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Abstract

This study presents the synthesis of agro-waste banana peel extract-based magnetic iron oxide nanoparticles (BPEx-MIONPs),
emphasizing antioxidant capacity and food preservation. Using iron (III) chloride hexahydrate (FeCl, - 6 H,O) as a precursor
and a reducing agent from agro-waste peel extract, a precisely controlled process yielded BPEx-MIONPs. Characterization
involved X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM), and
Fourier-transform infrared spectroscopy (FTIR). XRD revealed tetragonal Fe,O5, cubic magnetite structure, and monoclinic
Fe,O,-NPs with an average size of 14.8 nm. TEM and SEM revealed diverse morphologies. TEM displayed both spherical and
elongated nanoparticles, with some appearing as thin fibrils. In contrast, SEM images depicted an array primarily consisting
of spherical nanoparticles, resembling coral reef formations. FTIR confirmed Fe—O bonds (1000—400 cm™). The antioxidant
assessment showed robust DPPH free radical scavenging; BPEx achieved 100% inhibition at 18 min, and BPEx-MIONPs
had an ICs; of ~ 136 ug/mL. BPEx-MIONPs, stabilized with banana-based bioplastic, effectively preserved grapes, reducing
weight loss to 6.2% on day 3, compared to the control (19.0%). This pioneering study combines banana peel antioxidants
with magnetic iron oxide nanoparticles, providing sustainable solutions for food preservation and nano-packaging. Ongoing
research aims to refine conditions and explore broader applications of BPEx-MIONPs.

Keywords Antioxidant - Banana peel extract - Food preservation - Magnetic iron oxide - Nanocomposites - Sustainable
materials

Introduction

Nanoscience, focusing on materials with dimensions rang-
ing from 1 to 100 nm, has witnessed significant growth in
recent years (Beyene et al., 2017). Metal nanoparticles, in
particular, have gained significant attention due to their wide
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range of applications in various industrial sectors (Jurkow
et al., 2020; Pardo et al., 2022). These nanoparticles, with
their unique physical and chemical properties, hold prom-
ise in fields such as medicine, electronics, catalysis, and
environmental remediation (Bissessur, 2020; Fahmy et al.,
2016). Despite the vast array of metal nanoparticles, iron
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oxide nanoparticles (IONPs) stand out due to their excep-
tional thermal, optical, electronic, and superparamagnetic
properties (Patra & Baek, 2017; Ramananda et al., 2023).
This has led to intensified research efforts aimed at synthe-
sizing and characterizing IONPs for various applications.
Moreover, the natural occurrence of IONPs, along with their
synthesis through diverse methods, results in a wide range of
crystal structures and iron valence states. These variations in
structure and composition contribute to the diverse magnetic
properties exhibited by IONPs, including saturation magnet-
ization, coercivity, and remanence (Abdullah et al., 2020).
Magnetic iron oxide nanoparticles (MIONPs), one of the
most commonly used nanoparticles, have found widespread
applications due to their unique characteristics, including
specificity, magnetism, and biocompatibility (Bhole et al.,
2023). While physical and chemical methods have tradition-
ally been employed for nanoparticle synthesis, their com-
plexity and environmental impact have led to an increas-
ing interest in green synthesis methods (Jamkhande et al.,
2019). Green synthesis, mainly using plant-based materials,
has gained prominence for its simplicity, cost-effectiveness,
and ability to produce crystalline nanoparticles with vari-
ous shapes and sizes (Vinayagam et al., 2024; Wang et al.,
2014b). Various techniques are used for the preparation of
IONPs, among which the hydrothermal method stands out
for its flexibility in adjusting processing parameters. This
method allows the synthesis of nanostructures with differ-
ent dimensions, including 1D, 2D, and 3D structures (Tadic
et al., 2019). Iron oxide nanoparticles exhibit superior chem-
ical stability, low toxicity, and superparamagnetic behavior,
making them valuable for supplementary treatment tools,
for example in a very promising cancer treatment known as
magnetic hyperthermia (Ali et al., 2016). The eco-friendly
green synthesis of iron oxide has gained popularity due to
its effectiveness, low cost, non-toxicity, and environmen-
tally friendly nature. Plant-based materials, rich in phenolic
compounds, act as reducing agents for metal salts, resulting
in the production of nanoparticles with unique properties
(Jeetkar et al., 2022). Biosynthesis, utilizing microorgan-
isms and plant extracts, has emerged as green and beneficial.
Thus, plant-based methods offer advantages such as reduced
reaction times and elimination of the cell culture step (Rana
et al., 2020). Despite advancements in metal nanoparticle
research, a gap exists in sustainable synthesis methods for
iron oxide nanoparticles using agricultural waste. Traditional
methods are often complex and environmentally impactful.
Therefore, there is a need for eco-friendly alternatives. Agro-
wastes offer abundant bioactive compounds that can serve
as both bioreducing and capping agents. However, further
research is needed to fully exploit their potential, as current
green methods predominantly rely on high-quality fruits,
which can be unprofitable due to their high consumption and
consequent loss of nutritional value. This study pioneers a
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novel approach by utilizing bioactive compounds from Hon-
duran banana peels for iron oxide nanoparticle synthesis,
addressing this gap and promoting sustainability (Aswathi
et al., 2023).

Simultaneously, the escalating global plastic crisis has
resulted in severe environmental repercussions, with plastic
waste polluting oceans, harming wildlife, and contribut-
ing to long-lasting ecological damage (Kibria et al., 2023).
Conventional plastics, primarily derived from non-renew-
able fossil fuels, pose a significant challenge due to their
non-biodegradable nature (Khoo et al., 2010). In response
to these pressing issues, the demand for sustainable alterna-
tives is on the rise. Bioplastics, derived from natural sources
such as plant-based materials, offer a promising solution.
Unlike traditional plastics, bioplastics have the advantage of
being biodegradable and, in some cases, compostable (Cruz
et al., 2022; Sharmiladevi et al., 2019).

The production of bioplastics encompasses the use of
renewable resources, including corn starch (Zoungranan
et al., 2020), potato starch (Momotaz et al., 2022), sug-
arcane (Koller et al., 2009), wheat (Patni et al., 2014),
and soybeans (Rahman et al., 2023), as well as specific
bioplastics like PLA derived from corn or sugarcane, and
innovative sources such as algae (Onen Cinar et al., 2020),
hemp (Modi et al., 2018), and wood pulp cellulose (Konwar
et al., 2020). These resources not only contribute to miti-
gating environmental impacts but also reduce dependence
on finite fossil fuel reserves. (Cruz et al., 2022). This shift
towards bioplastics represents a crucial step in fostering a
more environmentally conscious and sustainable approach
to material usage. Banana-based biopolymers, with their
diverse chemical compositions including proteins, poly-
saccharides, lipids, ashes, etc., are suitable candidates for
developing bioplastics for nano-packagings (Castro-Criado
et al., 2023; Phothisarattana et al., 2021).

The novelty of the present research lies in its innova-
tive approach, utilizing agro-waste from Honduran banana
peels for the synthesis of iron oxide nanomaterials. This
unique methodology takes advantage of the rich avail-
ability of bioactive compounds in this kind of agro-waste,
which can serve as effective agents in the synthesis process.
Therefore, the study aims to contribute to the field of food
nano-packaging by offering sustainable and environmentally
friendly materials, with a specific focus on the development
of bioplastic-based nano-packaging solutions. The results
obtained from this research are anticipated to have a sub-
stantial impact, introducing new possibilities for the devel-
opment of more sustainable materials in the field of food
preservation and packaging.

The research introduces a pioneering method for recy-
cling common agricultural waste such as banana peel and
synthesizing magnetic iron oxide nanoparticles (BPEx-
MIONPs) using banana peel extract.
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The study focuses on converting banana peels into use-
ful nanomaterials with antioxidant capacity, enabling the
development of bioplastics with potential for food preserva-
tion, and thus contributing to environmental conservation
and bioeconomy. Employing advanced techniques such as
X-ray diffraction, transmission electron microscopy, scan-
ning electron microscopy, and Fourier transform infrared
spectroscopy, the investigation provides a comprehensive
understanding of the magnetite structure and various mor-
phologies of BPEx-MIONPs. This research enhances our
knowledge of novel nanocomposites, opening up exciting
possibilities for sustainable food preservation and packag-
ing applications in the expanding field of nanotechnology.

Materials and Methodology
Materials

The main reagents employed in this study were 98% iron
(III) chloride hexahydrate (FeCl;-6H,0), ethanol, NaOH,
gallic acid (C;H¢Os), and 2,2-diphenyl-1-picrylhydrazyl
(DPPH). All other chemicals and reagents used were of
analytical grade.

Fresh agro-waste banana peels and grapes were supplied
from a local market in Danli Honduras.

Banana Peel Extract Preparation

In the initial phase of our experimental procedure, we
focused on the meticulous preparation of banana peel extract
for subsequent nanoparticle synthesis. Fresh agro-waste
banana peels, selected with care and free from damage,
were meticulously washed to remove any potential physical
contaminants. The peels were manually removed, cut into
smaller pieces, and evenly spread on stainless steel trays.
After a 24-hour drying process at a constant temperature
of 90 °C, the peel pieces were ground into a finely pow-
dered form using a manual mill. The material underwent
additional processing to attain the desired particle sizes of
250-63 pm using a standard test sieve. Following this, mac-
eration extraction was employed, where 50 g of fruit pow-
der was dissolved in 100 mL of water at room temperature
(25+2 °C) for 24 h. After filtration, the concentration of the
extract in g/mL was determined.

BPEx-MIONPs Synthesis

Following the successful extraction of banana peel powder,
our focus shifted to synthesizing magnetic iron oxide nano-
particles (BPEx-MIONPs) in the second stage. Essential rea-
gents, a 1 M solution of FeCl;-6H,0, and a 5 M solution of
NaOH were prepared. The synthesis was initiated by mixing

100 mL of fruit extract with 100 mL of the FeCl;-6H,0
solution, stirred with a magnetic stirrer. pH adjustment to
7.5 using NaOH (5 M) was crucial. The mixture underwent
a 3-hour reaction within the temperature range of 60—-80 °C,
followed by subsequent steps, including cooling, filtration,
washing, and drying of the resulting iron oxide nanoparti-
cles. These nanoparticles were then subjected to pretreat-
ment at 200 °C for 6 h using a laboratory oven. The oven
utilizes airflow to facilitate intense heat transmission, aid-
ing in heating, drying (removal of substantial water content
from samples), hardening, and sterilizing both materials
and chemical salts (Abdullah et al., 2023d). Finally, the
nanoparticles underwent a final treatment at 300 °C for 2 h
using a muffle furnace (Abdullah et al., 2023c). This fur-
nace is designed to achieve exceptionally high temperatures
and employs radiation for continuous heat transfer, thereby
facilitating the processing of materials and the combustion
of organic substances to eliminate impurities. The process of
extraction and synthesis is depicted in Fig. 1, which serves
as a schematic design for the experiment.

BPEx-MIONPs Characterization

In this section, the various methods employed to character-
ize the nanoparticles were detailed. Our approach involves
utilizing X-ray diffraction (XRD) and transmission elec-
tron microscopy (TEM). For XRD analysis, patterns were
obtained (measured on a Bruker D8 Advance A25 diffrac-
tometer with a Cu anode) to confirm the crystalline phase
and crystal systems, allowing for the calculation of size and
crystallinity of the BPEx-MIONPs, as outlined in a previous
study (Abdullah et al., 2023a). Diffractograms were gener-
ated within the 20 range of 15-70 degrees. The morphology
and particle size of BPx-MIONPs were analyzed using a
Zeiss EVO scanning electron microscope for scanning elec-
tron microscopy (SEM). Further analysis of nanoparticle
morphology and size was performed through TEM using
a Talos S200 microscope (FEI, USA) operating at 200 kV.
Additionally, Fourier transform infrared spectroscopy
(FTIR) was employed to glean insights into the structure of
the BPEx-MIONPs by examining vibrational modes in the
range of 4000 to 400 cm™'.

Antioxidant Activity

During the preparation of banana peel extract (BPEx) and
banana peel extract-based magnetic iron oxide nanoparticles
(BPEx-MIONPs), an assessment of their antioxidant capac-
ity was conducted using the Disc Diffusion technique against
the DPPH free radical (Abdullah et al., 2023c). In this
approach, approximately 7 mg of DPPH was dissolved in
ethanol, and a 25 mL DPPH free radical solution was spread
onto a 10 cm diameter aluminum plate. Subsequently, 0.5
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Fig.1 Schematic design illustrating the steps involved in the experiment, including the extraction process of banana peel extract (BPEX), testing
its ability to reduce free radicals, and its feasibility in reducing iron ions to magnetic nanoparticles (BPEx-MIONPs)

mL of the respective extracts (BPEx and BPEx-MIONPs)
was applied at the center of the plate containing the DPPH
solution, resulting in an immediate color change to clear
yellow. The evaluation of antioxidant activity involved meas-
uring the areas of color change using ImagelJ software. The
assessment method, validated by recording the area, utilized
the formula for inhibition percentage:

Zone, —Zonez> < 100 "

Inhibition (%) = ( 7
one,

where Zone, represents the total area of inhibited DPPH with
violet color, and Zone, represents the remaining areas with-
out a change in color over time. A complete color change to
yellow is recorded as 100% inhibition. This technique serves
as a valuable tool for quantifying the antioxidant capacity of
BPEx and BPEx-MIONPs, providing crucial insights into
their potential applications, including in the synthesis of iron
oxide nanoparticles.

Bioplastic Solution Preparation
Based on the results of a previous study (Castro-Criado
et al., 2023), banana agro-waste from Mesa SAN R11 El

Paraiso, Honduras, was subjected to a meticulous process
to transform it into flour. After peeling and slicing, the
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material was dried, tempered, and milled to achieve the
desired characteristics. The presented protocol revealed
banana composition: moisture (1.50%), ashes (7.81%), lipids
(0.22%), proteins (2.25%), and polysaccharides (59.2%). An
aqueous banana water solution (1-3) was prepared, where 1
gram dissolved in 30 mL of water, followed by stirring for
approximately 10 min at 100 °C. After filtration using coffee
filtration paper, the resulting solution was collected as the
liquid, and approximately 7 mg of glycerin was thoroughly
mixed in to form the bioplastic (Abdullah et al., 2022).

Dip Coating of Grapes

Given the nutrient-rich composition of grapes and their sus-
ceptibility to microbial decay, we selected them to assess the
feasibility of using BPEx-MIONPs stabilized with banana-
based bioplastic as a bio-coating for food nanopackaging.
Approximately 7 mg of BPEx-MIONPs were introduced into
the solution forming the bioplastic, and manually mixed with
the banana solution until a visually homogeneous dispersion
was achieved. Subsequently, grapes were immersed in the
resulting solutions—both with and without BPEx-MIONPs—
for 3 min. The samples were then left at room temperature
(28 £7 °C) with an average relative humidity (RH) of ~87%
for a 6-day shelf-life test. At three-day intervals, images were
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captured, and the weight loss rate (WLR, %) was calculated
as follows (Mohammed et al., 2023):

PFresh -P
WLR(%)[ ——— ) x 100
Fresh

where Pp,,,and P are the weights of fresh and preserved
grapes, respectively.

@

Statistical Analysis

Measurements from three replicates were subjected to
one-way ANOVA to identify significant differences using
OriginLab software.

Results and Discussion
Crystallographic Insights (XRD)

The XRD results for banana peel extract-based magnetic
iron oxide nanoparticles (BPEx-MIONPs) are illustrated in
Fig. 2. Prominent peaks are discernible at 18.42°, 21.29°,
23.85°, 26.16°, 26.19°, 30.29°, 30.32°, 33.97°, 43.36°,
47.49°, and 53.83°, corresponding to crystallographic planes
(hkl) (111),(200),(201),(211),(112),(220),20
2),(301),(400),(331), and (4 2 2), respectively. These
peaks are identified as maghemite (Fe,053), exhibiting a cal-
culated pattern quality of C. The crystal system is tetrago-
nal, characterized by the space group P 43 21 2, according

a BPEx-MIONPs
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Fig.2 XRD results for BPEx-MIONPs, displaying crystallographic
peaks of Fe,0;, Fe;O,, and FeO (a), accompanied by visual repre-
sentations of their magnetic responses (b). The model structure
obtained from the XRD analysis reveals the crystallographic behavior

of BPEx-MIONPs, emphasizing distinct phases, including tetrago-
nal Fe,O; (¢), monoclinic FeO (d), cubic Fe;O, (e), and monoclinic
Fe;0, (f)
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to the reference code 00-901-2692, as reported by Greaves
(Greaves, 1983).

Similarly, diffraction peaks at 35.60°, 36.13°, 36.17°,
41.68°, 41.89°, 60.19°, 60.40° 60.95°, and 61.06°, cor-
responding to crystallographic planes (hkl) (00 1), (11
0),(20-1),(200), (1 1-1),(1 11),(20-2),(31-1), and
(02 0), respectively, are attributed to wuestite (FeO). The
crystal structure demonstrates a monoclinic system with
the space group C12/ml, as reported in (Fjellvag et al.,
2002) (Reference Code: 00-900-2670).

Furthermore, distinct diffraction peaks at 18.29°,
21.15°,30.09°, 35.44°,37.0692°, 43.07°, 47.16°, 48.46°,
53.43°, 56.96°, 62.54°, 65.76°, 66.82°, and 68.8 corre-
sponding to crystallographic planes (hkl) (1 1 1), (20 0),
(220),(311),(222),(400),(331),(420),(422),(5
11),(440),(531),(442)[F-43m(216)], and (442)
[Fd-3 m:2 (227 )], respectively, are attributed to Fe;0,.
This material exhibits a cubic crystal system with a space
group of F-43 m, as reported by (Fleet, 1986) (Reference
Code: 00-153-9747). The crystallographic parameters
include a lattice parameter of a=8.3941 A, resulting in a
cell volume of 591.46 A3. The crystal structure is charac-
terized by a face-centered cubic arrangement with a unit
cell containing 8 formula units (Z =8). The X-ray wave-
length used for diffraction analysis is 1.54056 A, with a
copper Ka source having a pu(Cu Ka) of 1151.001 cm™".

The calculated crystallinity index is 99.9%, highlight-
ing the high degree of crystallinity in the synthesized
nanoparticles. Individual peaks exhibit varying crystallin-
ity percentages, with the peak at 31.68° (202) correspond-
ing to monoclinic Fe;O, (Wright et al., 2002) (Reference
Code: 00-153-2800), demonstrating 10.4% crystallinity.
These results confirm the well-defined crystalline struc-
ture of BPEx-MIONPs, providing essential insights into
their physical and chemical properties in the context of
agro-waste-based nanoparticle synthesis.

The degree of crystallinity, reflecting the structural
organization in a material’s crystalline state, is instrumen-
tal in quantifying oxidation phases across different phases.
This determination entails calculating the ratio of the area
under crystalline peaks in the XRD pattern to the total
area under all peaks in the pattern. Furthermore, phase
quantification can be mathematically derived from this
ratio using the following equation (Abdullah et al., 2023a):

The area under crystalline peaks
% 100

3)

The average crystalline size, calculated using the

Debye-Scherrer formula, is determined to be 14.8 nm.

Magnetic responses of these structures are depicted in

Fig. 2b, illustrating the correlation between the different
systems and their magnetic behavior.

Crytallinity d %) =
rytallinity degree (%) Total area under all peaks
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Nanoparticle Visualization (TEM)

Figure 3 illustrates the TEM analysis of BPEx-MIONPs,
revealing a diverse array of morphologies, including both
spherical and elongated nanoparticles (thin fibrillar). In
Fig. 3a, distinctive spherical shapes ranging from 5 to 39
nm, with an average diameter distribution of 8.5+0. 6 nm,
are evident, as depicted in Fig. 3b. These spherical nanopar-
ticles hold significant promise for applications in fields such
as medicine, electronics, and nanotechnology owing to their
compact form and magnetic properties (Park et al., 2018).

In contrast, Fig. 3c reveals nanoparticles with varying
thickness along their length, displaying thin fibrillar shapes
ranging from ultrafine nanofibrils to elongated nanorods
(referred to as variable-edge nanorods). These nanoparticles
exhibit diameters ranging from 1 to 62 nm, with a total aver-
age diameter distribution of 2.6+ 0.1 nm (Fig. 3d). These
nanofibrils exhibit unique characteristics, such as a larger
surface area and a more robust interaction with their envi-
ronment. Consequently, they emerge as potentially intriguing
candidates for applications in sensors, catalysts, and opto-
electronic devices (Avolio et al., 2019). It is crucial to note
that the size and shape of nanoparticles or nanofibrils play
a pivotal role in influencing their properties and behavior.
While the average diameter serves as a valuable metric for
characterizing the size of nanoparticles within a sample, the
consideration of size distribution is equally essential. This
distribution can vary, ranging from highly uniform nanopar-
ticles/nanofibrils to those with more dispersed sizes. Similar
spherical morphologies have been reported in (Simol et al.,
2020; Venkateswarlu et al., 2014), and elongated shapes
have been reported in (Avolio et al., 2019).

SEM

Figure 4 provides an image of the intricate particle assem-
bly of the synthesized BPEx-MIONPs, displaying an inter-
play of shapes and structures. SEM image shows an array
predominantly made up of spherical nanoparticles, which
resemble coral reef formations (Fig. 4a). The nanoparticle
assemblies presented in this study emulate the collabora-
tive dynamics observed in coral reefs, wherein colonies
of particles intricately coalesce through a synergistic
interaction between phytochemicals and magnetic ions,
giving rise to agglomerates and aggregates. SEM images
were meticulously processed using the Imagel software’s
image calculator, incorporating thresholding and Gaussian
blur filters (Abdullah et al., 2023b). The analyzed parti-
cles were subjected to Gauss fit analysis using Origin-
Lab, revealing a nanoparticle diameter of 7.9 + 1.5 nm, as
illustrated in Fig. 4b. Notably, this size aligns well with
findings from XRD (14.8 nm) and TEM (8.5 nm for the
spherical shapes, and 2.6 for the ultrafine nanofibrils),
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Fig.3 TEM analysis of BPEx-MIONPs displays diverse morphologies, including spherical nanoparticles (a) with their average diameter distri-
bution (b), and nanofibrillar shapes (c) with their average diameter distribution (d)

with minor discrepancies attributed to variations in each
technique’s setup (Tuoriniemi et al., 2014). The observed
variations between the techniques could arise from sev-
eral factors, including differences in sample preparation,
instrument calibration, and measurement methodologies.
XRD provides an average particle size based on diffraction
patterns, while TEM offers direct visualization of indi-
vidual nanoparticles. However, it’s important to note that
XRD measures the crystal lattice size, which may differ
from the actual nanoparticle size due to factors such as
crystal defects or strain. Additionally, TEM measurements
might be influenced by factors like sample preparation
techniques, staining methods, and the potential for particle

aggregation. Despite these minor discrepancies, the con-
sistency among the techniques reinforces the robustness
of our nanoparticle size determination. Integrating data
from multiple techniques enhances the reliability of our
findings and provides a comprehensive understanding of
the nanoparticles’ morphology and size distribution.
Moreover, the SEM particle agglomerate size distribu-
tion, depicted in Fig. 4c, unveils a diverse range spanning
from 10 to 1200 nm, with an average size of approximately
487.9 nm. This broad distribution underscores the versa-
tility in particle sizes within the assembly, encompassing
smaller individual nanoparticles to larger agglomerates.
The observed range signifies a well-defined and controlled

@ Springer



Food and Bioprocess Technology

160
Il Bins of BPEx-MIONPs
Gauss Fit

140 -

120 4

100 4

Counts (a.u.)
o«
—3

=
=
1

40 -

20 4

20

40 60 80 100

Nanoparticle bin center (nm)

Fig.4 SEM images depicting the coral reef-like assembly of BPEx-
MIONPs, formed by spherical nanoparticles (a). Nanoparticle diam-
eter distribution, calculated by Gaussian fitting and ranging from 0 to

synthesis process, enabling the formation of nanoparticles
with varied sizes and configurations.

Comparing our morphological aspects with iron oxide
prepared using different methods, our study stands out as
the first to achieve well-defined forms and smaller sizes. For
instance, Ustiin (2021) utilized Ficus Carica Leaf Extract
and obtained iron oxide nanoparticles with agglomeration
and multiform shapes ranging in size from 43 to 57 nm
(Ustiin, 2021). Juby et al. (2022) obtained porous and irreg-
ularly shaped iron oxide nanoparticles with rough surfaces
using Simarouba Glauca Leaf Extract, demonstrating sizes
ranging from 70 to 122 nm (Juby et al., 2022). Similarly,
cube-shaped iron oxide nanoparticles were obtained using
Lagenaria Siceraria, with an average size ranging from 30 to
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100 nm, with an average size of ca. 7.9 nm (b). Size distribution of
particle assembly (agglomerates), ranging from 10 to 1200 nm, with
an average size of ca. 487.9 nm (c)

100 nm (Kanagasubbulakshmi & Kadirvelu, 2017). Further-
more, Kang et al. (2023) employed the solvothermal method
to produce magnetic Fe;O, and modified it with phytic acid
(PA). Interestingly, the Fe;0, exhibited an irregular spheri-
cal shape and a slightly rough surface, with minimal mor-
phological changes observed upon functionalization with
PA. Additionally, aggregation decreased from 510 to 310 nm
with PA, suggesting that incorporating more organophos-
phate compounds of natural origin could further enhance
properties (Kang et al., 2023).

The distinctive coral reef-like assembly observed in
Fig. 4a not only highlights the innovative synthesis approach
but also underscores the potential applications of these
BPEx-MIONPs. The combination of unique shapes, sizes,
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and magnetic properties enhances their adaptability for
various uses, from biomedical applications to environmen-
tal remediation (Fahmy et al., 2018). This intricate particle
assembly contributes to the overall understanding of the
synthesized nanoparticles, emphasizing their potential as
multifunctional materials with diverse applications.

Chemical Signature (FTIR)

As can be seen in Fig. 5, the FTIR spectrum of the synthe-
sized magnetic iron oxide nanoparticles using banana peel
extract (BPEx-MIONPs) reveals a rich tapestry of functional
groups contributing to their physicochemical properties. The
prominent band at 3465 cm™!- 3000 cm™ in Fig. 5. signifies
O-H stretching vibrations, indicative of hydroxyl groups,
possibly originating from water molecules or hydroxyl mol-
ecules linked by hydrogen bonds (Rajeswari et al., 2021;
Salgado et al., 2019). The absorption band observed at
2939.1 cm™! signifies the symmetric stretching vibrations
attributed to aliphatic hydrocarbons (CH) and methylene
(-CH,) groups, which are frequently encountered in organic
compounds (Wang et al., 2014a). The presence of C=C
stretching vibrations at 2626.6 cm™' (Fig. 5a) suggests the
involvement of alkynes or acetylene groups (Cefali et al.,
2015; Chandrasekar et al., 2013). Additionally, the peak
at 2336.6 cm™! (Fig. 5a) could be attributed to the pres-
ence of carbon dioxide (CO,) during analysis. The peak at
2169.6 cm™! (Fig. 5a) may indicate the presence of cyanide
groups (CN), suggesting nitrogen-containing compounds.
Moving to the lower wavenumber range in Fig. 5b, the peaks
at 2004.4 cm™! and 1772.2 cm™! are characteristic of C=0
stretching vibrations, with the former possibly associated

with ketones or aldehydes and the latter suggesting ester
groups (Rajeswari et al., 2021). The peak at 1584.1 cm™'
corresponds to C=C stretching vibrations, indicative of
unsaturated carbon-carbon bonds (Salgado et al., 2019).
Further analysis in Fig. 5b reveals the presence of methylene
(CH,) bending vibrations at 1413.6 cm™", while the peak at
1211 cm™! suggests C-O stretching vibrations, characteris-
tic of ether groups or alcoholic functionalities (Nalbandian
et al., 2015; Zhang et al., 2011). The absorption peak around
1063.7 cm™! is associated with C-O, C—-O-C, and C-O-H
stretching vibrations, suggesting the presence of polysac-
charides functional or groups phenolic compounds (—OH)
(Nandiyanto et al., 2019; Salgado et al., 2019). Finally, the
peaks at 877.5 em™!, 773.3 cm™!, and 687.4 cm™! in Fig. 5b
are attributed to metal-oxygen (Fe-O) stretching vibrations,
confirming the presence of iron oxide (Fe;0,) in the synthe-
sized nanoparticles (Nalbandian et al., 2015; Zhang et al.,
2011). The peaks at 559.3 cm™! and 443.2 cm™! in Fig. 5b
indicate metal-oxygen (Fe-O) bending vibrations (a—Fe,03),
further supporting the identification of iron oxide (Manzo
et al., 2020). This intricate network of functional groups sig-
nifies the complex composition of BPEx-MIONPs, showcas-
ing the diverse interactions contributing to the stabilization
and functionalization of these magnetic nanoparticles.

Assessing Antioxidant Properties

The evaluation of antioxidant activity in banana peel extract
(BPEXx) through the DPPH free radical assay demonstrated
remarkable results, as outlined in Table 1. The initial inhibi-
tion, starting at 9.89% after 5 s (T2), progressively increased,
reaching 65.61% at 6 min (T3), 89.98% at 12 min (T4),

100
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Fig.5 FTIR spectra (3500—2000 cm™") of BPEx-MIONPs reveal diverse functional groups, including hydroxyls and carbonyls (a) and lower
wavenumber range (2000—400 cm™") highlights metal-oxygen bonds, contributing to the comprehensive chemical characterization (b)
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Table 1 Antioxidant activity of banana peel extract (BPEx) over time in the DPPH free radical assay confirmed by visualized photographs

depicting color change

T1=0s T2=5s T3 =6 min

T4=12 min T5=18 min

0% 9.9%

90%

and ultimately achieving a complete inhibition of 100%
at 18 min (T5). This temporal trend signifies the dynamic
enhancement of antioxidant properties within the banana
extract over the assessment period. The outstanding anti-
oxidant properties of the banana peel extract were further
evidenced by a noticeable color change during the DPPH
free radical assay. The extract exhibited an initial yellow
hue, intensifying to a clearer yellow over time, as evidenced
by the color change, indicating an increase in the inhibition
percentage, as can be seen in Table 1. This distinct color
transformation, correlated with the temporal progression of
the assay, aligns with the concurrent increase in inhibition
percentage, as illustrated in Table 1. The dynamic shift in
color serves as a visual confirmation of the escalating anti-
oxidant activity, providing additional support to the quantita-
tive results obtained through the DPPH assay.

Banana peels boast robust antioxidant properties, primar-
ily attributed to polyphenolic compounds like catechins, epi-
catechins, and gallocatechins. Flavonoids such as quercetin
and rutin, along with tannins, amplify the antioxidant and
other capabilities. The presence of dopamine, dietary fiber,
vitamins (especially vitamin C), and carotenoids like beta-
carotene further enhances these health-promoting qualities
(Cefali et al., 2015; Islam et al., 2023; Salgado et al., 2019).

The assessment of antioxidant activity in BPEx-MIONPs,
as revealed by the ICs, value of 129.1 pg/mL (Fig. 6), under-
scores the substantial antioxidant potential embedded within
these magnetic nanoparticles. This high antioxidant activ-
ity can be attributed to the synergistic effects arising from
the unique combination of banana phytochemicals and the
structural attributes of magnetic ions (Apak et al., 2007;
Kanagasubbulakshmi & Kadirvelu, 2017).

The observed size of BPEx-MIONPs, as determined
by TEM (approximately from 2.1 to 8.5 nm) and XRD
(14.8 nm), is a crucial factor contributing to their enhanced
antioxidant capacity. The nanoparticles’ nanoscale dimen-
sions amplify their surface area, facilitating increased inter-
actions between the nanoparticles and free radicals, thereby
increasing their scavenging capability (Affes et al., 2020).
This phenomenon is further supported by the distinct shapes

@ Springer

observed in TEM images, showing both spherical and elon-
gated forms. The diverse morphologies indicate a hetero-
geneous distribution of particle shapes, potentially leading
to varied reactivity toward free radicals (Rajakumar et al.,
2018). Moreover, the magnetic ions present in the nano-
particles contribute to their antioxidant activity (Santoyo
Salazar et al., 2011). The magnetic properties inherent in
the structure of BPEx-MIONPs may facilitate electron trans-
fer reactions, playing a role in the reduction of free radicals
and, consequently, enhancing their antioxidant efficacy.
This characteristic provides an additional dimension to their
antioxidant activity, distinguishing them from conventional
antioxidant agents.

The simultaneous presence of banana phytochemicals
and magnetic ions creates a multifaceted antioxidant system
within BPEx-MIONPs, where the various components act
synergistically to efficiently neutralize free radicals (Cartwright
et al., 2020). This innovative amalgamation of natural plant-
derived compounds and magnetic nanoparticles not only
enhances antioxidant capabilities but also holds promise for
diverse applications, including fields such as biomedical or
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Fig.6 Antioxidant activity assessment of BPEx-MIONPs, demon-
strating an ICs, value of 129.1 ug/mL
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Fig.7 Comparative water loss rates (WLR) in grape preservation
between control samples and those treated with banana peel extract-
based magnetic iron oxide nanoparticles (BPEx-MIONPs)

environmental. The versatility in shape, size, and structural
attributes demonstrated by TEM and XRD collectively
contribute to the superior antioxidant performance of BPEx-
MIONPs, marking them as promising candidates for further
exploration in nanotechnology and antioxidant applications.

Dip Coating of Grapes

In the context of grape preservation with bioplastic coating,
our observations in the control group (coated in the absence
of BPEx-MIONPs) revealed a significant reduction in water
content, with a 19% loss by day 3 and a substantial 34.8%
loss by day 6 (Fig. 7). In stark contrast, the grape samples
coated with banana peel extract-based magnetic iron oxide
nanoparticles (BPEx-MIONPs) exhibited remarkable pres-
ervation efficiency, showing only a 6.2% water loss on day
3 and a comparatively lower 23.6% loss on day 6. These
findings distinctly demonstrate the superior preservation
capacity of the banana nanoparticles in food, emphasizing
their potential as a valuable and eco-friendly solution for
extending the shelf life of perishable produce (Galus et al.,
2020). The controlled release properties and stabilizing
effects of BPEx-MIONPs contribute to reducing water loss
and maintaining the freshness of preserved grapes over an
extended period.

Conclusions

This study represents a significant step forward in harnessing
the potential of agro-waste banana peels for the synthesis of
magnetic iron oxide nanoparticles (BPEx-MIONPs), showing

their dual functionality in antioxidant capacity and food pres-
ervation. The diverse morphologies revealed through XRD,
TEM, and SEM analyses, combined with the confirmation
of Fe—O bonds through FTIR, support the successful fabrica-
tion of nanoparticles with unique structural characteristics.
The robust antioxidant activity observed against DPPH free
radicals, along with the preservation efficiency demonstrated
in grape storage, underscores the practical applications of
BPEx-MIONPs in sustainable food packaging.

Nevertheless, it is crucial to acknowledge certain limi-
tations in our study. While improvements in preservation
capacity have been observed, there is a need to enhance
laboratory experiments by accounting for variations in
humidity, temperature, and other environmental factors.
These conditions could have influenced the results, suggest-
ing that an extended shelf life of the preserved food might
be achievable under ideal circumstances. Furthermore, the
study primarily focused on the characterization of BPEx-
MIONPs. Future research should address the imperative
need for advanced toxicity studies and in vivo evaluations,
ensuring the safety and efficacy of these nanoparticles in
real-world applications.

Moving forward, refining experimental conditions,
incorporating advanced characterization techniques, and
expanding the scope to include comprehensive toxicity
assessments will be crucial in unlocking the full potential of
BPEx-MIONPs. Moreover, exploring broader applications
across various contexts will contribute to the development
of innovative and sustainable solutions in the fields of nano-
technology and food preservation.
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