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A B S T R A C T   

The quest for sustainable synthesis methods has led to the exploration of lychee peel extract (LCPEx) as an eco- 
friendly alternative in the field of nanomaterials. This groundbreaking study introduces the synthesis of lychee 
peel extract-based magnetic iron oxide nanoparticles (LCPEx-MIONPs) and delves into their diverse applications. 
The meticulous methodology involved a multistep process for lychee peel extraction, resulting in the creation of 
LCPEx. The subsequent synthesis of LCPEx-MIONPs, achieved by combining the extract with iron chloride as a 
precursor and sodium hydroxide as a pH adjustor (set to 7.5), yielded nanoparticles with nanoscale dimensions 
(8.7± 0.4 nm) and diverse morphologies (cubic, hexagonal, spherical). Comprehensive characterization tech
niques, including Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron 
microscopy (SEM), and transmission electron microscopy (TEM), unveiled the structural attributes of LCPEx- 
MIONPs. The LCPEx exhibited robust antioxidant activity against DPPH, reaching its maximum inhibitory 
within only 5 minutes in a simple disc diffusion. The multifaceted antioxidant system of LCPEx-MIONPs 
exhibited an IC50 value of 202.3 µg/mL, highlighting the synergistic effects of lychee phytochemicals and 
magnetic ions. Beyond antioxidant capabilities, LCPEx-MIONPs, when incorporated into banana-based food 
preservation films, demonstrated significant prowess in grape preservation. The controlled release properties led 
to a notable reduction in water loss (9.3% on day 3 and 19.7% on day 6) compared to control grapes without 
LCPEx-MIONPs incorporated (18.2% on day 3 and 34.8% on day 6). This study significantly contributes to green 
nanotechnology, food preservation, and the development of eco-friendly hydrogels and bioplastic films, 
emphasizing the versatile applications of LCPEx-MIONPs in antioxidants, sustainable food preservation, and 
hydrogel-based bioplastics.   

1. Introduction 

Embarking on the intricate journey through nanomaterials demands 
a delicate balance between challenges and opportunities, propelling the 
scientific community towards innovative solutions (Fryxell and Cao, 
2012). The conventional avenues of nanomaterial synthesis have long 
grappled with environmental concerns, prompting a resolute shift to
wards sustainable and green methodologies (Drummer et al., 2021). 

This transformation not only addresses ecological issues but also propels 
the field into a new era of responsible material science (Rane et al., 
2018). Amidst the array of green methodologies, those harnessing the 
power of plant extracts emerge as beacons of sustainability (Patete et al., 
2011). Particularly, lychee (Litchi chinensis) peel extract (LCPEx) stands 
out, offering a remarkable and eco-friendly approach to nanomaterial 
synthesis (Ramananda Singh et al., 2019). This plant-based exploration 
aligns not only with environmental consciousness but also demonstrates 
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potential applications in diverse areas of nanotechnology (Marslin et al., 
; Tsao, 2010). 

In this dynamic landscape, magnetic iron oxide nanoparticles have 
ascended to a prominent position, showcasing unique properties that set 
them apart from other materials (Marciello et al., 2013; Shah et al., 
2019). Magnetic iron-based nanoparticles exhibit remarkable efficacy in 
environmental remediation, providing solutions such as water purifi
cation, soil revitalization, and toxic waste treatment. Their magnetic 
properties enable easy recovery, minimizing environmental impact. 
Current research focuses on refining designs for sustainable applications 
(Alangari et al., 2022; Herranz et al., 2008). Various methods, including 
inert gas condensation, high-energy ball milling, liquid-phase reduction, 
and reverse micelle, are widely employed for iron-based nanoparticle 
preparation (Darroudi et al., 2014; Marciniak et al., 2020). However, 
these methods, though effective, presents challenges due to chemical 
consumption, cost, and the generation of toxic by-products, potentially 
harmful to the environment (Maldonado-Camargo et al., 2017). Recent 
studies underscore the limitations of iron-based NPs, such as aggrega
tion and oxidation. In response, green synthesis, utilizing plant extracts 
rich in non-toxic compounds like polyphenols and caffeine, emerges as 
an eco-friendly alternative (Chaudhuri and Malodia, 2017; Patiño-Ruiz 
et al., 2021). 

The synthesis of metal nanoparticles holds significant importance 
due to their catalytic, optical, and electrical properties. Predominantly, 
chemical methods involve expensive and toxic reagents, potentially 
leading to environmental contamination (Qiao et al., 2017; Hangxun 
et al., 2013). Hence, there is a growing need in nanotechnology to 
develop green and environmentally friendly approaches for nano
particle synthesis. Nanoparticle biosynthesis, particularly through bio
logical methods using microorganisms or plant extracts, has gained 
prominence as an eco-friendly and benign alternative. In plant-mediated 
methods, the reaction time is significantly reduced compared to 
microorganism-mediated methods, ensuring efficiency in nanoparticle 
synthesis (Gour and Jain, 2019). 

Highlighting the lychee (Litchi chinensis) peel extract (LCPEx) as a 
standout contributor, this study delves into its remarkable and eco- 
friendly approach to nanomaterial synthesis (Ramananda Singh et al., 
2019). The rich phytochemical composition of lychee, encompassing 
flavonoids, carotenoids, and polyphenols, underlines its antioxidant 
capabilities. Lychee extracts, derived from this vibrant fruit, are 
increasingly recognized for their role in green synthesis processes 
(Ramananda Singh et al., 2019; Cefali et al., 2015). Laden with bioactive 
compounds, these extracts serve as eco-friendly and sustainable pre
cursors for various nanoparticles (Shahzad et al., 2014). The amal
gamation of lychee extracts with specific metallic ions facilitates the 
fabrication of diverse nanoparticle structures, including magnetic iron 
oxide nanoparticles (MIONPs) (Majeed et al., 2016). The inherent 
antioxidant properties of lychee, coupled with its compatibility in 
nanoparticle synthesis, open avenues for innovative applications—from 
biomedical fields to eco-friendly packaging solutions. As researchers 
delve deeper into harnessing the potential of plants, particularly lychee, 
in nanotechnology, the intrinsic qualities of this humble fruit continue to 
inspire novel advancements (Fahmy et al., 2018). 

In the broader context of innovation, bioplastics, derived from 
renewable and/or biodegradable resources, are gaining momentum in 
the chemical and plastics industry (Cruz et al., 2022). Beyond the 
agri-food sector, they present new markets and business prospects. 
While various plastic-based bioresources like gelatin, chitosan, and 
cellulose acetate have been extensively studied, plant-based resources 
like banana-based bioplastics remain relatively limited (Cartwright 
et al., 2020). 

This study introduces an innovative method for synthesizing lycee 
extract-magnetic iron oxide nanoparticles (LCPEx-MIONPs). It focuses 
on antioxidant capacity and food preservation in conjunction with 
banana-based bioplastics. The research aims to fully recycle lychee, 
converting its peels into useful nanomaterials and banana fruit waste 

into powder for bioplastic development, reducing agrowaste and pro
moting environmental conservation. Contributing to the expanding field 
of nanotechnology, the study provides valuable insights into the syn
thesis and versatile applications of LCPEx-MIONPs, inspiring further 
exploration in green chemistry and bioplastic development. The study’s 
validation utilized advanced techniques, including X-ray diffraction, 
transmission electron microscopy, scanning electron microscopy, and 
Fourier transform infrared spectroscopy, to discern the distinct charac
teristics of magnetite structure and various morphologies. The investi
gation enhances our comprehension of novel nanocomposites, 
promising exciting possibilities for sustainable food preservation and 
packaging applications. 

2. Materials and methods 

2.1. Materials 

The key reagents used were ethanol, 98% iron (III) chloride hexa
hydrate, sodium hydroxide, and 2,2-diphenyl-1-picrylhydrazyl (DPPH). 
All other chemicals were of analytical grade. 

Lychee fruit was obtained locally, and banana powder for bioplastics 
was provided by the Bio-plastic Innovation Plant at the National 
Autonomous University of Honduras ((Castro-Criado et al., 2023) for 
details). 

2.2. Lychee peel extract (LCPEx) preparation 

Upon receiving lychee fruit, the peel extraction (LCPEx) process was 
initiated. After washing and disinfection, the peel was separated, 
chopped, and dried in trays at 90 ◦C for a total of 18 interrupted hours 
(14 hours drying, 2 hours without, and 4 hours drying). Subsequently, 
the dried peels underwent pulverization, sieving, and maceration. A 
concentrated solution was prepared by mixing 13 g of peel flour with 
100 mL of distilled water, left to rest for 24 hours. Following this, the 
LCPEx underwent filtration using coffee paper, and the resulting extract 
was stored for antioxidant testing and nanoparticle preparation 
(Abdullah et al., 2022). 

2.3. Nanoparticle fabrication 

The LCPEx, obtained earlier, formed the basis for the synthesis of 
LCPEx-magnetic iron oxide nanoparticles (LCPEx-MIONPs). In a concise 
procedure, 50 mL of the acquired extract was blended with 1 M 
FeCl₃⋅6 H₂O, and the pH was adjusted to 7.5 using 5 M NaOH (Abdullah 
et al., 2023a, 2023a). The solution underwent a discernible color 
change, signifying the precipitation of nanoparticles. Following this, the 
mixture underwent filtration and was subjected to a 24-hour drying 
process at 200 ◦C in an induction oven. 

2.4. Nanoparticle characterization 

2.4.1. Fourier transform infrared spectroscopy (FTIR) 
To elucidate the structural details of LCPEx-MIONPs, Fourier 

Transform Infrared Spectroscopy (FTIR) was utilized, probing vibration 
modes within the range of 4000–400 cm⁻1. Identification of Fe–O bonds 
in the MIO-NPs was achieved, particularly in the fingerprint region 
(800–400 cm⁻1) (Abdullah et al., 2020). 

2.4.2. X-ray diffraction (XRD) 
X-ray Diffraction (XRD) patterns, acquired using a Bruker D8 

Advance A25 diffractometer with Cu anode, were analyzed to affirm the 
crystalline phase, crystal systems, and to determine the size and degree 
of crystallinity of the LCPEx-MIONPs, following procedures outlined in a 
prior study (Abdullah et al., 2020). The diffractograms were recorded 
within the range of 2θ = [15–70◦]. 
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2.4.3. Scanning electron microscopy (SEM) 
The morphological and size attributes of the nanoparticles were 

discerned through Scanning Electron Microscopy (SEM) analysis. The 
investigation was conducted using a Zeiss EVO scanning electron 
microscope. 

2.4.4. Transmission electron microscopy (TEM) 
Transmission Electron Microscopy (TEM) analysis, utilizing a Talos 

S200 microscope (FEI, USA) operating at 200 kV, was carried out to 
ascertain the morphology and size of the nanoparticles. 

2.5. Antioxidant activity of the LCPEx and LCPEx-MIONPs assessment 

In the process of preparing LCPEx for iron oxide synthesis, we 
evaluated its antioxidant activity using Disc Diffusion against the DPPH 
free radical (Abdullah et al., 2023a). To assess antioxidant activity, 
25 mL of an oxidizing solution (DPPH 7 mg/100 mL in ethanol) was 
placed in a Petri dish. Then, 1 mL of concentrated LCPEx was added. The 
DPPH solution (7 mg in 100 mL ethanol) was cast onto a 10 cm diameter 
aluminum plate, and 1 mL of LCPEx was applied to the center. The color 
changed immediately to clear yellow. Antioxidant activity was assessed 
by measuring color change areas using ImageJ software. 

The employed assessment method has been validated by quantifying 
the area, and the inhibition percentage was calculated using the 
following equation: 

Inhibition(%) =

(
A1 − A2

A1

)

× 100 (1) 

In this equation, A1 represents the total area of the inhibited DPPH 
with purple color, and A2 represents the remaining areas without a 
change in color over time. A complete color change to yellow is recorded 
as 100% inhibition. This method serves as a valuable tool for quantifying 
the antioxidant capacity of the plant extract, particularly LCPEx, offer
ing crucial insights into its potential applications, including the syn
thesis of iron oxide nanoparticles. For LCPEx-MIONPs, the antioxidant 
activity was assessed using the protocol outlined in (Hangxun et al., 
2013). 

2.6. Grape preservation 

Grapes, being nutrient-rich yet vulnerable to microbial deterioration, 
were chosen as the subject for evaluating the viability of utilizing LCPEx- 
MIONPs stabilized with banana-based bioplastic as a bio-coating and 
material for food nanopackaging. To treat the grapes, an aqueous solu
tion of banana water (1:3 ratio) was prepared, involving the dissolution 
of 1 g in 30 mL of water. The mixture underwent stirring for approxi
mately 10 minutes at 100 ◦C. Following this, the solution was filtered 
using coffee filtration paper, and the resultant liquid, constituting the 
banana-based bioplastic, was collected. Subsequently, about 7 mg of 
LCPEx-MIONPs were introduced and manually mixed into the banana 
solution. In the final step, the grapes were immersed in the resulting 
solution for a duration of 3 minutes and left for a 6-day shelf-life test at 
room temperature (28±7 ◦C and an average relative humidity (RH) of 
87%). 

At three-day intervals, images were captured, and the weight loss 
rate (WLR, %) was computed using the formula: 

WLR(%) =

(
PFresh − P

PFresh

)

× 100 (2) 

In this equation, PFresh and P denote the weights of fresh and pre
served grapes, respectively (Mohammed et al., 2023). 

3. Results 

3.1. FTIR 

The lychee (Lichi chinesis) peel extract-based magnetic iron oxide 
nanoparticles (LCPEx-MIONPs) underwent characterization through 
Fourier Transform Infrared Spectroscopy (FTIR) to elucidate the func
tional groups present in the samples (Fig. 1). Analysis of the FTIR spectra 
revealed distinctive peaks at various wavenumbers: 3364.64, 2957.47, 
2060.87, 1675.39, 1429.13, 1063.81, 924.07, 864.65, 687.62, 564.25, 
and 432.21 cm− 1. 

The prominent peak at 3364.64 cm− 1 is indicative of the presence of 
O-H stretching vibrations, suggesting the involvement of hydroxyl 
groups (Rajeswari et al., 2021). The peaks observed at 2957.47 cm− 1 

corresponds to –CH₂ and C-H stretching vibrations in aliphatic com
pounds (Wang et al., 2014). The wavenumbers 2060.87 cm− 1 are 
associated with the presence of C––O stretching vibrations (Chan
drasekar et al., 2013). 

The peak at 1675.39 cm− 1 can be attributed to -OH, C––C, and C––O 
groups (Aksu Demirezen et al., 2019; Huang et al., 2014; Abdullah et al., 
2017), as shown in Fig. 1(a). Additionally, the peaks at 1429.13 cm− 1, 
1063.81 cm− 1, 924.07, and 864.65 cm− 1 are indicative of C-H bending 
vibrations in alkanes, C-O stretching vibrations in ethers, and C-O 
stretching vibrations in alcohols, respectively (Salgado et al., 2019a; 
Guerrero-Pérez and Patience, 2020). 

Furthermore, the peaks in the range of 900–400 cm− 1 may be asso
ciated with Fe-O stretching vibrations, signifying the presence of iron 
oxide in the nanoparticle structure (Wang et al., 2014; Manzo et al., 
2020; Tadic et al., 2019). Specifically, these peaks were identified at 
687.62, 564.25, and 432.21 cm− 1, as shown in Fig. 1(b). 

The FTIR analysis of LCPEx-MIONPs revealed a diverse array of 
functional groups, including hydroxyl, aliphatic, nitrile, isocyanate, 
amine, alkane, ether, alcohol, and metal oxide groups. These findings 
provide valuable insights into the chemical composition of the synthe
sized magnetic iron oxide nanoparticles, underscoring the versatility 
and complexity of the lychee peel extract-based nanomaterial. 

3.2. XRD 

The magnetic iron oxide nanoparticles derived from lychee peel 
extract (LCPEx-MIONPs) underwent comprehensive evaluation through 
X-ray diffraction (XRD), as depicted in Fig. 2(a). Additionally, a visual 
representation of the magnetic response to the magnet is presented in 
Fig. 2(b). 

The XRD analysis unveiled peaks at 2θ values (hkl), corresponding to 
crystallographic planes, including peaks at 30.17◦ (220), 31.76 (202), 
35.43◦ (311), 43.14◦ (400), 48.31◦ (331), 62.65◦ (440), and 66.31◦

(531) were identified, corresponding to cubic magnetite with space 
group F d − 3 m:2 (227), as per JCPDS card number 00–900–2317 
(53.8%) (Haavik et al., 2000). Additionally, peaks at 49.75◦ (300) and 
56.74◦ (009) were attributed to the trigonal structure of magnetite, 
space group R − 3 m:H (166), in accordance with JCPDS card number 
00–152–6955 (15.4%) (Wright et al., 2000). Further peaks at 24.06◦

(112), 27.44◦ (113), 40.02◦ (116), and 45.49◦ (030) were ascribed to 
monoclinic magnetite with space group P 12/c 1 (13), according to 
JCPDS card number 00–153–2800 (30.8%) (Wright et al., 2002). The 
XRD analysis underscored the diverse crystal systems within 
LCPEx-MIONPs, each with varying percentages. Fig. 3 illustrates the 
distinct crystal systems identified through XRD. 

Interestingly, a study by Abdullah et al (Abdullah et al., 2023a, 
2023b). demonstrated that the coexistence of both cubic and monoclinic 
systems enhances the magnetic response, aligning with our observations 
in Fig. 2(b). The presence of the trigonal system was noted to influence 
their response, potentially explaining the partial response of these par
ticles to the magnet due to interactions between different crystal 
structures. Furthermore, the assessment of crystallite size indicated an 
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average of 12.7 nm, validating the magnetic response as smaller nano
particles exhibited a more pronounced reaction to the magnet (Vargas 
et al., 2007; Demortière et al., 2011). To further investigate, the 
morphology of LCPEx-MIONPs was analyzed using scanning electron 
microscopy (SEM) techniques and transmission electron microscopy 
(TEM). 

3.3. SEM 

Fig. 4 provides an insightful exploration of the complex particle as
sembly in the synthesized LCPEx-MIONPs, unveiling a dynamic inter
play of diverse shapes and structures. The SEM images exhibit a 
predominant spherical assembly, along with nanosheets, nanoplates, 
and slender nano-tubes or nanowires (Fig. 4.a). The nanoparticle as
semblies in this study replicate collaborative dynamics where various 
particles intricately coalesce through a synergistic interplay of phyto
chemicals and magnetic ions, forming agglomerates and aggregates. 

Careful processing of SEM images was conducted using ImageJ 
software’s image calculator, involving thresholding and Gaussian blur 
filters. The analyzed LCPEx-MIONPs underwent Gauss fit analysis with 
OriginLab, revealing an assembled nanoparticle diameter of 191.6 ±
52 nm, as depicted in Fig. 4.b (Abdullah et al., 2023b). Furthermore, the 
diameter distribution of nanoparticles, ranging from 11 to 39 nm, shows 
an average diameter of 13.9 ± 3.2 nm in Fig. 4.c, aligning with XRD 
measurements. The observed difference in nanoparticle size (191.6 ±
52) from SEM analysis, compared to XRD and TEM measurements, can 
be attributed to inherent disparities in these characterization tech
niques. XRD primarily reveals crystallographic information, while TEM 

Fig. 1. FTIR spectra of lychee peel extract-based magnetic iron oxide nanoparticles (LCPEx-MIONPs), illustrating characteristic peaks corresponding to various 
functional groups within the chemical composition. (a) Shows the spectrum in the range of 4000–1500 cm− 1, while (b) presents the spectrum in the range 
of 1500–400 cm− 1. 

Fig. 2. : XRD results for LCPEx-MIONPs, illustrating crystallographic peaks characteristic of trigonal, cubic, and monoclinic Fe₃O₄ (a), complemented by visual 
magnetic responses of these structures (b). 

Fig. 3. : The model structure of the XRD analysis unveils the crystallographic 
behavior of LCPEx-MIONPs, highlighting distinct phases, such as (a) cubic, (b) 
monoclinic, and (c) trigonal Fe3O4. 
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provides detailed views of individual particles. SEM, capturing a broader 
assembly, incorporates the collective dimensions of agglomerates and 
aggregates. These variations arise from the distinct methodologies of 
each technique, emphasizing the need for a comprehensive under
standing through the integration of data from diverse characterization 
approaches (Tuoriniemi et al., 2014). Analogous morphologies have 
been documented in prior studies, as evidenced by research findings 
presented in references (Venkateswarlu et al., 2014; Avolio et al., 2019). 

The distinct morphological assembly showcased in Fig. 4.a not only 
accentuates the innovative synthesis method but also underscores the 
broad spectrum of potential applications for LCPEx-MIONPs. The 
amalgamation of distinctive shapes, varied sizes, and magnetic proper
ties enhances their versatility, making them well-suited for a range of 
applications, spanning from biomedical uses to environmental remedi
ation (Fahmy et al., 2018). The intricate particle assembly portrayed in 
the images significantly contributes to our comprehensive comprehen
sion of the synthesized nanoparticles, emphasizing their potential as 
multifunctional materials with diverse and impactful applications in 
various fields. 

3.4. TEM 

Fig. 5 presents the TEM analysis of LCPEx-MIONPs, unveiling a 

varied range of morphologies encompassing cubic, hexagonal, and 
spherical nanoparticles. In Fig. 5.a, discernible cubic nanoparticles, 
ranging from 2 to 23 nm, exhibit an average diameter distribution of 8.7 
± 0.4 nm, as depicted in Fig. 4.b. The distinctive features of these 
nanoparticles, characterized by their compact form and magnetic 
properties, underscore their promising potential for applications in 
medicine, electronics, and nanotechnology (Avolio et al., 2019; Park 
et al., 2018). 

It is essential to emphasize that the size and shape of nanoparticles 
significantly impact their properties and behavior. The average diameter 
serves as a crucial metric for characterizing nanoparticle size, while the 
assessment of size distribution is equally vital. This distribution can 
vary, encompassing highly uniform nanoparticles to those with more 
dispersed sizes. 

3.5. Antioxidant activity 

The antioxidant activity assessment of LCPEx using the DPPH free 
radical assay yielded compelling results, highlighting the rapid and 
efficient nature of its antioxidant capabilities. The progressive increase 
in inhibition percentages, from 12.4% at 1 second to an impressive 
100% at 5 minutes, suggests a swift and potent reaction against the 
DPPH radicals, as shown in Fig. 6. 

Fig. 4. : SEM images of LCPEx-MIONPs (a). The size distribution of particle assembly (agglomerate), ranging from 0 to 5000 nm, has an average size of 191.6 ±
52 nm (b). The diameter distribution of nanoparticles, ranging from 11 to 39 nm, has an average diameter of 13.9 ± 3.2 nm (c). 

Fig. 5. TEM analysis of LCPEx-MIONPs displays diverse morphologies, including cubic nanoparticles (a) with their average diameter distribution (b).  
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This remarkable efficacy is indicative of the presence of powerful 
antioxidant compounds within LCPEx. The achievement of 100% inhi
bition within just 5 minutes is particularly noteworthy. This high inhi
bition percentage, coupled with the complete color change from purple 
to clear yellow, underscores the thoroughness of LCPEx in neutralizing 
DPPH radicals. The robust inhibitory effect implies a substantial con
centration of bioactive compounds capable of effectively scavenging 
free radicals, positioning LCPEx as a promising candidate for antioxidant 
applications (Cefali et al., 2015; Salgado et al., 2019a; Islam et al., 
2023). Beyond its antioxidant properties, the implications of these re
sults extend to the synthesis of iron oxide nanoparticles (LCPEx-
MIONPs). The swift and efficient reduction of DPPH radicals by LCPEx 
suggests its potential utility as a potent reducing agent in the green 
synthesis of nanoparticles. The rapid antioxidant response may play a 
crucial role in influencing the controlled synthesis of iron oxide nano
particles, potentially impacting their size and morphology. While the 
DPPH assay provides valuable insights, it is essential to acknowledge its 
limitations, such as its focus on a single type of radical. A comprehensive 
understanding of LCPEx’s antioxidant profile would benefit from the 
inclusion of complementary assays targeting different reactive species. 
Comparisons with other antioxidant assays could provide a more 
nuanced perspective on the overall antioxidant capacity of LCPEx. 

Furthermore, it is important to recognize the preliminary nature of 
these findings and consider them as a basis for future investigations. 
Additional studies involving diverse antioxidant assays and the identi
fication of specific bioactive compounds in LCPEx would enhance our 
understanding of its antioxidant potential. Exploring the kinetics of the 
antioxidant reaction could shed light on the underlying mechanisms 
driving the observed rapid inhibition. The results of the DPPH assay 
underscore the potent antioxidant activity of LCPEx, achieving 100% 
inhibition within 5 minutes. This rapid and efficient response holds 
promise for various applications, particularly in the synthesis of iron 
oxide nanoparticles. The findings contribute valuable insights into the 
biological activities of LCPEx and its potential role in the emerging field 
of nanomaterial synthesis. 

Following the successful synthesis of LCPEx-MIONPs utilizing the 

highly bioactive antioxidant agent, the resulting nanoparticles were 
subjected to evaluation against DPPH free radicals, this time in 
concentration-dependent assays. The obtained data, represented in  
Fig. 7, showcased an IC50 value of 202.3 µg/mL for LCPEx-MIONPs. This 
finding emphasizes the considerable antioxidant potential inherent in 
these magnetic nanoparticles. 

The observed high antioxidant activity of LCPEx-MIONPs can be 
attributed to the synergistic effects arising from the distinctive combi
nation of lychee phytochemicals present in LCPEx and the structural 
attributes of the magnetic ions (Apak et al., 2007; Kanagasubbulakshmi 
and Kadirvelu, 2017). The incorporation of bioactive compounds from 
the lychee extract contributes significantly to the overall antioxidant 
capacity of the nanoparticles. Simultaneously, the magnetic ions in the 

Fig. 6. Assessment of LCPEx antioxidant activity against DPPH free radicals across varied time intervals, supported by visualized photographs illustrating color 
transformations from dark purple to clear yellow. 

Fig. 7. Evaluation of Antioxidant Activity in LCPEx-MIONPs, Highlighting an 
IC50 Value of 202.3 µg/mL. 
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nanoparticle structure may play a crucial role in enhancing the scav
enging capabilities against free radicals. 

This dual contribution from both the plant-derived antioxidants and 
the magnetic nanoparticle structure highlights the potential of LCPEx- 
MIONPs as a multifunctional material. Beyond their role in antioxi
dant applications, these nanoparticles may find utility in various fields, 
including biomedical and environmental sectors, where their magnetic 
properties could be leveraged for targeted drug delivery or pollutant 
removal. The results presented underscore the versatility and promise of 
LCPEx-MIONPs as a novel and potent antioxidant nanomaterial. 

The determined size of LCPEx-MIONPs, as assessed through TEM 
with measurements of 8.7± 0.4 nm and XRD revealing 12.7 nm, 
emerges as a pivotal determinant for their heightened antioxidant effi
cacy. The nanoscale dimensions of these nanoparticles play a critical 
role in amplifying their surface area, facilitating enhanced interactions 
with free radicals, thereby bolstering their scavenging capabilities (Shah 
et al., 2019; Affes et al., 2020; Zhao et al., 2018). This phenomenon 
gains further credence from the diverse shapes captured in TEM images, 
illustrating ultrasmall cubic, hexagonal, and spherical forms, each 
measuring less than 20 nm. This variety in morphologies signifies a 

heterogeneous distribution of particle shapes, potentially leading to 
varied reactivity towards free radicals (Rajakumar et al., 2018). 
Furthermore, the inclusion of magnetic ions within the nanoparticle 
structure significantly contributes to their antioxidant activity (Santoyo 
Salazar et al., 2011). The inherent magnetic properties in 
LCPEx-MIONPs may facilitate electron transfer reactions, actively 
participating in the reduction of free radicals and subsequently 
enhancing their antioxidant efficacy. This unique characteristic adds an 
additional dimension to their antioxidant activity, setting them apart 
from conventional antioxidant agents. 

The concurrent presence of lychee phytochemicals and magnetic 
ions establishes a multifaceted antioxidant system within LCPEx- 
MIONPs, where these various components synergistically collaborate 
to efficiently neutralize free radicals (Cartwright et al., 2020). Mecha
nisms for phytochemicals and magnetite (Fe3O4) nanoparticles’ anti
oxidant activity, involving processes such as single-electron transfer 
(SET) and hydrogen atom transfer (HAT) (Abdullah et al., 2023a), are 
illustrated in Fig. 8. 

In SET, the formation of the energetically stable species DPPH– oc
curs, resulting in the antioxidant cation radical (R-OH+•) with stabilized 

Fig. 8. Proposed mechanisms for the antioxidant activity of phytochemicals and magnetite (Fe3O4) nanoparticles, including (a) SET mechanism, (b) HAT mecha
nism, and (c) SET mechanism specifically for magnetite (Fe3O4) antioxidants. 
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odd electrons (Leopoldini et al., 2011). This is illustrated in Fig. 8(a). In 
HAT, antioxidants donate a hydrogen atom to free radicals, forming a 
stabilized neutral species while turning into an antioxidant free radical 
(Zeb, 2020), as shown in Fig. 8(b). The antioxidant function of poly
phenolic compounds, such as gallic acid in lychee peel extract, relies on 
the benzene ring and hydroxyl group arrangement. The stability of 
antioxidant molecules during interactions with free radicals is signifi
cantly influenced by the presence of the benzene ring (Phenols et al., 
2006). Lychee peel extract, rich in phenolic compounds, efficiently 
neutralizes DPPH within a short period (5 min), shifting its color from 
purple to yellow. 

Concerning the neutralization of DPPH free radicals by iron oxide 
antioxidants like Fe3O4, the transfer of electrons neutralizes the radical 
due to the redox properties of iron ions. In the case of Fe3O4, an oxide 
exhibiting mixed valence, the continuous reduction of DPPH is facili
tated by the direct donation of electrons from Fe2⁺ ions and the subse
quent regeneration of Fe2+ through redox cycling by Fe3⁺ ions (Perron 
et al., 2010; Perron and Brumaghim, 2009). This process is illustrated in 
Fig. 8(c). The specific mechanisms are influenced by various factors, 
encompassing crystal structure, particle size, surface area, magnetic 
behavior, DPPH preparation, and other experimental conditions (Affes 
et al., 2020; Rajakumar et al., 2018). The detailed chemical mechanisms 
depicted in Fig. 8(c) elucidate the oxidation of Fe3O4, the generation of 
Fe3+ ions, electron transfer to the DPPH radical, and the subsequent 
formation of a stable DPPH-H species. These mechanisms may encom
pass multiple steps and intermediates. Furthermore, the magnetic iron 
oxide nanoparticles provide convenient reusability through easy re
covery using a magnet, maintaining their antioxidant capacity over 
multiple cycles and suggesting a potential for extended shelf life. 

This innovative amalgamation of natural plant-derived compounds 
and magnetic nanoparticles not only enhances antioxidant capabilities 
but also holds promise for diverse applications, including the biomedical 
and environmental fields. The demonstrated versatility in shape, size, 
and structural attributes, as revealed by TEM and XRD analyses, 
collectively contributes to the superior antioxidant performance of 
LCPEx-MIONPs, positioning them as promising candidates for further 
exploration in both nanotechnology and antioxidant applications. 

3.6. Grape preservation 

In the realm of fruit preservation, the combination of LCPEx-MIONPs 
with bioplastic has been specifically evaluated using grapes as the 
selected fruit. In the control group devoid of LCPEx-MIONPs, a notable 
decrease in water content was observed, with an 18.2% loss by day 3 and 

a substantial 34.8% reduction by day 6 (refer to Fig. 9). In marked 
contrast, grape samples subjected to preservation with LCPEx-MIONPs, 
derived from lychee peel extract-based magnetic iron oxide nano
particles, exhibited a remarkable preservation efficacy. These samples 
demonstrated only a 9.3% water loss on day 3 and a comparatively 
lower 19.7% loss on day 6. These findings unequivocally illustrate the 
superior preservation capacity of LCPEx-MIONPs nanoparticles in the 
context of food preservation, thereby underscoring their potential as a 
valuable and environmentally friendly solution for prolonging the shelf 
life of perishable produce. The substantial reduction in water loss 
observed in grapes treated with LCPEx-MIONPs highlights the efficacy 
of this innovative preservation approach, offering promise for sustain
able practices in food storage and contributing to the overarching goal of 
minimizing food wastage (Galus et al.,). The ability of LCPEx-MIONPs to 
control release properties and exert stabilizing effects plays a pivotal 
role in diminishing water loss and preserving the freshness of grapes 
over an extended period. 

4. Conclusions 

The synthesis of lychee peel extract-based magnetic iron oxide 
nanoparticles (LCPEx-MIONPs) represents a significant advancement in 
the dynamic field of nanomaterials. This study successfully demon
strated the feasibility of utilizing lychee peel extract as a green alter
native for the sustainable synthesis of magnetic nanoparticles with 
diverse morphologies and nanoscale dimensions. The comprehensive 
characterization using advanced techniques such as FTIR, XRD, SEM, 
and TEM provided valuable insights into the structural attributes of 
LCPEx-MIONPs. The multifaceted antioxidant system exhibited by 
LCPEx-MIONPs, with an IC50 value of 202.3 µg/mL, highlights the 
synergistic effects of lychee phytochemicals and magnetic ions. Beyond 
antioxidant capabilities, these nanoparticles demonstrated significant 
potential in grape preservation. The controlled release properties of 
LCPEx-MIONPs led to a notable reduction in water loss in grapes, 
emphasizing their efficacy in sustainable food preservation. 

However, it is essential to acknowledge the limitations of this study, 
particularly in the laboratory setting. Future research should address 
these limitations to enhance the practical applicability of LCPEx- 
MIONPs. For instance, further studies could explore the scalability and 
reproducibility of the synthesis process to facilitate large-scale produc
tion. Additionally, in vivo studies are crucial to evaluate the safety and 
potential toxicity of these nanoparticles in living organisms. Moreover, 
future investigations could leverage more advanced techniques, such as 
advanced spectroscopy and imaging methods, to gain a deeper under
standing of the interactions between LCPEx-MIONPs and biological 
systems. This could aid in optimizing the design of these nanoparticles 
for specific biomedical applications. In conclusion, this study opens new 
avenues in the field of green nanotechnology, showcasing LCPEx- 
MIONPs as versatile and eco-friendly materials with impactful applica
tions in antioxidants and sustainable food preservation. Addressing 
laboratory limitations and advancing research through more sophisti
cated techniques and in vivo studies will undoubtedly contribute to the 
continued progress and broader adoption of these green nanomaterials 
in various fields. 
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state of magnetite and its high-pressure modification: Thermodynamics of the Fe-O 
system at high pressure. Am. Mineral. 85, 514–523. https://doi.org/10.2138/am- 
2000-0413. 

Wright, J.P., Bell, A.M.T., Attfield, J.P., 2000. Variable temperature powder neutron 
diffraction study of the Verwey transition in magnetite Fe3O4. Solid State Sci. 2, 
747–753. https://doi.org/10.1016/S1293-2558(00)01107-9. 

Wright, J.P., Attfield, J.P., Radaelli, P.G., 2002. Charge ordered structure of magnetite. 
Phys. Rev. B. 66, 214422 https://doi.org/10.1103/PhysRevB.66.214422. 
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