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The present study aims to extract and utilize the polyphenols of Camellia
sinensis and Mentha spicata as active capping agents for the bio-fabrication of
iron oxide nanoparticles (FeO NPs). Different techniques such as UV-Vis
spectroscopy, FTIR spectroscopy, XRD analysis, FESEM, EDX analysis, and
TGA were performed to determine the surface resonance, functional groups,
size, shape, elemental composition, and thermal stability of the polyphenol-
mediated FeO NPs. UV-Vis spectrum of C. sinensis and M. spicata polyphenol-
mediated FeO NPs revealed significant absorption at 230 and 250 nm, indi-
cating the formation of FeO NPs. The presence of metal oxides in the FeO NPs
were verified through FTIR analysis. XRD spectra confirmed the crystalline
structure of C. sinensis and M. spicata polyphenol-mediated FeO NPs. The
occurrence of iron and oxygen was verified by the EDX spectra of both
polyphenol-mediated FeO NPs. TGA analysis established that C. sinensis
polyphenol-mediated FeO NPs had higher thermal stability than M. spicata
polyphenol-mediated FeO NPs.

INTRODUCTION environmental science.

8 Additionally, NPs can

Green synthesis plays a vital role in easily scalped
for large-scale synthesis preparation of metal oxide
nanoparticles (NPs) with significant properties over
physical and chemical methods as they are environ-
ment-friendly, cost-effective, reproduc1ble and
easily collected for large-scale synthes1s NPs are
ultra-fine particles that range in size from 1 to
100 nm, exhlbltlng unique physical® and chemical
properties® that differ significantly from their bulk
counterparts.* Due to their small size, NPs have a
high surface area-to-volume ratio, Wthh enhances
their reactivity, making them ideal for various
applications in medicine,” electronics,’ and
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exhibit quantum effects such as size- dependent
optical,’ electrical,® and magnetic propertles 1
which are not present in larger particles.'® The
quantum behav1or of NPs allows for innovations
like drug delivery,'® where NPs can be engineered
to target specific cells or tissues, and in catalysis,
where they can speed up chemlcal reactions more
efficiently.*

Polyphenols are complex bioactive compounds
with a phenol ring as the basic monomer.'”
Plants produce four types of }?olyphenols namely
ﬂav0n01ds 16 phenolic acids,'” lignans'® and stil-
benes.! Polyphenols have various apphcatlons in
the food industry,?® particle englneerlng, cos-
metic industry,?! diagnostics®? and
therapeutics.?®


http://crossmark.crossref.org/dialog/?doi=10.1007/s11837-025-08081-9&amp;domain=pdf

Periakaruppan, Krishna, Samuel, Martin, Babu, Selvaraj, and Al-Dayan

There are various modern methods, namely ultra-
sonic, microwave-assisted, and enzymatic separa-
tion to extract polyphenols from plants. The
conventional extraction methods include soxhlet
extraction, freeze-drying, maceration, and steam
distillation. Conventional extraction methods are
still used due to their high number of advantages,
including simplicity and cost-effectiveness.?*

Camellia sinensis (tea) belongs to the family of
Theaceae and is the most popular beverage in the
world with 1ncreasmg demand for production and
consumption.?’ C. sinensis is widely popular due to
its sensory properties, 26 ant1 inflammatory activ-
ity,?’ stlmulatmg effects,?® and potential health
benefits.?® C. sinensis leaves are rich in polyphenols,
particularly flavonoids, which include flavanols and
flavanol glycosides. In addition to polyphenols, C.
sinensis leaves also contain caffeine, lipids, amino
acids, minerals, and enzymes. Polyphenols make up
20-40% of the dry matter in young C. sinensis
shoots and play a crucial role in determining the
quality of the tea, as they are responsible for its
color, flavor, and brightness. Recently, scientists
have been extensively studying C. sinensis polyphe-
nols due to their potential health benefits. The
polyphenol content and composition of C. sinensis
leaves can be influenced by several factors, includ-
ing leaf variety, harvesting season, climate, pro-
cessing method, and analytical method.?°

Mentha spicata (mint) is one of the primary herbs
utilized in food industry mainly for the aroma,
flavor, and distinct medicinal properties. It is a
member of the Lamiaceae family Whlch comprises
several culinary and medicinal herbs.?' M. spicata
holds phytochemicals which are responsible for its
antiseptic, anti- allerglc anti-oxidant, and antimi-
crobial properties.®? Polyphenols extracted from M.
spicata leaves are found to have anti-oxidant prop-
erties, and it is known to be utilized in the
management of various ailments like cancer, dia-
betes, and cardiovascular and neurodegeneratlve
dlseases Polyphenols can be used as a precursor
for the synthesis of new therapeutic agents.?*

NPs derived from plant polyphenols have a W1de
range of a ;)thcatlons such as drug delivery,®
bioimaging,“ tissue engineering, food preservation,
environmental remedlatlon 36 and biofuel produc-
tion. Jiménez-Rosado et al.®” fabricated zinc oxide
NPs using Capsicum annuum (pepper) polyphenols.
Previous studies have reported the synthesis of
platinum NPs using polyphenols extracted from
Terminalia chebula.

Iron oxide NPs (FeO NPs) are tiny particles of iron,
typically ranging in size from 1 to 100 nm, which
exhibit unique physical and chemical properties
compared to their bulk counterparts. Due to their
small size, FeO NPs have increased surface area and
reactivity, making them particularly noted for their
magnetic properties. The properties of FeO NPs are
useful in various applications, including targeted
drug delivery, magnetic resonance imaging, and

environmental remediation, especially in treating
contaminated water through pollutant degradation,
catalgrsas, and as a contrast agent in medical imag-
ing. The novelty of this study is fabrication of NPs
using the polyphenols of C. sinensis and M. spicata,
and it focuses on the extraction of polyphenols from
C. sinensis and M. spicata leaves. In addition, the bio-
fabrication and characterization of polyphenol-medi-
ated FeO NPs were performed.

MATERIALS AND METHODS
Materials
Collection of C. sinensis and M. spicata

C. sinensis leaves were collected from collected
from Nilgiris, Tamil Nadu, India, while M. spicata
leaves were obtained from the greenhouse garden of
PSG College of Arts & Science, Coimbatore, Tamil
Nadu, India.

Preparation of C. sinensis and M. spicata Leaf
Extract

An amount of 10 g of C. sinensis leaves were
taken to prepare an aqueous extract by the homog-
enization of the leaves in 350 mL of distilled water.
The homogenized extract was filtered using What-
man No. 1 filter paper. The same procedure was
repeated with M. spicata leaves.

Phytochemical Screening of C. sinensis and M.
spicata Leaf Extract

Preliminary phytochemical screening for various
secondary metabolites such as tannins, saponins,
reducing sugar, flavonoids, sterols, glycosides and
phenols was performed with aqueous extracts of C.
sinensis and M. spicata leaves using standard
protocols.

Extraction of Polyphenols using C. sinensis and M.
spicata Leaf Extract

The filtered extracts of C. sinensis and M. spicata
leaves were lyophilized in a freeze dryer to obtain

Table I. Phytochemical screening of C. sinensis and
M. spicata aqueous extract

Phytochemicals C. sinensis M. spicata
Saponins - +
Tannins + +
Reducing sugar + -
Flavonoid + +
Cholesterol and sterols + -
Glycosides - +
Phenol + +

+ positive, - negative
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Fig. 1. (a) UV spectrum of C. sinensis polyphenol-mediated FeO NPs; (b) Tauc plot of C. sinensis polyphenol mediated FeO NPs.

polyphenol powder, which was mixed with 100 mL
of distilled water and sonicated in a water bath
sonicator at 400 KHz for 30 min. The extracted
polyphenols from the two plants were stored in a
refrigerator for further use.

Total Phenolic Content

The total phenolic content of the C. sinensis and
M. spicata polyphenols was estimated using the
standard protocol from Ref. 39, with the Folin-

Ciocalteu reagent. The absorbance of each sample
was measured at 750 nm using a UV-visible (UV-
Vis) spectrophotometer (Jasco V-630), with all the
measurements performed in triplicate for accuracy.
A reagent blank prepared with a solvent was used
as the reference during absorbance measurements.
A calibration curve was constructed using the
absorbance values of the standard gallic acid solu-
tions, and the total phenolic content was calculated
based on the calibration curve. Results were
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Fig. 2. (a) UV spectrum of M. spicata polyphenol mediated FeO NPs; (b) Tauc plot of M. spicata polyphenol mediated FeO NPs.

expressed as milligrams of gallic acid equivalents
(GAE) per 100 grams of dry mass.

Synthesis of FeO NPs Using C. sinensis and M.
spicata Polyphenols

Amounts of 50 mL of C. sinensis polyphenol and
50 mL of a 0.1-M ferrous sulfate precursor solution
were prepared and heated in a water bath for
15 min with continuous stirring from a heat-

assisted magnetic stirrer at 90 °C for 30 min. The
pH of the mixture was maintained at 9. A color
change of the solution from dark green to black was
observed. The solution was left undisturbed over-
night and the resulting precipitate was centrifuged
at 10,000 rpm for 20 min and then washed with
distilled water and ethanol. The supernatant was
discarded, while a pellet was collected and dried in a
hot air oven at 100 °C for 1 h. Similarly, fabrication
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Fig. 3. FTIR spectra of C. sinensis polyphenol-mediated FeO NPs and M. spicata polyphenol-mediated FeO NPs.
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Fig. 4. XRD spectrum of C. sinensis polyphenol-mediated FeO NPs.

of FeO NPs was carried out using M. spicata
polyphenols. The as-synthesized NPs were stored
in sterile conditions for further characterization.

Characterization

The absorbance of FeO NPs fabricated using C.
sinensis and M. spicata polyphenols was estimated
using a Biospec-nano Spectrophotometer (206-

26300-48; Shimadzu). A Fourier-transform infrared
(FTIR; Miracle10; SHIMADZU) spectrophotometer
was employed to scan the FeO NPs fabricated using
C. sinensis and M. spicata polyphenols between the
wavelengths of 4000 em™ and 400 cm™. The crys-
talline phase and structure of the FeO NPs were
examined using an X-ray diffractometer (XRD;
X’Pert Pro; PANalytical), while their shape was
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Fig. 5. XRD spectrum of M. spicata polyphenol-mediated FeO NPs.

determined using a field-emission scanning electron
microscope (SEM; MIRA3 XMU; TESCAN)) with
EDX analysis to confirm the elemental composition
of the FeO NPs. Thermogravimetric analysis (TGA;
EXSTAR/6300) was utilized to find the thermal
stability of the FeO NPs.

RESULTS AND DISCUSSION

Phytochemical Screening and Total Phenolic
Content

Table I shows the bioactive compounds of the C.
sinensis and M. spicata aqueous extracts. Phyto-
chemicals such as tannins, phenols, reducing sug-
ars, flavonoids and sterol were present in the C.
sinensis aqueous extract, while other phytochemi-
cals such as saponins and glycosides were absent.
Phytochemicals like tannins, phenols, flavonoids,
glycosides and saponins were found in the M.
spicata aqueous extract, while other phytochemicals
such as sterol and reducing sugars were absent.

The total phenolic content of the C. sinensis
polyphenol extract was 29.56 mg/ml GAE and for
the for the M. spicata polyphenol was 28.56 mg/ml
GAE.

Characterization
UV Visible Spectroscopy

The UV-Vis spectra of the C. sinensis polyphenol-
mediated FeO NPs revealed maximum absorption
at 230 nm (Fig. 1a) due to the surface plasmon
resonance of the FeO NPs. Similarly, the UV-Vis
spectra of Murraya koenigii showed maximum
absorption peaks at 225 nm and 297 nm, indicating
the formation of FeO NPs.*° The UV-Vis spectrum
(Fig. 2a) of M. spicata polyphenol-mediated FeO

L
ol B

Fig. 6. FESEM image of C. sinensis polyphenol-mediated FeO NPs.

NPs displayed a maximum absorption at 250 nm,
indicating the presence of FeO NPs. The strong
absorption band observed in the UV region of C.
sinensis polyphenol-mediated FeO NPs and the M.
spicata polyphenol-mediated FeO NPs suggested
that ligand-to-metal charge transition occurred
within the Fe-O lattice. Tauc plots of the C. sinensis
polyphenol-mediated FeO NPs (Fig. 1b) and M.
spicata polyphenol-mediated FeO NPs (Fig. 2b)
displayed a surface plasmon resonance. Wang
et al.*! synthesized FeO NPs using Eucalyptus
tereticornis and observed a %)eak at 300 nm in the
UV spectra. Abdullah et al.** reported that Phoenix
dactylifera L.-mediated FeO NPs showed N absorp-
tion peak at 300 nm.
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FTIR Analysis

Figure 3 depicts the infrared spectrum of the
synthesized C. sinensis polyphenol-mediated FeO
NPs. The spectrum represents various kinds of
chemical bonds and their functional groups, and
exhibits significant peaks at 956, 563, 493, and
432 cm~!. The presence of these peaks indicates
various molecular vibrations corresponding to speci-
fic functional groups. The peak at 956 cm ! is
attributed to alkyl and aryl halides, specifically C-
H out-of-plane bending vibrations. Similarly, the
peaks at 563, 493, and 432 cm ™! correspond to alkyl
and aryl halides, with Br stretching and C-L
stretching vibrations, respectively. Notably, the
peak at 563 cm ! signifies metal—oxygen vibrations,
while the peaks at 493 and 432 cm™ " correspond to
metal-ligand interactions. These spectral features
strongly suggest the presence of polyphenolic com-
pounds, including carbohydrates and tannins, along
with an abundance of iron (Fe) ions, further con-
firming the complexation between plant metabolites
and metal ions in the solution. The absorption
bands at 446 and 531 cm ™! signify the vibrations of
the Fe-O stretchin§ bond, which confirms the
presence of 0-Fe,05.%

The FTIR spectrum in Fig. 3 exhibits several
absorption peaks at 3919, 3780, 3734, 3062, 2993i
2947, 1512, 1072, 856, 671, 555, 455, and 416 cm ™~
indicating the presence of various functional
groups. The broad peaks at 3919, 3780, and

3734 cm ! are attributed to O-H stretching vibra-
tions, indicating the presence of hydroxyl groups.
The presence of aromatic compounds is verified by
the peak at 3062 cm ™, while the peaks at 2993 and
2947 cm ! establish the C-H stretching vibrations
of alkanes, indicating the presence of alkyl chains.
The peak at 1512 cm ™' validated the presence of
aromatic rings. Additionally, the peak at 1072 cm ™!
is distinctive to ketones, indicating the presence of
carbonyl groups. A specific peak at 856 cm ™! vali-
dated the presence of aromatic compounds. The
FTIR spectrum also confirmed the occurrence of
metal-oxide grou;l)s, from the peaks at 671, 555,
455, and 416 cm™ . The FTIR spectrum of Mentha
piperita polyphenol-mediated FeO NPs revealed
distinct peaks at 587, 566 and 543 cm™ suggesting
the occurrence of metal-oxide functional groups.*®

XRD Analysis

The crystallinity and phase purity of the synthe-
sized FeO NPs were assessed XRD, and the XRD
spectra in Fig. 4 show that the C. sinensis polyphe-
nol-mediated FeO NPs were crystalline in nature,
and their estimated size was 21.68 nm calculated
using the Scherrer equation.

The XRD pattern of the sample shows the high
crystallinity due to the sharp peaks obtained at 20 of
30.46°, 35.86°, 43.46°, 57.46°, and 63.14° as per the
ASTM standard for a-Fe;O3 NPs. A series of char-
acteristic peaks were observed in the XRD pattern

SEM HV: 15.0 kV
View field: 6.79 pym

WD: 10.28 mm
Det: SE

Fig. 7. FESEM image of M. spicata polyphenol-mediated FeO NPs.
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at 20 of 9.6°, 30.1°, 35.5°, 43.1°, 54.5°, 57.6°, and
63.6° corresponding to the diffractions of 220°, 311°,
400°, 422°, 511°, and 440° crystal phases of the
Fe30, spinel structure, indicating the existence of
magnetite NPs.** The XRD spectrum (Fig. 5) of the
M. spicata-mediated FeO NPs shows peaks at (220),
(311), (400), (422), (511), (440), (620), (5633), and
(444). The exhibited peaks with broad full-width at
half-maxima indicate predominantly the crystalline
nature of the M. spicata-mediated FeO NPs. The
particle size of the NPs was calculated using
Scherrer’s formula, and was approximately
12.19 nm. The XRD spectra of the C. sinensis
polyphenol-mediated FeO NPs validated that the
phase of a-Fe,O3 was hematite with JCPDS ID 33-
0664.*°

FESEM Analysis

Figure 6 displays the FESEM image of C. sinensis
polyphenol-mediated FeO NPs, which were nano-
petal in shape, and their average size was 24-34 nm.
Figure 7 displays the FESEM images of M. spicata
polyphenol-mediated FeO NPs, which were spherical
in shape, and their average was 20-28 nm. The
polyphenol composition directly influences the shape
of the nanoparticles by acting as a reducing, capping,
and stabilizing agent. The molecular structure of the
polyphenols and the types of functional groups are
involved in activating various binding mechanisms.
Different interactions such as electrostatic forces,
hydrogen binding, and n—= interactions lead to the
formation of the nano-petal and spherical morphol-
ogy of the synthesized FeO NPs. The C. sinensis
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Fig. 8. EDX spectra of C. sinensis polyphenol-mediated FeO NPs.
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polyphenol-mediated FeO NPs were larger in size
due to their varied polyphenol composition and
different binding mechanisms. The FESEM image
of Plumeria obtusa-mediated FeO NPs confirmed
that the NPs exhibited a well-defined morphologyé
with dlameters rangmg between 10 and 30 nm.
Mahdavi et al.*’ reported the cubic shape of Fe30,
NPs using SEM images.

EDX Analysis

Figure 8 shows the EDX spectrum of C. sinensis
polyphenol-mediated FeO NPs, which confirms the
occurrence of iron, oxygen, carbon, sodium, magne-
sium, and calcium in both polyphenol-mediated FeO
NPs. The C. sinensis polyphenol-mediated FeO NPs
contained 51.64% of iron (Fe) and 34.20% of oxygen
(0), while the M. spicata polyphenol-mediated FeO

NPs (Fig. 9) contained 55% of iron (Fe) and 25% of
oxygen (O). As expected, the peaks observed at
approximately 0.8, 6.3, and 6.8 keV correspond to
the binding energies of Fe. The spectrum reveals
three distinct peaks attributed to Fe, O, and C. The
presence of a carbon peak indicates the existence of
biomolecules on the surface of the FeO NPs. EDX
analysis revealed that Eichhornia-mediated FeO
NPs consist of 77.08% iron and 22.97% oxygen.*
The EDX spectrum displays iron and oxygen peaks,
verifying the presence of the Fe;O, phase without
any impurities

Thermogravimetric Analysis (TGA)

The TGA curve of the C. sinensis polyphenol-
mediated FeO NPs (Fig. 10) revealed two major
weight losses, of 18.1% and 12.9%, at 400 °C and
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Fig. 9. EDX spectra of M. spicata polyphenol-mediated FeO NPs.
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Fig. 10. TG analysis of C. sinensis polyphenol-mediated FeO NPs.
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Table II. Comparative study of FeO NPs

C. sinensis polyphenol-

Properties mediated FeO NPs

M. spicata polyphenol-
mediated FeO NPs

Punica granatum polyphenol-
mediated FeO NPs51

Functional group Alkyl and aryl halides, me-

composition tal oxides
Crystallinity Crystalline
Size 24-34 nm
Shape Nano petal

Alcohols, aromatic compounds,
alkanes and metal oxides

Alcohols, ketones, polyphenols,
carboxylic acids

Crystalline Crystalline
20-28 nm 8.1 nm
Spherical Quasi-spherical shape

800 °C, respectively. A total weight loss of 33.9 %
occurred, indicating the loss of water molecules and
low molecular weight compounds. Rami et al.*’
observed the TGA spectra of FeO NPs and con-
firmed that a slight weight fluctuation below 200 °C
can be attributed to the evaporation of residual and
adsorbed water molecules. This suggests that the
biomolecule compounds coating the NPs possess
thermal stability at lower temperatures, but begin
to decompose and degrade at higher tempera-
tures.?* The TGA profile (Fig. 11) of M. spicata
exhibited a total weight loss of 38.2%. The decom-
position profile revealed a multi-stage process, with
distinct temperature-dependent transitions. The
initial thermal degradation was 18.2% at 400 °C,
followed by rapid decomposition of 14.7% at 800 °C.
The TGA data show a weight loss of the NPs up to
900 °C, due to the evaporation of water and organ-
ics. A mass loss was observed in the temperature
range of 110-152 °C due to water evaporation, and
this loss continued until the temperature reached
765 °C. The synthesized FeO NPs showed similar
thermal degradation behavior, but C. sinensis
showed slightly higher thermal stability due to its
different polyphenol composition compared with M.
spicata. Kayani et al.’® performed TGA analysis and
observed a mass reduction which was attributed to
the loss of hydration water from the crystalline FeO
NPs. Table II displays the comparative sizes,
shapes, and nature of the FeO NPs synthesized
using three different polyphenol sources. Polyphe-
nols are bioactive compounds with various advan-
tages in drugs and healthcare, and can be utilized as
suitable capping agents for the fabrication of NPs.
Further studies could be performed to utilize
polyphenols for targeted therapies in healthcare
and also for various environmental applications as
photocatalysts and in wastewater treatment.

CONCLUSION

FeO NPs were synthesized using polyphenols of
C. sinensis and M. spicata through a green chem-
istry approach. The physicochemical characteristics
of the synthesized FeO NPs were evaluated using
UV-Vis spectroscopy, FTIR, XRD, FESEM, EDX,
and TGA analyses. The UV-Vis analysis of the
polyphenol-mediated FeO NPs showed maximum

absorption between 230 nm and 250 nm and proved
the formation of an Fe-O lattice. The FTIR spectra
of both polyphenol-mediated FeO NPs showed the
presence of functional groups like alkyl and aryl
halides and metal-oxygen groups. XRD analysis
revealed the crystalline nature of both the polyphe-
nol-mediated FeO NPs, while FESEM images
showed that C. sinensis polyphenol-mediated FeO
NPs were nano-petal in shape and M. spicata
polyphenol-mediated FeO NPs were spherical in
shape. The EDX spectra proved the presence of iron
and oxygen in both the polyphenol-mediated FeO
NPs. The C. sinensis polyphenol-mediated FeO NPs
were thermally stable compared to M. spicata
polyphenol-mediated FeO NPs.
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