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ABSTRACT
Background: Green chemistry is widely accepted phenomenon to 
synthesize iron oxide nanoparticles  (Fe‑NPs) used in several biomedical 
and technological applications. Metal oxide nanoparticles are useful in 
biomedical, clearing environmental pollutants, enzyme immobilization, 
etc., Objectives: The synthesis of Fe‑NPs using Sphagneticola trilobata 
leaf extract using ferric chloride solution and its biological assessment. 
Materials and Methods: The present study involved the synthesis 
of Fe‑NPs using S. trilobata leaf extract using ferric chloride solution 
by the co‑precipitation method. The synthesized nanoparticles were 
characterized for Fourier‑transform infrared spectroscopy, scanning 
electron microscopy, powder X‑ray diffraction spectroscopy, particle size 
analysis, and magnetization studies. The nanoparticles were biologically 
evaluated for microbiological, antioxidant, and in vitro cytotoxicity activity. 
Results: Magnetic nanoparticles were appeared in dark brown color. 
The change in color might result due to the presence of polyphenols 
in S. trilobata leaf extract. The characterization studies confirmed 
morphology, shape, and size of the nanoparticles. The mean diameter 
of Fe‑NPs and S. trilobata‑Fe‑NPs was found to be 42.2  ±  2.6 and 
62.54  ±  2.01  nm, respectively. Magnetization studies of nanoparticles 
revealed ferromagnetic behavior with the saturation magnetization at 
57 emugm−1. S. trilobata‑Fe‑NPs showed significant antibacterial action 
against Staphylococcus aureus and Bacillus subtilis by the well‑diffusion 
method. Antioxidant activity of S. trilobata‑Fe‑NPs exhibited 65.78% 
inhibition in comparison with ascorbic acid. The cytotoxicity assay of 
S. trilobata‑Fe‑NPs on HCT‑15 colon adenocarcinoma cells showed 
significant anticancer activity  (56.44%) cytotoxic inhibition. Conclusion: 
Green synthesis‑mediated S.  trilobata‑Fe‑NPs appeared to produce 
significant antimicrobial and anticancer potential.
Key words: Elemental analysis, field emission scanning electron 
microscopy, green synthesis, iron oxide nanoparticles, Sphagneticola 
trilobata, X‑ray diffraction

SUMMARY
•  Green synthesis‑mediated magnetic nanoparticles  (MNPs) from 

Sphagneticola trilobata (L.) leave extract
•  Synthesized MNPs were characterized for Fourier transform infrared 

spectroscopy, field emission scanning electron microscopy, X‑ray diffraction, 
vibrating sample magnetometer, energy‑dispersive X‑ray spectroscopy, and 
thermogravimetric analysis

•  MNPs were assessed for antibacterial, antioxidant, and in vitro cytotoxicity 
studies.

Abbreviations used: Fe‑NPs: Iron Oxide Nanoparticles; FeCl3.6H2O: Ferric 
chloride hexahydrate; FeCl2.4H2O: Ferrous chloride tetrahydrate; DPPH: 
2,2‑Diphenyl‑1‑picrylhydrazyl; DMEM: Dulbecco’s Modified Eagle’s Medium; 
MTT: 3‑(4,5‑Dimethylthiazol‑2‑yl)‑2,5‑Diphenyltetrazolium Bromide; FCS: 
Fetal Calf Serum; FTIR: Fourier Transform Infrared Spectroscopy; SEM: 
Scanning Electron Microscopy; XRD: X‑ray Diffraction Spectroscopy; 
HR‑TEM: High‑Resolution Transmission Electron Microscopy; FESEM: 
Field Emission Scanning Electron Microscopy; VSM: Vibrating Sample 
Magnetometer; EDX: Energy‑dispersive X‑ray spectroscopy; SPR: 
Surface Plasmon Resonance; TGA: Thermogravimetric analysis; CFU: 
Colony‑Forming Unit; MIC: Minimum Inhibitory 
Concentration; NCIM: National Collection of 
Industrial Micro-organisms.

Correspondence:

Dr. Sachin Bharat Agawane,
Division of Biochemical Science, National Chemical 
Laboratory, Pune, Maharashtra, India. 
E‑mail: sb.agawane@ncl.res.in
DOI:  10.4103/pm.pm_356_21

ORIGINAL ARTICLE

INTRODUCTION
Iron oxide nanoparticles (Fe‑NPs) are synthesized by various processes 
and received wide scope in nanotechnology. Ferric oxide nanoparticles 
have enormous applications in the field of medicine, biological 
sciences, and biomedical engineering.[1] The size of nanoparticles can 
be controlled either by chemical processes or bioconversion processes. 
The mean diameter size in the range 100 nm or less possesses unique 
features.[2] However, nanoparticles synthesized by physical and chemical 
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methods offer definite properties such as thermal, catalytic, electrical 
conductivity, and optical properties[3] but implicit toxicity and cost 
unproductive.[4,5] Nanoparticles are synthesized either by top to bottom 
or bottom to top approaches,[6] in controlled size and shape.[7] The 
properties of nanoparticles are unique due to better ratio of surface to 
volume and high surface energy. These properties are well correlated 
with the sizes of nanoparticles. The size of nanoparticles and toxicities 
can be controlled by various processes along with essential polymeric 
media.[8]

Nanoparticles are widely used as an anticancer, antimicrobial,[9] 
antiplasmodial,[10] larvicidal,[11] mosquitocidal,[12] to control tropical 
disease such as malaria, dengue, and filariasis.[12] Fe‑NPs are widely 
used in biomedical applications in surface chemistry to generate 
biosensors, in cell sorting and tissue repairment, detoxification of 
biological fluids, hyperthermia,[13] magnetic resonance imaging in 
cancer diagnostics,[14] thernoustics,[15] and targeted drug delivery.[16,17] 
The various strategies are initiated in the design of nanoparticles by 
green chemistry protocols used to control cancerous growth, being 
comparatively less toxic carriers.[18] Currently, cancer thernoustics act 
promising therapies against cancerous cells than normal cells, with 
aim to reduce toxicity and multiple drug resistance.[19] Nanoparticles 
as drug carriers have achieved a promising role in coordinating proper 
interactions between enzymes, receptors, antibodies with cancer cells; 
thus assisting proper diagnosis and cancer therapy.[20] The single step 
synthesis of nanoparticle has achieved greater technological applications 
such as removal of pollutants from water,[21,22] battery performance,[23] 
photocatalysis,[24] and high‑performance dye sensitized solar cells.[25] 
Fe‑NPs are synthesized by sol–gel reactions,[26] hydrothermal methods,[27] 
flow injection synthesis,[28] sonochemical,[29,30] microwave methods,[31] 
aerosol pyrolysis,[32] radiolysis,[33] microemulsion process,[34] and laser 
pyrolysis.[35] The physical and chemical methods useful in the synthesis of 
nanoparticles are screened based on the parameters such as effective and 
controlled size, loss of reactivity in alteration of magnetism, aggregation 
of air exposure,[36] and dispersibility.[37] The use of chemical synthetic 
processes generates products with contaminated toxic chemicals, 
precursors, and byproducts.[38] Thus, an attempt was made to synthesize 
metal or metal oxide nanoparticles by clean, simple, inexpensive, 
environmentally friendly method using plant extract. The microbial 
cultures, mushrooms, and algae are also used to produce nanoparticles 
with greater stability. The stability of nanoparticles can be achieved 
with reference to the organic content present in plant extracts. Further, 
advantages of green synthesis over chemical synthesis in nanoparticles 
synthesis lies in the parameters such as cost, time, and complex steps. 
Further, nanotechnology has facilitated nanoparticles for improved 
therapeutic delivery of antibiotic and nonantibiotic antimicrobial agents 
by virtue of bypassing bacterial resistance mechanisms. However, the 
development in nanotechnology has restricted their use due to improper 
size control with available processes. Thus, the stabilization and size 
of nanoparticles may be controlled using such constituents obtained 
from the plants. Many scientists have successfully attempted to prepare 
nanoparticles using extracts, namely Artemisia annua leaf extract,[39] 
Perilla frutescens leaf extract,[40] Caricaya papaya,[41] plantain peel 
extract,[42] and Kappaphycus alvarezii seaweed extract,[43] for catalytic, 
anti‑inflammatory, and antimicrobial potential.[44] The mechanism of 
formation of stable Fe‑NPs followed bioreduction of ferric ions by polyol 
components and water soluble heterocyclic components in the plant 
extract.
Sphagneticola trilobata, family Asteraceae, is herbaceous perennial 
plant. The stems are more or less prostrate, forming new roots at the leaf 
nodes. The strong decoction of the whole plant can be effective to treat 
severe chest colds. In combination with Lantana camara, Commelina 

nudiflora, Hibiscus sabdariffa and Citrus aurantiifolia as a tea or syrup is 
an excellent remedy for colds. S. trilobata is harvested for local medicinal 
use and cultivated as an ornamental ground cover. The plant is largely 
found in India, China, Mexico, Central America, the Caribbean, Hong 
Kong, South Africa, Australia, Indonesia. The leaves of S.  trilobata 
are effective for arthritic pain, backache, musclespasms, rheumatism, 
wounds, sores, and swellings.[45] Aqueous extracts of S.  trilobata have 
shown promising inhibition over streptozotocin‑induced hyperglycemia 
in rats.[46] Major constituents present in oil were α‑pinene, 
α‑phellandrene, sabinene, limonene, β‑pinene, camphene, germacrene 
D, and γ‑amorphene.[47] Apart, the whole plant of S.  trilobata contains 
lignans and phenolic glycosides.[48] The flower extracts of S.  trilobata 
were used to synthesize silver nanoparticles using the green synthesis 
for antibacterial activity.[49] The present study aimed to synthesize 
Fe‑NPs with greener and ecofriendly method using aqueous extract of 
S.  trilobata. The prepared S.  trilobata magnetic nanoparticles  (MNPs) 
are further investigated for antimicrobial and anticancer activities using 
bacterial cultures and cancer cell line.

MATERIALS AND METHODS

Materials
Ferric chloride hexahydrate (FeCl3.6H2O), ferrous chloride tetrahydrate 
(FeCl2.4H2O, 99%) and 2,2‑Diphenyl‑1‑picrylhydrazyl  (DPPH) were 
purchased from Sigma Aldrich. Dulbecco’s Modified Eagle’s Medium, 
trypsin and 3‑(4,5‑Dimethylthiazol‑2‑yl)‑2,5‑Diphenyltetrazolium 
Bromide  (MTT) were purchased from Himedia, Mumbai. HCT‑15 
colon adenocarcinoma cell line was obtained from National Center for 
Cell Sciences, Pune. All other reagents of analytical grades were used 
for further experimentation. The leaves of S.  trilobata collected were 
collected from CSIR‑NCL, Pune. The plant received authentication 
from Botanical Survey of India, Pune. The plant was authenticated as 
S.  trilobata  (L.) Pruski family Asteraceae with authentication number 
BSI/WRC/IDEN. CER./2018/H3. The leaves were washed two to three 
times with deionized water. All glasswares were cleaned with nitric acid 
mixture and double distilled water.

Preparation of plant extract
S. trilobata leaves were thoroughly washed with deionized water and kept 
for sun dried. The leaves were finely grounded to powdered form and 
stored in the glass bottle at the room temperature. Extraction process 
was initiated in the conical flask containing 10  mg finely leaf powder 
mixed in 100 mL double‑distilled water on water bath at the constant 
temperature 80°C. The mixture was allowed to filter through Whatmann 
no. 2 filter paper.[50,51] The obtained leaf extract was kept at 4°C in dark 
place for future use.

Sphagneticola trilobata iron oxide 
nanoparticles (Sphagneticola trilobata‑iron oxide 
nanoparticles) synthesis
Fe‑NPs were synthesized by the coprecipitation method.[52] The 
measured amount of Fe2+  and Fe3+  in molar ratio 1:2 was added in 
double distilled water under continuous stirring at 400 rpm for 25 min. 
Further, 3 mL, 25% ammonium hydroxide solution was added in above 
mixture and stirred continuously at 1500 rpm at 80°C for 1 h. The later 
synthesis of Fe‑NPs was followed by the addition of S.  trilobata leaf 
extract in iron solution which was used as precursor. S.  trilobata leaf 
extract; 50 mL, was dropped slowly in 100 mL 0.1 mM iron solution (1:2) 
under constant stirring at the room temperature. Further, the reaction 
was processed with addition of 3  mL, 25% ammonium hydroxide 
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solution in S.  trilobata/Fe3+  suspension under continuous stirring till 
visible yellow color aqueous iron solution turned to dark brown within 
5 min. The mixture was stirred for 1 h and kept undisturbed for next 
30 min, centrifuged, washed several times with distilled water and dried 
overnight under vacuum to obtain the S. trilobata‑Fe‑NPs. The prepared 
nanoparticles were further used for characterizations[53] and biological 
applications.

Characterizations
S.  trilobata‑Fe‑NPs were monitored by ultraviolet visible  (UV‑Vis) 
spectrophotometer  (UV‑530, JASCO). The bioreductive property 
of aqueous S.  trilobata extracts was determined by considering 
temperature as its function. Magnetization measurements of 
nanoparticles verses field loop were measured using vibrating sample 
magnetometer (VSM) (Quantum Design, Inc.) at 300 K in the magnetic 
field. S.  trilobata‑Fe‑NPs were analyzed for Fourier transform infrared 
spectroscopy (FTIR) studies to reveal the presence of functional groups. 
The dried nanoparticles were formed in KBR pellets for FTIR analysis 
using plain KBr pellets as a reference for background correction. The 
characteristic infrared absorption spectra of S.  trilobata  ‑Fe‑NPs and 
S.  trilobata extract were recorded using a FTIR  (Bruker). The spectra 
were obtained in the diffuse reflectance mode at 4 cm−1 resolution. The 
morphological features of S. trilobata ‑Fe‑NPs were studied by scanning 
electron microscopy  (QUANTA‑200‑3D, FEI, USA) at 20.0 KV. Field 
emission scanning electron microscope  (FESEM) JEOL JSM‑6360 
was employed to study the surface morphology and particle size 
investigations. The morphological and size distribution of Fe‑NPs was 
done using high‑resolution transmission electron microscopy (HR‑TEM) 
JEM‑2100F. The S.  trilobata  ‑Fe‑NPs were observed for elemental 
analysis, X‑ray spectroscopy using Shimadzu EDX700HS spectrometer. 
Zeta potential studies were conducted to measure the charge on the 
surface of droplet for confirmation of stability of S.  trilobata‑Fe‑NPs. 
X‑ray diffraction (XRD) measurements were performed on Bruker AXS 
D2 phaser diffractometer. XRD patterns were recorded from a thin film 
of powdered nanoparticles using analytical “X”pert‑pro system at a scan 
rate 0.25 step/sec. The powdered sample was exposed to Cu‑Kα radiation 
and the diffraction pattern was analyzed from 7° to 80° (2 θ) with a step 
size of 0.02°. Debye‑Scherrer equation was applied to count the average 
particle size of MNPs to correlate peak broadening with particle size.
d = kλ/(β·cosθ).� Eq. no. 1
where, “d” is the particle size, “k” is the Scherrer constant  (0.9), “λ” is 
the X‑ray wavelength (0.15406 nm), “β” is the width of the XRD peak 
at half‑height and “θ” is the Bragg diffraction angle. Thermogravimetric 
analysis of Fe‑NPs was done using a TGA 5000IR at 10°C/min in 
nitrogen (10 mL/min.)

Culturing bacterial strains
Bacterial strains Gram positive, namely Escherichia coli NCIM 2065, 
Pseudomonas aeruginosa NCIM 2200, and Gram negative viz., Bacillus 
subtilis NCIM 2063, Staphylococcus aureus NCIM 2079 were procured 
from National Center for Industrial Micro-organisms  (NCIM, NCL, 
Pune, Maharashtra, India). The bacterial cells were cultured in nutrient 
broth and used as inoculum. Inoculums were homogenized, centrifuged, 
and adjusted to 0.5 McFarland standards (5 × 105 CFU/mL).

Antibacterial activity
The antibacterial activity of S.  trilobata and S.  trilobata  ‑Fe‑NPs 
was evaluated by the cup plate method. Agar plates were inoculated 
with 100 µL, 24  h freshly cultured viable bacterial cells  (1.0  ×  107 
colony‑forming units) by the spread plate method. The dried plates 
were bored to form 5 mm diameter wells using a sterile cork borer. 

S.  trilobata  ‑Fe‑NPs at concentrations, 100 and 250  µg/mL and 
S. trilobata extract, each 100 µL, were introduced into the bored well. 
The plates were kept in incubator at 37°C for 24–48 h. The antibacterial 
activity was measured by determining the zone of inhibition using the 
zone reader.

Minimum inhibitory concentration determinations
The minimum inhibitory concentration  (MIC) of S.  trilobata‑Fe‑NPs 
was determined by broth microdilution method using 96‑well microtiter 
plates. Aliquots of S. trilobata‑Fe‑NPs 100 µL, in concentrations (µg/mL) 
as 100.00; 75.00; 37.50; 18.75; 9.37; 4.69; 2.34; 1.17; 0.59; 0.29 were placed 
in sterile 96‑well plates. The microtiter plate was allowed to incubate 
for 24 h at 37°C. MIC was said to the lowest concentration at which no 
visible growth was observed. Dimethyl sulfoxide and Mueller–Hinton 
broth were used as controls. In control experiments, cells were incubated 
with only 10 mM sodium phosphate buffer. Ciprofloxacin was used as a 
positive control. The results were analyzed in replicates per assay.

Antioxidant activity
Antioxidant activity of the S. trilobata extract and S. trilobata ‑Fe‑NPs 
was determined as per free radical scavenging property.[54] Briefly, the 
reaction mixture contained 1  mL 0.135 mM DPPH in methanol and 
2 mL, aqueous solutions of S. trilobata extract and S. trilobata ‑Fe‑NPs 
in concentrations from 200  µg/mL to 1000  µg/mL and set out in in 
dark for 30 min at 37°C. The absorbance was taken at 517 nm using UV 
spectrophotometer  (Spectrama  ×  340, Molecular Devises). Percentage 
scavenging effect was determined in comparison with a standard 
ascorbic acid using equation:
% scavenging effect =  ([Abs. of control  −  Abs. of test sample]/Abs. of 
control) ×100.� Eq. no. 2
Where, Abs. of control was the absorbance of DPPH radical with 
methanol; Abs. of test sample was the absorbance of DPPH radical with 
S. trilobata extract.

In vitro cytotoxicity assay
HCT‑15 colon adenocarcinoma cell line was maintained in flasks 
with 10%  (v/v) fetal calf serum containing Roswell Park Memorial 
Institute medium 1640 in a humidified atmosphere containing 5% 
CO2. The extracts were prepared in the concentration as 100 µg/mL to 
1.56  µg/mL and tested for cytotoxicity using MTT assay on HCT‑15 
colon adenocarcinoma cell line. The 80% confluent cells were 
trypsinized and observed for cell viability through inverted phase 
microscope (FusionTek, India). The 1 × 105 cells were seeded in a 96 well 
plate and incubated overnight in a humidified atmosphere containing 
5% CO2. Next day, cells were treated with 100, 50, 25, 12.5, 6.25, 3.12, 
and 1.5 µg/mL extract, incubated for 48  h. After incubation, medium 
was replaced with 0.5  mg/mL MTT and incubated for 4  h to form 
reduced formazan crystals which were further solubilized in acidified 
isopropanol. The change in color was recorded by measuring the optical 
density on a microplate reader  (BioRad) at 570  nm against a blank. 
DMSO treated cells were observed to be 100% cell growth. Thus, the 
percentage cytotoxicity was determined as

−

= ×
− 

 
 

(Absorbance of control
Absorbance of extract)

% Cytotoxicity 100
Absorbance of control
Absorbance of blank

� Eq. no. 3

where DMSO treated cells were acted as control and medium deprived 
cells was considered as a blank.
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Figure 1: Ultraviolet spectrum of Ferric chloride solution and Sphagneticola trilobata‑  iron oxide nanoparticles with inset diagram, separated magnetic 
nanoparticles (a) from the reaction mixture by external magnet and dispersed magnetic nanoparticles (b); Fourier‑transform infrared spectroscopy spectra 
of Sphagneticola trilobata‑iron oxide nanoparticles and Sphagneticola trilobata extract
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RESULTS AND DISCUSSION

Bioreduction process of Sphagneticola 
trilobata‑Fe‑NPs
Ferrous and ferric chloride solutions as iron precursor were added in 
S. trilobata leaf extract. Fe‑NPs were achieved by reduction of ferric ions 
with polyols containing hydroxyl and aldehyde groups present in leaf 
extract in alkaline condition. Ferric chlorides hydrolyze to form ferric 
hydroxide and released hydrogen ions. Further, ferric hydroxide was 
partially reduced by the S.  trilobata leaf extract to form Fe‑NPs, while 
aldehyde groups oxidized to the corresponding acids which confirmed 
the mechanism of Fe‑NPs synthesis. The rapid change in the color of 
extract solutions from yellow to dark brown at the room temperature 
resulted in the formation of S.  trilobata  ‑Fe‑NPs. Thus, the reliable, 
nontoxic, and ecofriendly method was implemented for the synthesis of 
nanoparticles to avoid participation of residual chemicals.

Ultraviolet‑visible spectroscopy
The optical, photocatalytic, and stability of Fe‑NPs synthesized using 
S.  trilobata extracts were initially examined by UV‑Vis spectrometric 
analysis to monitor the peak of reduced ferric oxide nanoparticles in 
aqueous solution.
The UV‑Vis spectroscopic analysis revealed the distinct surface 
plasmon resonance band at 320  nm characteristic feature of spherical 
S. trilobata‑Fe‑NPs,  [Figure  1a]. Reduction of Fe3+‑Fe2+  solution by S. 
trilobata leaf extract within 3 h was indicated by visual color change to 
stable brown and indicated the formation of S. trilobata‑Fe‑NPs

Fourier‑transform infrared spectroscopy
The interactions between the S.  trilobata extracts, Fe3+  precursor, 
and Fe‑NPs were confirmed by FTIR. FTIR spectra of the 
S. trilobata‑Fe‑NPs in [Figure 1b] showed the presence of vibration band 
at 584 cm−1 (C‑I stretching) characteristic feature of Fe3O4 formation. 
Further, FTIR spectrum of the extract showed peaks at 910 cm−1 (C = C 
bending) monosubstituted alkene, 1020 cm−1 (C–N stretching) amines, 
1373 cm−1  (O‑H bending) phenols, 1324 cm−1  (C–N stretching) 
aromatic amines, 2935 cm  −  1  (C–H stretching) alkane and a broad 
peak at 3190 cm−1  (O‑H stretching) alcohol  [Figure  1b]. The bands 
obtained for the various functional groups represented metabolites 
of leaf extract. The distinct IR bands correspond to alcohol, amines, 
phenols, and carbonyl functional groups. The presence of high content 

of phenolic compounds in S.  trilobata leaf extract may lead to show 
strong antioxidant activity

Magnetization measurements
The magnetization measurement of the S.  trilobata  ‑Fe‑NPs was 
examined by VSM at 300 K. Magnetic characterization of the 
S.  trilobata‑Fe‑NPs  (1.0  g) was represented by the magnetization 
curves with high saturation magnetization (Ms) 57.0 emugm−1 and low 
coercivity 32.45 Oe. Thus, Fe‑NPs formed due to S. trilobata extract were 
found to be high saturation magnetization  (Ms). Magnetic hysteresis 
defines the lag or delay of magnetic materials which relates to the 
materials in magnetized and demagnetized forms. Hysteresis graph for 
S. trilobata ‑Fe‑NPs showed measurements of magnetic field in range 50 
Oe to + 50 Oe, as shown in Figure 2 with coercivity (Hc), as 32.45 Oe 
and indicated the synthesized S. trilobata ‑Fe‑NPs get rapidly attracted 
toward an external permanent magnet. The nanoparticles get easily 
dispersed after the removal of the magnet.

Morphological study and particle size distribution
Fe‑NPs and S.  trilobata‑Fe‑NPs were synthesized by co‑precipitation 
method showed the agglomeration of Fe‑NPs in cubic nature 
Figure  3a and c. The histogram of distribution of particle size was 
represented in histogram revealed mean size of nanoparticles count. The 
mean size of Fe‑NPs and S. trilobata ‑Fe‑NPs was found as 42.2 ± 2.6 nm 
and 62.54 ± 2.01 nm Figure 3b and d, respectively. Microscopic images 
revealed the fabrication of smaller nanoparticles in reduced agglomerated 
form which is as an indication of S.  trilobata functional group 
interaction effect on the surface of nanoparticles. The cubic structures 
of nanoparticles evidenced from HR‑TEM determine the influence of 
an extract on the size of nanoparticles. The electron diffraction pattern 
of S.  trilobata  ‑Fe‑NPs and HR‑TEM image confirm crystalinity with 
the lattice spacing measured as 0.35  nm  [Supplementary Figure S1]. 
The “d spacing” values between the lattice of iron nanoparticles agreed 
with the earlier reports.[55] Further, FESEM analysis showed the spherical 
structure of nanoparticles and crystallite size as 42.2 nm obtained from 
the histogram of the S. trilobata‑Fe‑NPs. Thus, the size of nanoparticles 
was significantly controlled by reduction of Fe3+‑Fe2+  solution by 
S. trilobata leaf extract as evidenced from XRD and FESEM analysis
FESEM and Energy‑dispersive X‑ray spectroscopy  (EDX) analysis 
depicted spherical morphology  [Figure  4a] and presence of iron in 
the nanoparticles  [Figure  4b]. However, MNPs were appeared in the 
agglomerated state due to hydroxyl content on the MNPs surface. EDX 



Figure 2: Magnetization curve of the Sphagneticola trilobata–iron oxide 
nanoparticles and inset diagram, Hysteresis graph of Sphagneticola 
trilobata‑iron oxide nanoparticles showing magnetic field measurement 
and coercivity

dc
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Figure  3: Field emission scanning electron microscope analysis of the 
agglomeration of  (a) iron oxide nanoparticles and  (c) Sphagneticola 
trilobata‑iron oxide nanoparticles and mean size of  (b) iron oxide 
nanoparticles and (d) Sphagneticola trilobata‑iron oxide nanoparticles
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showed the presence of iron element with its unique atomic structure 
and chemical composition in S.  trilobata  ‑Fe‑NPs. The identification 
of elements in the compound was determined as per the amplitude of 
the peaks obtained in reflected X‑rays. According to EDX, the peak 
amplitude in the range 0.7–7 keV confirmed the presence of iron 
elements. From the EDX spectra, the identified areas in the particles (0.7, 
6.3, and 7.0) represented iron peaks demonstrated increased percentage 
of iron
Zeta potential measurement determines the stability of the 
nanoparticles in long‑term based on charges on the surface. The 
stabilization of nanoparticles by the repulsion of electrostatic 
interactions was indicated in terms of a zeta value ± 30 mV. The zeta 
value ± 20 mV was also sufficient, when combined with electrostatic 
and steric stabilization. Zeta potential measurements for S. trilobata 
and S. trilobata ‑Fe‑NPs showed ‑27.04 mV and ‑29.56 mV at room 
temperature. The zeta values were sufficient for the stability of 
the solution, which was achieved as per requirement, whereas the 
magnetization measurements were not affected due to reduced zeta 
value [Figure 5].

Powder X‑ray diffraction analysis
XRD spectrum, as shown in Figure 6a, S.  trilobata extract represented 
a broad diffraction peak at 33.65°. The interactions of polyphenolic 
constituents of extract on surface of iron nanoparticles was determined 
with slightly decreased intensity or shifting of the peak as observed in 
XRD spectrum. However, XRD patterns of S. trilobata‑Fe‑NPs, as shown 
in Figure 6b, showed existence of strong diffraction peaks with 2 θ values 
of 30.28°, 36.45°, 43.67°, 53.92°, 57.48°, 63.01°, and 73.94° correspond 
to the crystal planes of (2 0 1), (3 1 1), (4 0 0), (4 2 2), (5 1 1), (4 4 0), 
and  (5  3  3) confirm S.  trilobata  ‑Fe‑NPs in cubic structure. Based 
on the Debye‑Scherrer equation, a good relationship between 
the broadening of XRD peak and crystallite size crystallite size of 
synthesized S.  trilobata‑Fe‑NPs was obtained. The crystallite mean 
size of S.  trilobata‑Fe‑NPs was found to be 12.36  nm, calculated in 
consideration with the full‑width of the S. trilobata‑Fe‑NPs diffraction 
peak at all 2 θ. Further, XRD pattern determined high purity crystalinity 
of synthesized S. trilobata‑Fe‑NPs.

Thermogravimetric analysis
Thermogravimetric analysis of Fe‑NPs and S. trilobata ‑Fe‑NPs showed 
a slight weight loss in the 30°C–100°C. The loss may be accompanied 
due to the presence of moisture content in the sample. As per 
thermogram, transformation of Fe3O4 to γ‑Fe2O3 and Fe2O3 to α‑Fe2O33 
was observed from 100°C to 800°C. Similarly, a change in the mass 
profile was observed over 100°C–350°C [Figure 7]. The final weight loss 
of Fe‑NPs and S. trilobata ‑Fe‑NPs was found to be 93.58% and 87.43%, 
respectively.

Antibacterial activity
The antibacterial activity of S.  trilobata aqueous extract and 
S.  trilobata  ‑Fe‑NPs on bacterial pathogens, S. aureus and B. subtilis 
showed considerable zone of inhibition. The antibacterial activity of 
S.  trilobata  ‑Fe‑NPs by the well‑diffusion method showed 2.8 cm and 
3.9  cm zone of inhibition at 100  µg/mL, as shown in Table  1 against 
S. aureus and B. subtilis, respectively. The antibacterial activity of 
S.  trilobata aqueous extract was observed low against these bacterial 
strains in comparison to S. trilobata ‑Fe‑NPs [Supplementary Figure S2]. 
MIC experiment demonstrated that S.  trilobata‑Fe‑NPs were effective 
against S. aureus and B. subtilis at 100  µg/mL. The MIC value of 
S.  trilobata‑Fe‑NPs was found less compared with Ciprofloxacin, 
0.7 µg/mL and 0.1 µg/mL against S. aureus and B. subtilis, respectively. 
The presence of chemical constituents bearing hydroxyl, sulfate and 
phenolic compounds along with iron oxide functionality resulted 
in greater antibacterial activity against above pathogens. Thus, the 
determination of MIC for S.  trilobata‑Fe‑NPs against S. aureus and 
B. subtilis was achieved at 100  µg/mL. S.  trilobata  ‑Fe‑NPs exhibit 
improved therapeutic activity by inhibitory action against various 
micro-organisms. The killing effect is exerted through microbial cell 
interactions either directly or indirectly by penetrating in cell envelopes, 
iron and heavy metal accumulation, acting as a potent carriers and 
interrupting electron transfer mechanisms.
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Figure 4: (a) Field emission scanning electron microscope analysis of nanoparticle size distribution and (b) Energy‑dispersive X‑ray spectroscopy analysis of 
Sphagneticola trilobata‑iron oxide nanoparticles to identify element composition
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Antioxidant activity
Antioxidant activity of the S. trilobata extract and S. trilobata ‑Fe‑NPs 
was determined by DPPH assay. DPPH is stable free radical used as 
an electron acceptor and generates hydrogen free radical to react 
with Fe3+  to form a stable diamagnetic molecule.[54] The maximum 

scavenging effect, 65.78% was observed for S.  trilobata  ‑Fe‑NPs at 
1000 µg/mL in comparison to ascorbic acid [Figure 8]. The scavenging 
activity was raised with increase in concentration of S. trilobata extract 
and S.  trilobata  ‑Fe‑NPs. The scavenging effects of samples above 
50% were found at 600–1000  µg/mL. The presence of constituents 
in S. trilobata containing polyphenols may be responsible for greater 
antioxidant potential as observed on account of oxidation of free 
radicals.

In vitro cytotoxicity assay
Cytotoxicity studies of the S.  trilobata extract and S.  trilobata  ‑Fe‑NPs 
investigated on HCT‑15 colon adenocarcinoma cells were conducted at 
various concentrations 32.75  µg/mL to 500.0  µg/mL, incubated at 37°C 
for 72  h. MTT assay revealed at 500.0  µg/mL and 125.0  µg/mL showed 
94.52% and 56.44% cytotoxic inhibition, respectively, [Figure 9]. Thus, IC50 
value of S.  trilobata  ‑Fe‑NPs was obtained as 125.0 µg/mL. The previous 
study of starch functionalized iron oxide nanoparticles were found to be 
non-toxic for normal and cervical cell lines.[56] Supplementary Figure S3 
showed the cytotoxic effect of presence and absence of S. trilobata‑Fe‑NPs 
on cells. The HCT‑15 colon adenocarcinoma cells appeared to be adherent. 
However, the cells were disrupted after the effect of S.  trilobata‑Fe‑NPs 
as represented in Supplementary Figure S3. The polyphenols as active 
constituents in S. trilobata like viz., pinoresinol, pinoresinol‑4‑sulphate and 
pinoresinol‑4‑O‑ß‑D‑glucopyranoside, 1H‑indole‑3‑carboxylic acid, etc., 
may possess anticancer potential which essentially needs to be elucidated for 
further investigation.

CONCLUSION
Fe‑NPs were synthesized using economical, efficient, and eco‑friendly 
process using S.  trilobata extract. S.  trilobata  ‑Fe‑NPs were 
characterized using UV–visible spectroscopy, XRD, FTIR, and FESEM. 
S.  trilobata  ‑Fe‑NPs were found active against S. aureus and B. subtilis 
and showed prominent zone of inhibition. The free radical scavenging 
activity of S.  trilobata  ‑Fe‑NPs indicated potential antioxidant activity. 

Table 1: Antibacterial activity of Sphagneticola trilobata leaf extract and Sphagneticola trilobata‑iron oxide nanoparticles

Pathogenic bacteria
Zone of inhibition (cm)

S. trilobata leaf extract S. trilobata–Fe‑NPs (100 µg/mL) S. trilobata–Fe‑NPs (75 µg/mL) Dimethyl sulfoxide

S. aureus 1.1 2.8 1.8 0.5
B. subtilis 2.5 3.9 3.3 0.5

S. trilobata: Sphagneticola trilobata; Fe‑NPs: Iron oxide nanoparticles; S. aureus: Staphylococcus aureus; B. subtilis: Bacillus subtilis

Figure 5: Zeta potential measurement of (a) Sphagneticola trilobata and 
(b) Sphagneticola trilobata-Fe NPs

b

a



Figure  7: Thermogravimetric analysis of iron oxide nanoparticles and 
Sphagneticola trilobata‑iron oxide nanoparticles with corresponding 
weight loss

Figure  9: Cytotoxicity assay of Sphagneticola trilobata extract and 
Sphagneticola trilobata‑  iron oxide nanoparticles on HCT‑15 colon 
adenocarcinoma cells

Figure  8: Antioxidant activity of Sphagneticola trilobata 
extract and Sphagneticola trilobata‑iron oxide nanoparticles by 
2,2‑Diphenyl‑1‑picrylhydrazyl assay

b

a

Figure  6: X‑ray diffraction spectrum  (a) Sphagneticola trilobata extract 
with broad diffraction peak  (b) Sphagneticola trilobata‑  iron oxide 
nanoparticles with strong diffraction peaks
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The anticancer activity of S.  trilobata‑Fe‑NPs on HCT‑15 colon 
adenocarcinoma cells proved beneficial targeting colon cancer. The role 
of active constituents in plant extracts helped to control nanoparticle 
size, thereby attracted many scientists in developing MNPs. Thus, it 
has become an integral part in synthesis of nanoparticles, whereby 
the stabilization and adsorption property to hold drug and other 
constituents is predominantly increased. Thus, such approach may 
ensure the reduction in time and cost expenditure in the preparation of 
nanoparticle synthesis.
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