nanoparticles to the bacterial
cell envelope, subsequently promoting cell membrane
rupture, the localized generation of reactive oxygen
species (ROS), irreversible damage to intracellular
components, and ultimately, bacterial cell death [45].

Antimicrobial activity of biosynthesized iron
nanoparticles (FeNPs)
The biosynthesized iron nanoparticles (FeNPs)

demonstrated distinct, dose-dependent antibacterial activity
against all tested pathogenic isolates, with the diameters of
the inhibition zones increasing proportionally with
nanoparticle concentration (7able 5). Representative agar
plates illustrating this concentration-dependent expansion
of the inhibition zones (at 25, 50, 75, and 100 pg/mL)
across the four pathogenic strains are presented in
Figure 7a—d, respectively. The most potent inhibitory
effect was observed against P. aeruginosa, where the zone
of inhibition reached a maximum of 21 mm at a
concentration of 100 pg/mL. Conversely, E. coli exhibited
the lowest sensitivity, with a minimum inhibition zone of
12 mm recorded at a concentration of 25 pg/mL.

Table 5
Zones of inhibition (mm) of biosynthesized FeNPs
against the tested pathogenic bacteria

Pathogenic bacteria 2 s & LY
pg/mL  pg/mL  pg/ml  pg/mL

Pseudomonas aeruginosa 14.5 15.5 19.6 21.0

Escherichia coli 12.0 12.7 14.0 14.5

Klebsiella pneumoniae 13.2 14.5 15.6 17.0

Staphylococcus aureus 14.0 15.0 15.0 16.0

Bacterial species 100 pg/mL 50 pug/mL
Pseudomonas aeruginosa 91.48 % 90.19 %
Escherichia coli 91.61 % 90.21 %
Klebsiella pneumoniae 91.22 % 89.91 %
Staphylococcus aureus 91.64 % 89.69 %

The observed variations in biofilm inhibition among
these pathogenic species may be attributed to distinct
differences in cell wall structures, extracellular polymeric
substance  (EPS)  composition, and individual

A clear concentration-dependent expansion of the
inhibition zones was evident across all tested isolates. For
P. aeruginosa, the zones of inhibition increased from
14.5mm (at 25 pg/mL) to 21 mm (at 100 pg/mL),
representing an increase of approximately 44.8 %.
K. pneumoniae demonstrated a 28.3 % increase (from
13.25 mm to 17 mm), while E. coli recorded a relative
increase of 20.8 % (from 12 mm to 14.5 mm). S. aureus
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exhibited the smallest relative increase of 14.3 %, with
zones expanding from 14 mm to 16 mm.

Figure 7. Zones of inhibition demonstrating the
concentration-dependent antibacterial activity of FeNPs

against the tested pathogenic bacteria in:
a— Klebsiella pneumoniae, b — Staphylococcus aureus,
¢ — Escherichia coli, and d — Pseudomonas aeruginosa

Variations in susceptibility among the bacterial isolates
may be attributed to distinct differences in cell wall
architecture, membrane permeability, metabolic activity,
and unique genetic determinants that influence cellular
stress-response mechanisms, as discussed by [46].
Specifically, Gram-negative bacteria possess an outer
lipopolysaccharide membrane that can strictly modulate
nanoparticle penetration, whereas Gram-positive bacteria
lack this outer membrane but feature a significantly thicker,
highly cross-linked peptidoglycan layer that directly
influences nanoparticle interaction dynamics [47].
Furthermore, FeNP-induced antibacterial activity is deeply
linked to metal-driven oxidative stress mechanisms, cell
envelope disruption, and subsequent interference with
essential intracellular enzymatic pathways [48].

Statistical analysis was performed by presenting the
quantitative data as mean =+ standard deviation (SD)
derived from three independent replicates. A one-way
analysis of variance (ANOVA) was subsequently applied
to compare the inhibition zones across the different
concentrations for each bacterial species, followed by
Tukey’s Honestly Significant Difference (HSD) post-hoc
test to evaluate pairwise differences between specific
concentrations. Based on the concentration-dependent
trends, the antibacterial inhibition achieved at 75 and
100 pg/mL was significantly greater (p<0.05) than that
observed at 25pug/mL. Furthermore, interspecies
comparisons at the 100 pg/mL concentration revealed
statistically significant differences, particularly between
the highly susceptible P. aeruginosa and the less sensitive
E. coli.

Conclusions

This study documented the successful green synthesis of
iron nanoparticles (FeNPs) using Pseudomonas aeruginosa
isolated from soil samples. The successful formation and
optical properties of the biogenic FeNPs were confirmed by
UV-visible spectroscopy with a distinct absorption peak at
304 nm, while FT-IR analysis definitively verified the
presence of the characteristic metal-oxygen (Fe—O) bond at
589.97 cm™ along with stabilizing bacterial biomolecules.
Scanning electron microscopy (SEM) confirmed a
predominantly spherical morphology with a representative
particle diameter of 22.83 nm.

The Dbiosynthesized nanoparticles demonstrated
exceptional concentration-dependent antibacterial and
antibiofilm activities against high-priority pathogens
(P. aeruginosa, E. coli, K. pneumoniae, and S. aureus). The
quantitative microtiter plate assay revealed robust
antibiofilm efficacy, reaching a maximum eradication rate of
91.64 % against S. aureus at 100 pg/mL. Furthermore, the
agar well diffusion test demonstrated substantial growth
inhibition zones of up to 21.0 mm against P. aeruginosa.
Taken together, these definitive findings indicate the high
potential of biosynthesized iron nanoparticles to serve as
highly effective, biocompatible, and environmentally
friendly nano-antimicrobials for controlling multi-drug
resistant pathogens and mitigating persistent biofilm-
associated infections.
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