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The green synthesis of Iron oxide nanoparticles {lONPs) ha: 3b0own numerous advantages over
conventional physical and chemical synthesis meti.iias tliese methods non-ecofriendly and uses
toxic chemicals and complicated equipments. In preéeni study, Iron oxide nanoparticles (IONPs)
were created using simple, sustainable, eco-friendiy and green chemistry protocol. The roots of novel
medicinal plant Sageretia thea was ug€u <. ) bio-template for the preparation of IONPs. Further,
the synthesis of IONPs was confirp{ il using'| ifferent analytical tools like UV-Vis, FT-IR, XRD, EDX,
and SEM. The average sizes of (219s) w_%e foynd to be 16.04 nm. Further, asynthesized IONPs were
evaluated for several biologidal pétentiai, including antibacterial, antifungal Anti-radical potentials
(DPPH) and cytotoxicity assa, héantibj\cterial potencies were investigated using bacterial strains (in
the concentration rangé of 1006< 31425 pg/mL) revealing significant antibacterial potentials. ABA and
SAU was reported tg/be )ast susceptible while KPN was observed to be most susceptible strain in
bactericidal studidy, Furthc ) different fungal strains were used to investigate the antifungal potentials
of IONPs (in théz concentration range of 1000-31.25 pg/mL) and revealed strong antifungal potencies
against differe i\t pathogjenic strains. Furthermore, MRA, FA and ANI were most susceptible and ABA
was least suscep ihladli fungicidal examination. Significant cytotoxicity potential was examined using
brine sk s cytotoxicity assay, thus revealing the cytotoxic potential of asynthesized IONPs. The
IC,, for Sy theu ised IONPs was recorded as 33.85 pg/mL. Strong anti-radical potentials (DPPH) assay
perfoimed to evaluate the ROS scavenging potential of S.T@IONPs. The highest scavenging
oot ‘ntial v'as noted as 78.06%, TRP as 81.92% and TAC as 84% on maximum concentration of
270 pg;vaL. In summary, our experimental results concluded, that asynthesized IONPs have strong
ant Y4cterial, antifungal, DPPH scavenging and cytotoxic potentials and can be used in different
biological applications. In nutshell, our as-prepared nanoparticles have shown potential bioactivities
and we recommend, different other in vitro and in vivo biological and bioactivities to further analyze
the biological potentials.
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Nanotechnology (NT) is one of the most important and rapidly emerging field in engineering and material
science, which deals with synthesis, characterization, and formation of nanoparticles (NPs)!. The word “nano”
is borrowed from Greek language which means extremely particles, small from size range 1-100 nm and
possess fascinating properties like electrical, magnetic, high surface area, durable, physiochemical, biological,
and mechanical properties®. There are various NPs based on their shape, structure and size such as (nanocube,
nanowire, nanowire, cluster, core shell, and bimetallic) etc’. Nanoparticle and their derived nanomaterial have
wide range of application in different sectors including medicine delivery, food, agriculture, cosmetics, cancer
detection/ diagnostics, cancer therapy, and numerous more®*. Up till now many metals and metal oxide NPs
have been synthesized thus far including nickel, zinc, gold, silver, cobalt, magnesium, and platinum etc’. Among
these synthesized nanoparticles the more adjustable and multifunctional iron oxide (IONPs) havesttracted the
scientists from various fields®, due to easy synthesis and their significant biological propertigé’. IQNPs have
also been shown as a strong antibacterial, antifungal, antioxidant, anti-inflammatory, anti-cdni g #ad elhzyme
inhibition potentials®. Many researchers have been drawn to IONPs nanoparticles due to the ) inffiguing
characteristics and wide range of uses, including (bioremediation, cosmetics, diagnogfics, and biol Edicine)’.
Their application in magnetic resonance imaging (MRI) therapy has recently jincre hed!®. he magnetic
characteristics, cost-effectiveness, considerable changeable oxidation state, and cryStarstruct Je gt (IONPs) have
attracted many researcher'!. One of the most common forms of iron is iron oxi¢®, which has Z'very broad range
of uses'2 It is typically employed as an anode in batteries, a photo-catalyst i the_yhoto-d¢ gradation of phenolic
compounds, a sensor for CO and other hazardous gases, and in the phasfi seutic Jggfustry'®. Three methods
are used for the preparation of nanoparticles such as physical, chepfi®al, aZ}} biological. There are different
sized (NPs) that are often created using both chemical and physical jethods!®:\ e physical methods typically
include pyrolysis, thermal evaporation, ball milling, laser ablatiof), an\_jpark discharge, whereas the chemical
approach prepares NPs using a variety of chemicals'®. These gmathesis ni ¥p0ds face several quite challenging,
when it comes to expanding precursors, hazardous reduding, tabilizing, and capping agents, organic toxic
solvents etc!®!”. Moreover, these techniques are quite cst. hdis ¢ilization of many costly equipment. So
the scientific community solved these problem with developni 4t of safe, cleaner, and sustainable approach via
green synthesis'®. These alternative approach of n4 Wmarticles U-ilized as green, environmentally benign, and
cost efficient platform as a strong stabilizing, reducing ¥. Wp#ls from medicinal plants, algae, fungi, bacteria
and other natural sources'®. Further, the plant based my{iatell synthesis of NPs have gaining significant attention
of researcher in interdisciplinary field due ta easy obtjinability of various biomolecules, simple plant extract,
and rapid reaction?. However, amongfiese « erent fatural sources, medicinal plants and their parts such as
roots, stem, leaves, flower, seeds, pesl™ 5. are c( Isidered as the most valuable candidates for the production of
nanoparticles (NPs)2!. Recently, M sciei Jific c¢mmunity is mainly focusing on plant extracts and presence of
associated bioactive compounds inrder t Jetermine their pharmacological effects?>?*. Additionally, plants
extract make easy synthesis?or Jasfoparijicles and also control the proper size and shape. Thus plant extract
is a rich source of diffefent med jingt phytochemicals such as terpenoids, alkaloid, flavonoids, saponins,
phenols, minerals, and™“ ¥amins as)-onsidered strong reducing and stabilizing agent during the process of
phytofabrication?®. Giken 1: potechnology has thus undergone a significant development as a substitute for the
production of sgble%and safe; oducts employing various medicinal plants®®. Previously, different medicinal
plants were utilfzed for the synthesis of iron oxide nanoparticles?®. The medicinal and fruit edible plant Sageretia
thea (Osbeck) i n evergy'*en shrub, locally known as Chinese sweet plum or sweet plum?”28. is widely distributed
in Fritrea to norti: Ltia, South China, Malaysia, Arabian country, Korea, Japan and also present in temperate
region ¢ pthern and eastern Asia. Pakistan is hosting 4 species mainly distributed in different region
including\digtric “Mohmand, Bajaur, Kurram, Khyber, Waziristan, Malakand, Islamabad, Kashmir etc®. Genus
S@pretia las about 35 species with 15 endemic species from this region®. S. thea contain various medicinal
phy, ochem)¥als which are used to cure colds, fever, and inflammatory diseases®!. The leaves and branches have

o Wide range of pharmacological effects such as anti-inflammatory, anti-cancer, and antioxidant activity
th Jugh scientific research?33. Although S. thea is used to create bonsais, in traditional herbal medicine for the
treacment of hepatitis®*. The roots of this plant exhibited a protective effect on lipoprotein in low density against
the oxidative modification®. The goal of the present study was to investigate the biological potential of medicinal
plant Sageretia thea roots extract as a strong reducing, stabilizing and capping agents for the synthesis of IONPs.
Further, the synthesis of IONPs was rectified using various analytical tools including UV-Visible spectroscopy,
XRD, FTIR, EDX, SEM and finally different in vitro bioactivities were done.

Materials and methods

Plant collection and Processing

Fresh and healthy roots of medicinal plant Sageretia thea (family: Rhamnaceae) were collected from the hilly
areas of Mohmand, Tamanzai, KPK, Pakistan following established protocol and permission was obtained during
month of June. Our plant study complies with relevant institutional, national and international guidelines and
legislation. Further, the plant material was identified and taxonomically validated by well-known taxonomist
Dr. Syed Afzal Shah, Assistant Professor at Department of Biological Sciences, National University of Medical
Sciences Rawalpindi, Pakistan. The voucher specimens were submitted to gene bank of the National University
of Medical Sciences Rawalpindi, Department of Biological Sciences, for allotment of voucher number (SAS-
567), multiplication and to ensure availability for future use. In the next step, the plant specimen was identified
by well-known taxonomist. The plant roots were thoroughly washed by tap water to remove all kinds of surface
impurities and as shade dried for about 2 to 3 weeks. After complete drying, the plant roots material was crushed
into pure fine powder and the plant powder was used to prepare plant extract.
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Preparation of plant extract

For the preparation of extract 30 gram dried plant roots powder of Sageretia thea was added to 500 mL flask
containing 300 mL of distilled water. For shaking the solution, the flask was placed on magnetic stirrer and was
continuously heated at 80 °C for 2 h. Next, the extract was allowed to cool and was than three times filtered using
Whatman filter papers to achieve pure aqueous plant extract. Finally, pH of extract was recorded as 6.27 at room
temperature and was stored at 4 °C for future purpose.

Green synthesis of iron oxide NPs

The synthesis of Iron oxide NPs (IONPs) was performed by reducing Iron acetate precursor salt using Sageretia
thea plant extract. In order to achieve this purpose, 2 g Iron acetate salt was steadily mixed with 200 mL filtered
S. thea plant extract, which give reddish brown color solution. The pH of the solution was meagffied and was
recorded as 7.0. Next, the mixture was continuously heated at 60 °C and constant stirring at 00 rgm for 2 h.
Further, the obtained solution was centrifuged at 4000 rpm/15 minutes. After centrifugatioh, eguperhatant
was discarded and pellet assumed as Iron oxide NPs were carefully washed 3 times with distilled waJstofemove
all kinds of uncoordinated materials and impurities. The achieved powder assumedf\s Iron qxial"NPs was
incubated at ~ 100 °C until the water evaporated and the particles were fully dried. After" yccessf ! incubation,
the asynthesized NPs were annealed at 400 °C to obtain pure crystalline IONFS. After aiJgpfiplishing room
temperature the obtained sample was stored in air tight vials (15 mL falcon tul'=s parafilmes) and were stored
in cool, dry and dark place. Finally, the asynthesized IONPs were characteyized %sing valious characterization
tools.

Characterization of IONPs
The synthesis of IONPs was confirmed using different standard cl{iract Jization techniques namely; SEM, EDX,
FT-IR, XRD, UV-visible spectroscopy.

Ultraviolet-visible spectroscopy

Using a UV-VIS spectrophotometer, the bio-reduction of met: Jiops into metal nanoparticles was observed. A
straightforward color shift of the plant extract fronmi__ Wgsnish br¢wn to reddish brown allowed observers to see
the reduction in iron ions. A stock solution of iron Ckide i Woparticles was diluted to 5 mg/5 mL of deionized
water and adequately sonicated using a Sonicator mafhine‘in order to get the UV-Vis absorption spectra. To
achieve this purpose, the IONPs were scansad and abs¢ybance was measured in the range of 200 nm to 600 nm
using UV-Vis spectrophotometer (Shixfiadzu, kyo, Japan). An adsorption band about 329 nm was visible in
the UV-Vis absorption of IONPs, indir Jing the Juccessful production of IONPs. Using a quartz cuvette with a
1 cm light path length, light absopfion sy Jstrajvere obtained and shown relative to distal water.

X-ray diffraction (XRD) anglysis

The phase purity, structygal @nalys hand crystalline nature of biogenic IONPs was determined by (PANalytical
XRD (Netherland) angfy ) in the raige of 2 6 from 10° to 90° using Cu/K aradiation of wavelength 1.5406 A
operated at 40 KV wjiti},30 ni hfixed at room temperature. The Debye-Scherer equation (D =K)/ fcos 6) formula
was utilized to defterttiine the'\ srresponding particle size. The formula takes into account the following factors:
\ is the X-ray yave-length (1.5406 AA), K is constant (0.9), D is the crystal size perpendicular to the reflecting
planes, { is the { haular fi/il width at half maximum in radians, and 0 is the Bragg’s angle.

Fourier ituJysed infrared (FTIR) analysis

To deternyin€ tii; different bioactive functional groups involved in reduction and stabilization of IONPs, FT-IR

#0 ysis wes performed. The sample measurement range was set in FT-IR spectroscope. To achieve this purpose,

the isynthe ized IONPs were scanned in the range of 550 to 3850 cm™! at a resolution of 4 cm™! and different
£CliaUere obtained to determine the different functional groups involved in the reduction, stabilization and

cay g of IONPs which enhance their biological and biomedical potentials.

Characterization by SEM-EDX analysis

The prepared IONPs actual size and surface morphology was determined using SEM (EM (NOVA FEISEM-450
applied with Energy Dispersive X-ray detector). To secure the IONPs and prevent their spread, many drops of
the solution were carefully placed on the stub that was covered with carbon tape. The sample was placed into
SEM machine and was subjected to SEM at accelerating voltage of 10 KV and images at 50 kx magnification
were taken. Further, the (EDX) spectroscopy analysis was performed to investigate the elemental analysis of
asynthesized IONPs and to confirm its synthesis.

Biological evaluation
Synthesis of nanoparticles was confirmed through different characterization techniques. In the next step,
different biological activities were performed to investigate their different biological potentials.

Antibacterial activity

Anti-bacterial potential of Sageretia thea formulated IONPs was determined using the disc diffusion method
against gram-negative strains of Pseudomonas aeruginosa, pneumonia and Escherichia coli, while Bacillus subtilis
and Staphylococcus aurous are used as gram positive strains. In order to reactivate the frozen cultures for later
usage, several bacterial strains were inoculated on nutrient agar medium. We created and autoclaved nutrient
agar medium to support the development of several bacterial strains. After allowing the medium to cool, it
was placed to petri dishes, so it could harden. A homogeneous bacterial lawn was created on petri plates by
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spreading 100 uL of bacterial cultures there in order to assess the antibacterial potential. Further, the petri plates
underwent parafilming and incubation was done at 37 °C/ 24 h. The bactericidal potential of nanoparticles was
assessed at several doses (1000-31.25 pg/mL). Filter discs (6 mm) filled with (10 uL) test samples (IONPs) were
meticulously positioned on even lawns, with DMSO serving as the negative control and 10 pg streptomycin disc
serving as the positive control for IONPs orchestrated by Sageretia thea. Following a 24-hour incubation period
at 37 °C, the bacterial strains’ corresponding MIC values were computed within the different concentration
range of 1000-32 pug/mL, and the inhibition zones were measured in millimeters.

Antifungal activity

The Sageretia thea formulated IONPs was examined using five different fungal strains such as Candida albicans,
Fusarium solani, Mucor racemosus, Aspergillus flavus, and Aspergillus niger. The media used fghSabouraud
dextrose agar was prepared and autoclaved. After allowing the medium to cool, it was placed gfito petri dishes
to solidify. To create homogenous lawns of various fungal strains, several fungal strains were ¢iic jspfead jut on
petri plates in the next phase. Further, the petri plates were parafilmed and placed in an incubator s< ¥0 29°C for
48 h in order to grow. 10 pL of the sample solution was poured onto filter discs, whichgzere then pu on media
plates. DMSO served as the negative control and 10 ug of nystatin as the positive control. % Mditionilly, the plates
were incubated at 28 °C for 48 h overnight. The zones of inhibition were measugl via Veri hrfaliper. Various
dependent doses of IONPs in the range of 1000-31.25 pg/mL were used. Finally,fhe MICs yalycs were calculated
at lowest concentration of IONPs.

Brine shrimps cytotoxicity assay (BSCA)

BSCA assay was performed to determine the cytotoxicity potentiald §Sageretia\ Wea mediated iron oxide NPs.
The cytotoxic impact of green IONPs was obtained by using ld{vae  jArtemia salina (Ocean Star, UT, and
USA). The Artemia salina eggs, which were incubated for 48 heat 30 °C iri Jp€a salt solution (3.8 g/1 mL) in the
presence of light, gave rise to the brine shrimp larvae. Ro#ind ¢ Jout 10 fully mature nauplii were put using a
micropipette and placed into glass vials with IONPs and‘sec ot 8fpr a 24-hour incubation period. Different
doses of IONPs (500-3.91 pg/mL) were prepared and were us ) to determine their dose dependent response.
The mature nauplii, vincristine sulphate, and seaw? Jin the vig:s were used as the positive control, while the
nauplii, DMSO, and seawater in the vials were utilized /=2 ¥p? negative control. Additionally, after a 24-hour
incubation period, the number of dead shrimp in eaglf vial'was counted, and GraphPad software was used to
calculate the percentage (%) of inhibition.

Antioxidant assay of IONPs

Using the DPPH free radical scapfaging Jest, fhie antioxidant activity of the iron NPs produced by Sageretia
thea was investigated. The IOMPs™ of antio: Mant activity (AA) was assessed by utilizing a micro-plate reader
to evaluate dilutions of the ¢ Japhd atidiiferent concentrations (200-5 pg/mL) for its ability to scavenge free
radicals. The reaction mifture wa Jaresfared in order to assess the antioxidant capacity of IONPs. To prepare
the reagent solution, g “RPH (2.4} :1g and 25 mL) of methanol were combined. To evaluate the antioxidant
effectiveness of IONEY, asce fhic acid (AA) was used as the positive control and dimethyl sulfoxide (DMSO) as
the negative contfO1. Fo create| 00 pL) of reaction solution, the protocol calls for combining 20 pL of test sample
(S.T@IONPs) yith 180 pL of feagent solution. The reaction mixture was then loaded into different wells of 96-
well plate and W s transferred into incubator for 1 h. Finally, the reaction mixture was scanned at 571 nm using
microplate reader’ Jgigfermine the % scavenging potential of DPPH applying the formula below: Detailed study
layout is c-ided in Fig. 1.

AQuults @nd discussion

Eml reing i/inovative nano-crystals technology that ensures simple, eco-sustainable approach and uses nontoxic
«fen ai.a natural chemicals replaced the approaches that utilized challenging tasks, costly and toxic chemicals
an _péchinery. The present work provides facile green fabrication approach exploiting the green chemicals from
aqua leaves broth of potentially medicinal plant; Sageretia thea for reducing iron acetate salt. Previously*¢-3,
etc. have synthesized nanosized particles using Hibiscus rosa-sinensis, Avicennia marina and Lagenaria siceraria
respectively. The green compounds of plants have vast range of active molecules including polyphenolics,
kaempferols, flavonoids, alkaloids, saponins etc***°. The green compounds being rich source of electrons have
potential reducing and stabilizing capabilities. Therefore, green compounds of plants are being utilized for
the fabrication of different metal and metal-oxides nanocrystals4l’42. Herein, we have reported the synthesis,
characterization and various bio-applications of Sageretia thea based IONPs.

The fabrication of IONPs was confirmed when aqua extract of S. thea changed its color from greenish
brown to reddish brown solution upon the addition of precursor salt (Ferric acetate basic). After the successful
synthesis, S. thea based IONPs were characterized by observing maximum absorption (SPR spectral analysis)
utilizing Ultra Violet visible photometry. The SPR spectra revealed highest absorption of 329 nm which is the
standardized range of fabricated IONPs. The stability, size and shape of any orchestrated biomaterial can directly
be encountered by studying SPR spectral peak Fig. 2.

The transmission infrared bands/spectra were analyzed to find out the presence of bioactive functional
elements, biomolecules/functional groups adsorbed upon the surface of our greenly synthesized IONPs. Figure 3
showed transmission infrared spectra. The FT-IR spectra of S. thea-IONPs revealed significant transmissions
peaks at 3110.06 cm™!, 2108.98 cm™!, 1966.75 cm™!, 1856.13 cm™!, 1660.05 cm~! and 1111.12 cm™!, which
are ascribed to stretching vibrations of -OH, C=C, C=C, aromatic compounds, C=0, and C-O bonds. Also,
the transmission peak observed at 537.42 cm™! is attributed to strong bond vibrations of Fe—O from a-Fe,O,
(hematite phase). In addition, the FT-IR pattern showed the presence of -OH, C-H,C=0,C=N,C=C,and C-O
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Fig. 2. UV-VIS spectroscopy for Sageretia thea root mediated IONPs.
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Fig. 3. FT-IR pattern of Sageretia thea mediated IONPs.

bonds which might have active role in reducing salt, ass¢mbly of nano-crystals, tuning the shape and stabilization
of nanosized crystals. According to som# prev s reports it is considered that phenolic and flavonoids presents
in the green extract plays very impor# ¥ role in lerforming aforementioned tasks. Therefore, it can be assumed
that green extract obtained from Sagereri 3thea/ night have considerable amount of phenolic and flavonoids so
are capable of having dual role g reduction ) stabilization based on previous data®>~*.

The X-ray crystallograpfy asfemployed for proper phase identification, geometry and purity of S.T-
IONPs. Figure 4. Showed A1&XRE Nrysthilographic analysis of ST-IONPs. The crystallographic spectra revealed
diffraction bands obsg/A M at 23.56, 75.63, 41.11, 46.12, 56.87 and 63.51 illustrating different crystallographic
planes like 012, 110, 1.3, 023018 and 214 respectively. In addition, the Bragg peaks observed for S.T-IONPs are
in accordance wisit the diffraci wh standards of pure phase a-Fe,0, nano sized particles (JCPD: 079-1741). The
sharp peaks of ¥ RD crystallographic studies have shown the purity and crystalline nature of greenly orchestrated
IONPs. The av\ Jage size/16.04 nm was calculated from peak width, by utilizing quantitative approximation
devised by Karl" Fpsust” The absence of any extra peak clearly indicated the purity of greenly orchestrated
nanopai,_ . Lhe XRD data of current findings is in accordance to previous literature®4.

Furthiyrppoie, e presence or absence of different elements were revealed utilizing EDX. The sharp peak at
04 KeV Yndicated the existence of oxygen, iron and carbon. The existence of carbon can be ascribed to the
gri¢ suppor¥No impurity (absence of any additional metal) was found which further confirmed the purity of S.

ol IONPs. Further, the EDX data indicated the presence of signal for elemental iron at 0.30 which is in
ag ement to the previous research reports®®->°. The EDXA spectrum is illustrated in Fig. 5.
‘ne SEM image of S. thea mediated IONPs are shown in Fig. 6. The SEM images confirmed that the greenly
synthesized nano sized particles are almost spherical in shape and are agglomerated.

Antimicrobial capabilities

The bactericidal and fungicidal activities of greenly orchestrated IONPs were investigated utilizing various fungus
and bacterial strains®"*2. Among them, Escherichia coli (ECO), Bacillis subtilis (BSU), Klebsiella pneumonia
(KPN), Pseudomonas aeruginosa (PA), and Staphylococcus aureus (SAU) was exploited for potential bactericidal
effect. However, Fusarium solani (FSO), Candida albicans (CAL), Aspergillus flavus (AFL), Mucor racemosus
(MRA) and Aspergillus niger (ANI) was utilized for the investigation of potential fungicidal effects. Results are
illustrated in Figs. 7 and 8. Bacillis subtilis (BSU), Escherichia coli (ECO) and Staphylococcus aureus (SAU) were
inhibited on all the concentration used in this study. ABA and SAU was reported to be least susceptible while KPN
was observed to be most susceptible strain in bactericidal studies. The MICs values are 31.25 pug/mL, 31.25 pg/
mL, 31.25 pg/mL, 125 pug/mL and 62.5 ug/mL for BSU, SAU, ECO, KPN and SAU respectively. Furthermore,
MRA, FA and ANI were most susceptible and ABA was least susceptible in fungicidal examination. The MICs
values are 31.5 pg/mL, 31.5 ug/mL, 31.5 pg/mL 62.5 ug/mL and 125 pg/mL for FSO, ANI, MRA, CAL and
AFL respectively. All the concentrations used in antimicrobial study showed dose-dependent responses. The
positive control exhibited highest inhibitions in both cases (fungus P.C (positive control): Nystatin) and bacterial
PC: Streptomycin) inhibitory activities). Different concentrations of IONPs 1000-31.25 pg/mL were employed
on different aforementioned strains (fungus and bacterial). From the Figs. 7 and 8, we can conclude that our
nanoparticles exhibited excellent anti-fungus and antibacterial potential. Our results are in accordance to the
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ig. 5. EDX analysis of Sageretia thea based IONPs.

previous research studies using different pathogenic microbial strains®***. According to available literature,
these antimicrobial potentials of greenly fabricated nanoparticles are due to different factors; surface deficits of
NPs*>%, production of ROS (reactive oxygen species.)””*8, adsorbed surface biomolecules®>®. Also, the NPs
when entre into bacterial cells, results into disorganization of the peptidoglycan layer, membrane injury and cell
death®..

Cytotoxicity assay

The cytotoxicity assay is high throughput test to analyze the cytotoxicity ability of asynthesized nanoparticles
against newly hatched nauplii of brine shrimps®2%3. The ASLA test was performed to investigate the toxicity
potentials of S. thea mediated IONPs. Different concentration ranges were used ranging from 3.91 to 500 pg/mL.
The vincristine sulfate was used as positive control. The % mortality is shown in Fig. 9. The IC, for S. thea based
IONPs was noted at 33.85 pg/mL while the IC, | values was calculated as 4.991 pg/mL for vincristine sulphate.
The final results confirmed the category of general cytotoxic for greenly created nano-sized particles. The results
of the current study are in alignment with previously published cytotoxicity assays reports®*%.
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Fig. 7. Anti-bacterial potentials of Sageretia thea-IONPs.

Antioxidant potentials of IONPs

The greenly orchestrated nano sized particles (5-200 pug/mL) were used for the investigation of anti-radicle
potentials®>®®. To achieve this aim, DPPH-radical scavenging, TAC and TRP test were exploited to record the
adsorbed reductones upon the surface of ST@IONPs. The highest scavenging potential was noted as 78.06%,
TRP as 81.92% and TAC as 84% on maximum concentration of 200 pg/mL which determined the strong
cytotoxicity potentials of ST@IONPs. The detailed DPPH, TRP and TAC activities are illustrated in Fig. 10.
This scavenging activity, TRP and TAC assays might be due to different constituents of active green chemicals
in plants; carotenoids, phenolics, terpenes, saponins etc®’~%°. The results of our study concluded excellent anti-
radicle potency of greenly orchestrated IONPs which are in agreement to earlier literature reports’®72.
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Conclusion

Metal and metal oxide nanoparticles (MONPs) present a bright area of research for the development of novel
treatment strategies in Nano-medicine. However, new methods was continuously investigated for tunable,
ecofriendly, and effective synthesis of NPs. Herein, a complete green synthesis method has been adopted to
successfully produce MNPs like Fe,O, using leaves broth of medicinal plant; Sageretia thea. Different biological
activities such as enzyme inhibition cytotoxicity (brine shrimps), antimicrobial (using fungal and bacterial
strains), and antiradical assays have determined significant role of S.T-IONPs in treatment of human ailments.
Significant bactericidal and fungicidal activities are reported for green S.T-IONPs. Greenly orchestrated IONPs
have shown significant results against A. salina (Sea monkeys). The present study revealed excellent antioxidant
potential for Sageretia thea based IONPs. The bio-inspired IONPs effectively scavenged radicles of DPPH and
exhibited excellent antiradical capability. In future, we suggest different other in vitro and in viyg#hioactivities
to further analyze the biomedical potencies of the asynthesized NPs. It is also recommendedfto pgrform dye
degradation assays to combat different environmental issues.

Data availability

All the raw data in this research can be obtained from the corresponding authors uflgn rec pnabl/ request.

Received: 16 May 2024; Accepted: 13 November 2024
Published online: 16 November 2024

References

1. Prabu, P. & Losetty, V. Green synthesis of copper oxide nanoparticles usigz Mc Jpptilium Lathyroides (L) leaf extract and their
spectroscopic characterization, biological activity and photocatalytic dye degradatic hstudy. J. Mol. Struct. 1301, 137404 (2024).

2. Sharifi-Rad, M., Elshafie, H. S. & Pohl, P. Green synthesis of silver nap@ Nicles (AgN1 ) by Lallemantia royleana leaf extract: their
bio-pharmaceutical and catalytic properties. J. Photochem. Photohf'L, a. 4 :8, 115318 (2024).

3. Velsankar, K., Sudhahar, S. & Maheshwaran, G. Effect of biosynthet ot fhoparticles via Cucurbita seed extract on Culex
Tritaeniorhynchus mosquito larvae with its biological applications. J. I_Wochem. Photobiol., B. 200, 111650 (2019).

4. Venkataesan Kumari, B. et al. Green synthesised silver naflmarticles usin, ‘inoectochilus Elatus leaf extract: Characterisation and
evaluation of antioxidant, anti-inflammatory, antidiabetic,\nic Wamicrdbial activities. J. Compos. Sci. 7 (11), 453 (2023).

5. Hameed, S. et al. Cannabis sativa-mediated synthesis of golil péinop :ticles and their biomedical properties. Bioinspired Biomim.
Nanobiomaterials. 9 (2), 95-102 (2020).

6. Velsankar, K., Parvathy, G., Sankaranarayanapgla, Mohando Jf'S. & Sudhahar, S. Green synthesis of silver oxide nanoparticles
using Panicum miliaceum grains extract foffoiolog, Wl applications. Adv. Powder Technol. 33 (7), 103645 (2022).

7. Singh, H. et al. Revisiting the green sy gsis of na bparticles: uncovering influences of plant extracts as reducing agents for
enhanced synthesis efficiency and itshiomet hal appliZations. Int. . Nanomed., 4727-4750. (2023).

8. Velsankar, K., Aravinth, K., Yong, 3., Mohana{_\ $/& Paiva-Santos, A. C. NiO nanoparticles, an algorithm of their biosynthesis,
toxicity, and biomedical activitigh\ . MawStruct. 7291, 136012 (2023).

9. Velsankar, K. et al. Bio-deriyed sy yfsis of }¥¢O nanoparticles and their anticancer and hemolytic bioactivities. Biocatal. Agric.
Biotechnol. 53, 102870 (20%3).

10. Velsankar, K., Parvathy Mohandos: 5., Ravi, G. & Sudhahar, S. Echinochloa frumentacea grains extract mediated synthesis
and characterization€f iro: hxide nafioparticles: a greener nano drug for potential biomedical applications. J. Drug Deliv. Sci.
Technol. 76, 10379002022).

11. Kolo, K. Z., Nyfokem, N. C. & Alechi, S. E. Green Synthesis of Iron Oxide Nanoparticle using Funaria hygrometrica Extract, and
the study of itf ‘antimicrobjal activities. . Chem. Lett. 4 (4), 222-231 (2024).

12. Ikhuoria, E. Ui jal. Advaj cing green nanotechnology: harnessing the bio-reducing properties of Musa Paradisiaca peel extract for
sustainable synti Sai.on oxide nanoparticles. J. Multidisciplinary Appl. Nat. Sci. 4 (1), 108-119 (2024).

13. Anwe  pat al. Boosting Solanum tuberosum resistance to Alternaria solani through green synthesized ferric oxide (Fe203)
nanoparticy yRep. 14 (1), 2375 (2024).

14. Khalil, 3. et Zi. Single precursor-based synthesis of transition metal sulfide nanoparticles and evaluation of their antimicrobial,

ntioxidint and cytotoxic potentials. Appl. Nanosci. 11 (9), 2489-2502 (2021).

15. [ilamu, G "A. et al. Green synthesis and characterizations of magnetic iron oxide nanoparticles using Moringa oleifera extract for
11y JEd performance in dye-sensitized solar cell. Chem. Phys. Impact. 8, 100542 (2024).

I Welsankar, K., Parvathy, G., Mohandoss, S., Krishna Kumar, M. & Sudhahar, S. Celosia argentea leaf extract-mediated green

nthesized iron oxide nanoparticles for bio-applications. J. Nanostructure Chem., 1-16. (2021).

17. “Devi, D., Julkapli, N. M., Sagadevan, S. & Johan, M. R. Eco-friendly green synthesis approach and evaluation of environmental and
biological applications of Iron oxide nanoparticles. Inorg. Chem. Commun., 110700. (2023).

18. Duraisamy, S. et al. Facile synthesis of silver nanoparticles using the Simarouba glauca leaf extract and their impact on biological
outcomes: a novel perspective for nano-drug development. J. Drug Deliv. Sci. Technol. 69, 103160 (2022).

19. Saleh, T. A. & Fadillah, G. Green synthesis protocols, toxicity, and recent progress in nanomaterial-based for environmental
chemical sensors applications. Trends Environ. Anal. Chem., €00204. (2023).

20. Jafarzadeh, S. et al. Green synthesis of nanomaterials for smart biopolymer packaging: challenges and outlooks. J. Nanostructure
Chem., 1-24. (2023).

21. Alzubaidi, A. K. et al. Green synthesis and characterization of silver nanoparticles using flaxseed extract and evaluation of their
antibacterial and antioxidant activities. Appl. Sci. 13 (4), 2182 (2023).

22. Khan, S. et al. Biosynthesis and characterization of iron oxide nanoparticles from Mentha spicata and screening its combating
potential against Phytophthora infestans. Front. Plant Sci. 13, 1001499 (2022).

23. Ullah, Z. et al. Biogenic synthesis, characterization, and in vitro biological investigation of silver oxide nanoparticles (AgONPs)
using Rhynchosia capitata. Sci. Rep. 14 (1), 10484 (2024).

24. Ramasubbu, K. et al. Green synthesis of copper oxide nanoparticles using sesbania grandiflora leaf extract and their evaluation of
anti-diabetic, cytotoxic, anti-microbial, and anti-inflammatory properties in an in-vitro approach. Fermentation. 9 (4), 332 (2023).

25. Awais, S. et al. Green synthesis of iron oxide nanoparticles using Bombax malabaricum for antioxidant, antimicrobial and
photocatalytic applications. J. Clean. Prod. 406, 136916 (2023).

26. Sun, Y., Ma, J. & Chen, FE. Combined application of plant growth-promoting bacteria and iron oxide nanoparticles ameliorates the
toxic effects of arsenic in Ajwain (Trachyspermum ammi L). Front. Plant Sci. 13, 1098755 (2022).

27. Khalil, A. T. et al. Biosynthesis of iron oxide (Fe203) nanoparticles via aqueous extracts of Sageretia thea (Osbeck.) And their
pharmacognostic properties. Green Chem. Lett. Rev. 10 (4), 186-201 (2017).

Scientific Reports |

(2024) 14:28310 | https://doi.org/10.1038/s41598-024-79953-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Shah, S., Din, S. U, Khan, A., Rehmanullah & Shah, S. A. Green synthesis and antioxidant study of silver nanoparticles of root
extract of Sageretia thea and its role in oxidation protection technology. J. Polym. Environ. 26, 2323-2332 (2018).
Shinwari, Z. K. & Maaza, M. The study of structural, physical and electrochemical activity of Zno nanoparticles synthesized by
green natural extracts of sageretia thea. Arch. De Med. 3 (2), 9 (2017).
Khalil, A. T. et al. Sageretia thea (Osbeck.) Mediated synthesis of zinc oxide nanoparticles and its biological applications.
Nanomedicine. 12 (15), 1767-1789 (2017).
Shah, S. et al. Engineering novel gold nanoparticles using Sageretia thea leaf extract and evaluation of their biological activities. J.
Nanostructure Chem. 12 (1), 129-140 (2022).
Khalil, A. T. et al. Sageretia thea (Osbeck.) Modulated biosynthesis of NiO nanoparticles and their in vitro pharmacognostic,
antioxidant and cytotoxic potential. Artif. Cells Nanomed. Biotechnol. 46 (4), 838-852 (2018).
Ullah, S. et al. Bioinspired synthesis of nanoparticles and their biomedical potential: The Pakistan experience: Bioinspired
nanoparticle synthesis in Pakistan. Proceedings of the Pakistan Academy of Sciences: B. Life and Environmental Sciences, 56(3),
37-47.(2019).
Khalil, A. T., Hameed, S., Afridi, S., Mohamed, H. E. A. & Shinwari, Z. K. Sageretia thea mediated biosynthg6is of metal oxide
nanoparticles for catalytic degradation of crystal violet dye. Materials Today: Proceedings, 36, 397-400. (2024
Khalil, A. T. et al. Physical properties, biological applications and biocompatibility studies on biosynthesized si e phas/ tobalt
oxide (Co304) nanoparticles via Sageretia thea (Osbeck). Arab. J. Chem. 13 (1), 606-619 (2020).
Kanagasubbulakshmi, S. & Kadirvelu, K. Green synthesis of iron oxide nanoparticles using Lagengd \siceraria gnd J'valuation of
its antimicrobial activity. Def. Life Sci. J. 2 (4), 422-427 (2017).
Karpagavinayagam, P. & Vedhi, C. Green synthesis of iron oxide nanoparticles using Avicepsfia “harina‘ Wwejfextract. Vacuum.
160, 286-292 (2019).
Buarki, F, AbuHassan, H., Al Hannan, F. & Henari, F. Z. Green synthesis of iron oxide nan| »articles us ng Hibiscus rosa sinensis
flowers and their antibacterial activity. J. Nanatechnol. 2022, 1-6 (2022).
Ejidike, I. P. & Clayton, H. S. Green synthesis of silver nanoparticles mediated by I jcus calllL.: antiradical, antimicrobial
potentials, in vitro cytotoxicity against brain glioblastoma cells. Green Chem. Lefi"Rev. 15 8), 298-311 (2022).
Abbasi, B. A. et al. Rhamnella Gilgitica functionalized green synthesis of & YONPs and \ 3 multiple therapeutic properties.
Microsc. Res. Tech. 85 (6), 2338-2350 (2022).
Uddin, S. et al. Green synthesis of Nickel Oxide nanoparticles from Berberis bald Jistanica stem for investigating bioactivities.
Molecules. 26 (6), 1548 (2021).
Abbasi, B. A. et al. Bioinspired synthesis and activity characterizagfin of 1 on oxide nanoparticles made using Rhamnus Triquetra
leaf extract. Mater. Res. Express. 6 (12), 1250e7 (2020).
Hashemi, Z., Mizwari, Z. M., Mohammadi-Aghdam, S., Mortazavi~ razkola, S. & Ebrahimzadeh, M. A. Sustainable green
synthesis of silver nanoparticles using Sambucus ebul{Mmhenolic exi ict (AgNPs@ SEE): optimization and assessment of
photocatalytic degradation of methyl orange and their in VitrG® Whactef1al and anticancer activity. Arab. J. Chem. 15 (1), 103525
(2022).
Khan, W. et al. Antioxidant, antibacterial, and catalytic pejformance of biosynthesized silver nanoparticles of Rhus Javanica,
Rumex Hastatus, and Callistemon viminalis. Sagedil. Biol. Sci.\ 3 (2), 894-904 (2022).
Wongyai, K., Wintachai, P., Maungchang4\. & K Wnakit, F. Exploration of the antimicrobial and catalytic properties of gold
nanoparticles greenly synthesized by Cyf, lepis Bug anani Roem. And Schult extract. J. Nanomaterials. 2020, 1-11 (2020).
Ustun, E., Onbas, S. C., Celik, S. K., Axvaz, [ )S. & $al iin, N. Green synthesis of iron oxide nanoparticles by using Ficus carica leaf
extract and its antioxidant activitygbiointerfact hesgdrch in Applied Chemistry, 2021(12), 2108-2116. (2022).
Adebayo-Tayo, B. C., Borode, S¢0, & Allg, S, O. Ji-vitro antibacterial and antifungal efficacy of greenly fabricated Senna alata leaf
extract silver nanoparticles and st Jgfianopz ticle-cream blend. Periodica Polytech. Chem. Eng. 66 (2), 248-260 (2022).
Abou Gabal, R., Shokeir, 57 &*Orabi % Cyflotoxicity and hemostatic one step green synthesis of Iron nanoparticles coated with
Green Tea for Biomedigh Boplication. ‘ends Sci. 19 (3), 2062-2062 (2022).
Espinoza-Gomez, Hf Florc %.6pez, L. Z., Espinoza, K. A. & Alonso-Nuiiez, G. Microstrain analyses of Fe304NPs greenly
synthesized usings lyraenia jai Niggides flower extract, during the photocatalytic removal of a commercial dye. Appl. Nanosci. 10
(1), 127-140 (3020).
Yousefbeyk, I \et al. Gregn synthesis of silver nanoparticles from Stachys byzantina K. Koch: characterization, antioxidant,
antibacterial, & W cytotoxi © activity. Part. Sci. Technol. 40 (2), 219-232 (2022).
Velsankar, K., St._hg"'s., Parvathy, G. & Kaliammal, R. Effect of cytotoxicity and aAntibacterial activity of biosynthesis of ZnO
hexag " Wshaped nanoparticles by Echinochloa frumentacea grains extract as a reducing agent. Mater. Chem. Phys. 239, 121976
(2020)
Abdel-Ii#neim;"A. M. E. et al. Antioxidant and antimicrobial activities of Spirulina platensis extracts and biogenic selenium
anoparicles against selected pathogenic bacteria and fungi. Saudi J. Biol. Sci. 29 (2), 1197-1209 (2022).
erma, M.L., Dhanya, B. S., Thakur, M., Jeslin, . & Jana, A. K. Plant derived nanoparticles and their biotechnological applications.
T prehensive Analytical Chemistry (Vol. 94, 331-362). Elsevier. (2021).
da Silva, B. L. et al. Relationship between structure and antimicrobial activity of zinc oxide nanoparticles: an overview. Int. J.
anomed. 14, 9395 (2019).
Wang, L., Hu, C. & Shao, L. The antimicrobial activity of nanoparticles: present situation and prospects for the future. Int. J.
Nanomed. 12, 1227 (2017).
Ong, K. S., Cheow, Y. L. & Lee, S. M. The role of reactive oxygen species in the antimicrobial activity of pyochelin. J. Adv. Res. 8 (4),
393-398 (2017).
Sudhakar, C. et al. Biomimetic synthesis of iron oxide nanoparticles using Canthium coromandelicum leaf extract and its
antibacterial and catalytic degradation of Janus green. Inorg. Chem. Commun. 133, 108977 (2021).
Vahdati, M. & Tohidi Moghadam, T. Synthesis and characterization of selenium nanoparticles-lysozyme nanohybrid system with
synergistic antibacterial properties. Sci. Rep. 10 (1), 1-10 (2020).
Gibala, A. et al. Antibacterial and Antifungal properties of Silver NanoparticlesEffect of a surface-stabilizing Agent. Biomolecules.
11 (10), 1481 (2021).
Shaikh, S. et al. Mechanistic insights into the antimicrobial actions of metallic nanoparticles and their implications for multidrug
resistance. Int. J. Mol. Sci. 20 (10), 2468 (2019).
Dos Santos, E. M. et al. Nanoencapsulated Lippia Rotundifolia antimicrobial peptide: synthesis, characterization, antimicrobial
activity, and cytotoxicity evaluations. Arch. Microbiol. 204 (3), 1-10 (2022).
Nagalingam, M., Rajeshkumar, S., Balu, S. K., Tharani, M. & Arunachalam, K. Anticancer and antioxidant activity of morinda
citrifolia leaf mediated selenium nanoparticles. Journal of Nanomaterials, 2022, 1-7. (2022).
Al-Radadi, N. S. et al. Zingiber officinale driven bioproduction of ZnO nanoparticles and their anti-inflammatory, anti-diabetic,
anti-Alzheimer, anti-oxidant, and anti-microbial applications. Inorg. Chem. Commun. 140, 109274 (2022).
Nagalingam, M., Rajeshkumar, S., Balu, S. K., Tharani, M. & Arunachalam, K. Anticancer and Antioxidant Activity of Morinda
Citrifolia Leaf Mediated Selenium Nanoparticles. Journal of Nanomaterials, 2022. (2022).
Sari, M., Surbakti, C., Khairani, T. N., Sari, W. N. & Nasution, G. S. Toxicity test of Catharanthus roseus Flower extract with brine
shrimp lethality test method. Int. J. Sci. Environ. (IJSE). 2 (1), 24-32 (2022).

Scientific Reports |

(2024) 14:28310 | https://doi.org/10.1038/s41598-024-79953-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

66. Patient, A. et al. Polyphenol composition and antioxidant activity of Tapirira Guianensis Aubl.(Anarcadiaceae) leaves. Plants. 11
(3), 326 (2022).

67. Sini, K. R, Sinha, B. N. & Karpagavalli, M. Determining the antioxidant activity of certain medicinal plants of Attapady, (Palakkad),
India using DPPH assay. Curr. Bot., 1 (1), 13-16 (2011).

68. Gul, E. et al. Phytochemistry, Biological Activities and in silico Molecular Docking Studies of Oxalis pes-caprae L. Compounds against
SARS-CoV-2 (Journal of King Saud University - Science, 2022).

69. Shahbaz, A. et al. Chemical composition of Gastrocotyle Hispida (Forssk.) Bunge and Heliotropium crispum desf. And evaluation
of their multiple in vitro biological potentials. Saudi J. Biol. Sci. 28 (11), 6086-6096 (2021).

70. Shah, S. T. et al. Surface functionalization of iron oxide nanoparticles with gallic acid as potential antioxidant and antimicrobial
agents. Nanomaterials. 7 (10), 306 (2017).

71. Periakaruppan, R. et al. Utilization of tea resources with the production of superparamagnetic biogenic iron oxide nanoparticles
and an assessment of their antioxidant activities. J. Clean. Prod. 278, 123962 (2021).

72. Zakariya, N. A., Majeed, S. & Jusof, W. H. W. Investigation of antioxidant and antibacterial activity of iron oxidfynanoparticles
(IONPS) synthesized from the aqueous extract of Penicillium spp. Sens. Int. 3, 100164 (2022).

Acknowledgements
The authors extend their appreciation to the Researchers supporting project number (R§22024R185), <ing Saud
University, Riyadh, Saudi Arabia.

Author contributions

M.L, J.I, RU. and EZ designed and conceived the study idea. M.I complesed ti \experinents. ].I, EZ, B.A.A,
T, and S.I, analysed the data and performed visualizations and statisti¢ai Jata aiififis. M.I and J.I wrote the
original draft. G.K, G.M, LA, S.K., KM.A, M.S.E, M.R, S.K, and R.I repfiewed a- B, edited the manuscript. R.I and
M.R, reviewed the manuscript and provided funds. J.I provided thef< urces anc supervision. All authors made
valuable revisions and edited the manuscript and approved the las§vers: .

Funding
Open Access funding enabled and organized by Projekt" ¥cAL“Kesearchers supporting project number
(RSP2024R185), King Saud University, Riyadh, Saudi Arabia.

Declarations

Competing interests
The authors declare no competing in# psts.

Ethics approval and copéent to pc Micipate
This study does not include J{ur jnsr anynal subjects.

Statement on guialines
All experimental stgdies anc hxperimental materials involved in this research are in full compliance with
relevant institutiénal, nationaljxnd international guidelines and legislation posing a conflict or bias.

Additional i\ larmaiion
Corresfmdence ai:e'requests for materials should be addressed to J.I., B.A.A., M.R. or R.I.

Reprintsans po nissions information is available at www.nature.com/reprints.

ru lisher'\note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
insf tutionar affiliations.

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

© The Author(s) 2024

Scientific Reports |

(2024) 14:28310 | https://doi.org/10.1038/s41598-024-79953-4 nature portfolio


http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Potential biological applications of environment friendly synthesized iron oxide nanoparticles using ﻿Sageretia thea﻿ root extract
	﻿Materials and methods
	﻿Plant collection and Processing
	﻿Preparation of plant extract
	﻿Green synthesis of iron oxide NPs
	﻿Characterization of IONPs
	﻿Ultraviolet–visible spectroscopy
	﻿X-ray diffraction (XRD) analysis
	﻿Fourier transformed infrared (FTIR) analysis
	﻿Characterization by SEM-EDX analysis


	﻿Biological evaluation
	﻿Antibacterial activity
	﻿Antifungal activity
	﻿﻿Brine shrimps cytotoxicity assay﻿ (BSCA)
	﻿Antioxidant assay of IONPs

	﻿Results and discussion
	﻿Antimicrobial capabilities
	﻿Cytotoxicity assay
	﻿Antioxidant potentials of IONPs

	﻿Conclusion
	﻿References


