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INTRODUCTION
Metal oxide nanoparticles (MONPs) are a 
fascinating class and diverse form of nanomaterials, 
due to their wide applications in physical, chemical, 
material, agricultural, biological and biomedical 
sciences.1 Currently, different physical and 
chemical processes are widely used to synthesize 
MONPs, which allow one to obtain particles 
with the desired characteristics. However, these 
production methods are usually expensive and are 
potentially hazardous to the environment and living 
organisms.2 Thus, there is an urgent need to find an 
eco-friendly, simple, and cost-effective alternative 
method for the synthesis of nanoparticles (NPs).3 
Phytochemicals from plants are non-toxic, 
reproducible biological resources, which are 
considered safe for human and environmental 
use.4 The use of different bioresources extracted 
from plants have been identified as an alternative 
approach for the synthesis of NPs instead of 
the physical and chemical methods which uses 
hazardous, expensive, and ecologically dangerous 
materials.5 A commonly synthesized material that 
has received lots of attention in recent years is zinc 
oxide nanoparticles (ZnO NPs).

Zinc oxide nanomaterials are a multifunctional 
material, owing to their remarkable physical 
and chemical properties, which include high 
photostability and electrochemical coupling 

coefficient, broad range of radiation absorption, 
biocompatibility, biodegradability, and low toxicity.5 
They have also been reported to show remarkable 
biological properties, such as antidiabetic, anticancer, 
antibacterial, antifungal, antioxidant, and anti-
inflammatory activities.6–8 They have extensive ap-
plications in solar cells, gas sensors, piezoelectric 
devices, sunscreens anti-reflection coatings, 
photocatalysis and biotechnology.9–14 The use of 
plant extracts in the green synthesis of ZnO NPs is 
gaining more research interest in recent times due to 
their bio-functionality, environmental sustainability, 
simplicity, and cost-effectiveness.15 Several 
medicinal plants such as Zingiber officinale (ginger), 
Azadirachta indica, Medicago sativa and Anisochilus 
carnosus, are utilized nowadays as biogenic material 
in the synthesis of ZnO NPs.16–19 They have also been 
used in drug delivery and as antibacterial, anticancer, 
antidiabetic, and agricultural agents.15,20–22 At low 
concentrations, ZnO NPs synthesized using green 
approaches have shown outstanding antioxidant 
and anti-inflammatory properties compared to their 
chemically synthesized counterparts.23,24

In normal metabolism levels, free radicals 
and antioxidants are balanced.24 However, the 
overproduction of free radicals results in oxidative 
damage, leading to a range of chronic diseases such 
as cancer, diabetes, and inflammation.25–27 Therefore, 
antioxidants play an important role in inhibiting and 
scavenging free radicals which may be-come harmful 
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to human cells, thus providing protection against infections and 
inflammatory diseases.28 Although inflammation, including acute and 
chronic inflammation, is the body’s defense response to external stimuli 
such as pathogens, irritants, or infections,29 persistent inflammatory 
responses may lead to chronic inflammation-related diseases such as 
cardiovascular, neurodegenerative, and inflammatory bowel diseases.30 
Currently, inflammation therapy is mainly based on chemical medicine 
including non-steroidal anti-inflammatory drugs such as Diclofenac, 
Ibuprofen, and Indomethacin.31 However, long-term use of these drugs 
possesses various side effects, which include gastrointestinal damages 
(gastric ulcers, and bleeding), liver and kidney dysfunction, and skin 
diseases.32,33 Therefore, the use of medicinal plants as biogenic materials 
in nanoparticle synthesis is attracting much interest in recent time 
because of their remarkable biological properties, vis a viz antioxidant 
and anti-inflammatory activities, while also presenting little or no side 
effect.34,35

Citrus plants (family Rutaceae) are among the widely distributed fruits 
worldwide, having about 160 genera and 1300 species.36 It is widely 
grown in the tropical and sub-tropical areas of the world, with an 
annual production of approximately 102 million tons per year.37 Citrus 
fruits are known to contain bioactive compounds such as phenolics, 
flavonoids, vitamins, and essential oils, which are responsible for 
protective health benefits.38 Citrus fruits and their by-products (peels 
and leaves) are of high economic and medicinal value because of 
their multiple uses, such as in the food industry, cosmetic and folk 
medicine.39 They have been reported to have good antioxidant and 
anti-inflammatory activities.40,41

In this study, ZnO NPs were green synthesized using the peel and 
leaf aqueous extracts of Nova manadarin (Citrus reticulata), Satsuma 
mandarin (C. unshiu) and Eureka lemon (C. limon), while in vitro 
antioxidant and anti-inflammatory activities were determined and 
evaluated. To the best of our knowledge, this study is the first to report 
on the biogenic synthesis of ZnO NPs using the leaf and peel aqueous 
extracts of the three citrus plants as well as their antioxidant and anti-
inflammatory properties.

MATERIALS AND METHODS

General experimental procedure 
All reagents and solvents were purchased from Sigma-Aldrich (Pty) 
Ltd. (Johannesburg, South Africa) and Merck (Pty) Ltd. (Johannesburg, 
South Africa) through a licensed local supplier, Shalom Laboratories 
and Supplies, South Africa. Antioxidant absorbance was measured on 
a 680-BioRad Microplate Reader (Serial Number 14966, Irvine, CA, 
USA).

Plant materials and extraction 
Fresh leaves and fruits of Nova mandarin (C. reticulata), Satsuma 
mandarin (C. unshiu) and Eureka lemon (C. limon), were collected 
from Greenwood Citrus Farm located in Fort Beaufort, Eastern 
Cape Province, South Africa, with GPS coordinate (Latitude, 32° 46' 
26.61"S; Longitude, 26° 37' 58.44"E) on 23rd June 2023. The plants 
were authenticated at Walter Sisulu University Herbarium situated 
in the Department of Botany. The voucher numbers, TD/2023/001, 
TD/2023/002 and TD/2023/003, were assigned to the herbarium 
specimens of the three citrus plants, respectively. The collected leaves 
and peels were air-dried at room temperature (≈25°C) before they 
were milled into powder. A 50 g portion of the powdered leaves and 
peels were macerated in 300 mL of distilled water at 50°C for 1 h with 
constant stirring. They were filtered to obtain the aqueous extracts and 
stored at 4°C until needed for further use.

Green synthesis of ZnO NPs 
The biosynthesis of ZnO NPs was performed following the method 
described by Dejen et al.42 with some modifications. In a 250 mL conical 
flask, 50 mL suspension of each citrus extract was added carefully to 
50 mL of a 0.122 M aqueous solution of [(CH3COO)2 Zn·2H2O]. The 
pH of the solution was maintained at 12 by dropwise addition of 1M 
NaOH solution while stirring for approximately 2½ h. Thereafter, the 
solution was centrifuged three times at 12000 rpm for 15 min, each time 
using a mixture of distilled water and ethanol to remove impurities and 
minimize aggregation size. The collected precipitate was dried in an 
oven set at 100°C for 1 h. It was further heated in a furnace at constant 
temperature of 400°C for 2 h to ensure stability of the colloidal system. 
The resulting dried NPs were powdered and stored in an air-tight 
container until needed for further analysis.

Characterization of the biosynthesized ZnO NPs
To ascertain the successful green synthesis of ZnO NPs, different 
characterization techniques were employed. Vibrational spectra of 
the biosynthesized nanomaterials were recorded using Universal ATR 
sampling accessory spectrum 100 FT-IR spectrometer (Perkin Elmer 
Inc., Waltham, MA, USA). The UV analysis was performed on the Perkin 
Elmer UV-Vis absorption spectrometer (Perkin Elmer Inc., Waltham, 
MA, USA). The crystallinity of the biosynthesized ZnO nanoparticles 
was characterized by coating samples with gold-palladium for 2 min in 
the Denton air vacuum sputter coater (Denton Desk V, USA) at 30 mA. 
The sample was placed into the Apreo volume scope (Thermo-Fischer, 
Netherlands). The nano-images were acquired using the Xt Microscopy 
software (Thermo-Fischer Scientific, Waltham, MA, USA). The particle 
size and morphology of the synthesized products were analyzed on a 
TECNAI G2 (ACI) scanning electron microscope with an accelerating 
voltage of 200 kV. The elemental composition and the morphology of 
the prepared nanomaterials were studied using FEI Quanta FEG 250 
field emission gun microscope operating at 15 kV with the Energy 
Dispersive X-ray (EDX) spectra obtained using Oxford Inca software 
(Oxford Instruments, Abingdon, UK).

Antioxidant analysis of citrus-mediated ZnO NPs

2,2-Diphenyl-1-picrylhydrazyl radical scavenging assay

The DPPH radical scavenging assay method was used according to 
Shen et al.,43 with slight modifications. A solution of 0.135 mg/mL 
DPPH in methanol was prepared, and 1.0 mL of the DPPH solution was 
mixed with 1.0 mL of each of the test samples at varying concentrations 
(100.00, 50.00, 25.00, 12.50 and 6.25 µg/mL) in triplicates. The reaction 
mixture was thoroughly mixed and kept in a dark room for 30 min. 
The absorbance was measured at 515 nm on a 680-Bio-Rad Microplate 
Reader (Bio-Rad Inc., Hercules, CA, USA). L-Ascorbic acid was used 
as the positive control. Additionally, the leaf and peel aqueous extracts 
of the three citrus plants were also used as a control over similar 
concentration ranges. The DPPH radical scavenging activity of the test 
samples was determined based on the equation (1):

where Ac = absorbance of negative control (methanol), and At = 
absorbance of test sample.

The inhibitory concentration (IC50) of each test sample was determined 
from the concentration-% DPPH radical scavenging response plot.

Nitric oxide (NO) radical scavenging assay
The ability of the citrus extract based ZnO NPs to inhibit NO free 
radicals was determined using standard method.44 ZnO NPs, prepared 
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using methanol, were evaluated at different concentrations (100.00, 
50.00, 25.00, 12.50, and 6.25 µg/mL). They were added to sodium 
nitroprusside (2.0 mL, 0.2 mM) in triplicates. The reaction mixture 
was then incubated at 25°C for 3 h. Following the incubation, 0.5 
mL of the mixture was combined with Griess reagent. Griess reagent 
consists of 0.33% sulphanilamide dissolved in 20% glacial acetic acid 
and mixed with 1 mL of naphthylethylenediamine chloride (0.1% w/v). 
The resulting complex formed by the mixture and Griess reagent was 
incubated at room temperature for 30 min. The absorbance of the 
complex was measured at 540 nm. L-Ascorbic acid was employed as 
the positive control, while the aqueous citrus extracts alone also served 
as a control over similar concentration ranges.

The percentage inhibition of NO radical was calculated based on 
equation (1), while the IC50 values were determined.

Ferric reducing antioxidant power (FRAP) assay
The FRAP activity of the green synthesized was evaluated using 
standard method.45 Here, 1.0 mL of each of the test samples in 
methanol (100.00, 50.00, 25.00, 12.50 and 6.25 µg/mL) was added to 
the mixture containing 2.5 mL of phosphate buffer (0.2 M pH 6.6) and 
2.5 mL of potassium ferricyanide [K3Fe(CN)6] (1% w/v) in triplicates. 
L-Ascorbic acid was used as the positive control. The resulting mixture 
was incubated at 50°C for 20 min, followed by the addition of 2.5 mL of 
trichloroacetic acid (TCA) (10% w/v). It was then centrifuged at 300 rpm 
for 10 min. About 2.5 mL of the upper layer of the solution was mixed with 
2.5 mL of distilled water and 0.5 mL of FeCl3 (0.1% w/v). The experiment 
was conducted in triplicate, and absorbance was measured at 700 nm 
against a blank sample of only phosphate buffer. Thus, the ferric reducing 
power of the test samples at 100.00, 50.00, 25.00, 12.50 and 6.25 µg/mL 
concentration in methanol was determined as ascorbic acid equivalent 
(AAE) from the calibration curve of the L-ascorbic acid (positive control). 

In vitro anti-inflammatory analysis of citrus extract-
mediated ZnO NPs
The anti-inflammatory response of the six citrus-mediated ZnO NPs 
was carried out using the egg albumin denaturation assay method 
reported by Chatterjee et al.,46 with modifications. The reaction mixture 
(5 mL) consisted of 0.2 mL of egg albumin, 2.8 mL of phosphate 
buffered saline (PBS, pH 6.4) and 2 mL of varying concentrations of 
the test samples including Diclofenac (positive control), so that the 
final concentrations become 100.00, 50.00, 25.00, 12.50 and 6.25 μg/
mL in triplicates. Similar volume of double-distilled water served as 
negative control, while the various aqueous citrus extracts were tested 
to also serve as a control. The reaction mixtures were incubated at 
37°C in a BOD incubator (Labline Technologies, Ahmedabad, Gujarat, 
India) for 15 min, and then heated at 70°C for 5 min. After cooling, 
their absorbance was measured at 660 nm. The percentage inhibition 
of protein (egg albumin) denaturation was calculated according to 
equation (2):

where Vt = Absorbance of test sample, and Vc = Absorbance of negative 
control, EAD = egg albumin denaturation.

The concentration of the test sample that exerted 50% inhibition of 
EAD represents the IC50 –a measure of the in vitro anti-inflammatory 
activity of the citrus mediated ZnO NPs.

Statistical analysis
Antioxidant and anti-inflammatory data were imputed on a Microsoft 
Excel version 365 (Microsoft® Corporation, Redmond, WA, USA). The 
data were expressed as the mean ± standard error of mean, SEM (n = 3) 
and analyzed using one-way analysis of variance (ANOVA), followed 

by Student Newman–Keul’s post hoc test. The level of significance of 
the sampled groups was set at 95% confidence limit (p < 0.05).

Study workflow
The entire study from the green synthesis of ZnO NPs using the three 
citrus plants, through characterization, to free radical scavenging and 
anti-inflammatory analyses, is presented in a diagrammatic sketch 
as Figure 1, using the Microsoft Publisher version 365 (Microsoft® 
Corporation, Redmond, WA, USA Africa).

RESULTS AND DISCUSSION

Characterization of the biogenic nanoparticles
The characterization of the biosynthesized nanomaterials was carried 
out by using a number of techniques including X-ray diffraction 
analysis (XRD), Fourier infra-red spectroscopy (FTIR), ultraviolet-
visible spectroscopy (UV-vis), scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), and energy-dispersive X-ray 
spectroscopy (EDX).

UV-Visible analysis
The UV-Vis spectra of the green synthesized ZnO NPs using the peel 
and leaf extracts of C. reticulata (Nova mandarin), C. unshiu (Satsuma 
mandarin), and C. limon (Eureka lemon), are presented in Figures 2A–
C. The zinc acetate dihydrate starting material (zinc precursor) showed 
absorption peaks at 208–238 nm, which are typical of the UV-Vis 
absorption peaks of zinc acetate.47,48 The individual plant extracts used 
for the green nano-synthesis gave absorption peaks within the range 
230–450 nm, which agree with the absorption peaks of conjugated 
compounds.49,50 Furthermore, the absorption peaks at 387 and 415 nm 
in the citrus extract-mediated ZnO NPs (Figures 2A-C) correspond 
to the characteristic peaks for ZnO NPs ,50–52 indicating the successful 
formation of ZnO NPs using citrus peel and leaf extracts.

FTIR analysis
The observed FTIR spectra obtained for the nanoparticles are presented 
in Figure 3. The vibrational bands at 600 and 460 cm-1 correspond to 
metal oxide (M–O) stretching and deformation vibration, respectively, 
as previously reported in extract-mediated ZnO NPs.51,53 The hump at 
3400 cm-1 corresponds to the presence of a hydroxyl (OH) functional 
group, while the peaks at 1600 cm-1 (C=O) and 1400 cm-1 (O-H bending 
vibration) could be due to phytochemicals in the citrus extracts.50,53–55 

X-ray diffraction (XRD) analysis 
The X-ray diffraction pattern obtained and presented in Figure 4 
provides valuable information on the crystallinity of the biosynthesized 
ZnO NPs. The diffraction peak values (2θ) found at 31.77°, 34.42°, 
36.25°, 47.53°, 56.60°, 62.86°, 66.38°, 67.96°, 69.10°, and 76.95° 
have been indexed as (100), (002), (101), (102), (110), (103), (200), 
(112), (201) and (202) respectively. The observed intensity peaks in 
the diffraction pattern agree with the hexagonal wurtzite structure 
reported for ZnO NPs56 and are consistent with the standard JCPD No 
00-036-1451. In addition, the presence of these diffraction peaks shows 
that the biosynthesized ZnO NPs are crystalline and not amorphous in 
nature. In addition, the sharpness of the diffracted peaks observed in 
the obtained diffractogram suggests that the biosynthesized ZnO NPs 
exhibit a crystalline structure. Likewise, the absence of unwanted peaks 
indicates that the sample is free from impurities and is not amorphous. 
This report agrees with those in literature in which different plant 
extracts were used as mediating agents for ZnO NPs.57,58 

SEM and TEM analyses
Microscopic evaluation of the citrus extract-based ZnO NPs confirmed 
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Figure 1. Flow chart for green synthesis of ZnO NPs using three citrus plants and their biological screening

Figure 2. UV-Visible spectra of the green synthesized ZnONPs using three citrus species. (A) Nova mandarin leaf (NML) and Nova mandarin peel (NMP), 
(B) Satsuma mandarin leaf (SML) and Satsuma mandarin peel (SMP), (C) Eureka lemon leaf (ELL) and Eureka lemon peel (ELP).
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Figure 3. FTIR spectra of biosynthesized ZnO NPs using three different citrus species. Eureka lemon leaf (ELL), Eureka lemon peel (ELP), Satsuma 
mandarin leaf (SML), Satsuma mandarin peel (SMP), Nova mandarin leaf (NML), Nova mandarin peel (NMP).
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Figure 4. XRD diffraction pattern of Nova mandarin peel extract mediated ZnO NPs

the formation of a rod-like morphology arranged in bundles but tend 
to agglomerate into spherical particles, with sizes between 9.4 and 35.1 
nm (Figure 5). The rod-like appearance is characteristic of ZnO NPs, as 
previously reported.59–61

TEM is the most used technique for determining the particle size of 
nanorods. It is also used to determine the shape and dispersibility of 
nanoparticles. Studies have shown that nanorods activities are influenced 
by the particle size, as small particle size enhances the activities of 
nanorods and vice versa.62 Thus, the ZnO NPs synthesized using the 
peel and leaf extracts of three citrus plants showed nanomaterials of 
particle size range 35–55 nm with rod-like shape, which tends towards 

spherical shape upon agglomeration. Although agglomeration was also 
observed for all the images, this observation corroborates the result 
obtained for the SEM analysis of the nanomaterials (Figure 5) and are 
similar to previous studies on biosynthesized zinc oxide nanorods.59, 63

EDX analysis
In this study, EDX analysis was used to determine the elemental 
composition of the citrus mediated ZnO NPs. The spectrum (Figure 
6) showed the occurrence of C, O, and Zn peaks at 0.25, 0.51, and 1.01 
keV. The Zn and O components of the NPs showed weight percentage 
values of 78.05 and 11.00%, which agree with previous reports on green 
synthesized ZnO NPs.64,65. Furthermore, the characteristic Zn peaks 
in the acquired EDX spectrum at 1.01, 8.71 and 9.57 keV, are due to 
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I II 

Figure 5. SEM and TEM micrograph images of citrus extract mediated ZnO NPs at different magnifications. SEM images: (I) rod-like morphology of 
Nova mandarin peel (NMP) extract synthesized ZnO NPs arranged in bundles, (II) agglomeration of the NMP extract based ZnO nanorods into spherical 
particles. TEM images: (A) SMP-Satsuma mandarin peel, (B) SML-Satsuma mandarin leaf, (C) NMP-Nova mandarin peel, (D) NML-Nova mandarin leaf, (E) 
ELP-Eureka lemon peel, and (F) ELL-Eureka lemon leaf.

Figure 6. EDX spectrum of Nova mandarin peel extract-mediated ZnO NPs showing the weight % of elements in the nanoparticles.
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surface plasmon resonance effect, which is typical for the absorption of 
ZnO nanostructures.66

Free radical scavenging capacity

DPPH radical scavenging activity
The method of 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical 
scavenging is a widely employed technique to assess the antioxidant 
potential of natural products and other substances. The assay is based 
on the ability of a substance to donate hydrogen atoms, thereby 
reducing the DPPH radical, which is initially deep violet in color, to a 
light-yellow color. This reduction can be quantitatively measured using 
spectrophotometry.43 The test samples showed a steady concentration-
dependent increase in the percentage inhibition of the DPPH radical 
from 43.64% to 73.9% with increase in concentration from 6.25–100 
µg/mL (Figure 7). At a concentration of 100 µg/mL, NMP extract-
mediated ZnO NPs displayed the highest DPPH percentage inhibition 
(73.9±0.82%,) among the green synthesized ZnO NPs. However, it was 

lower in percentage inhibition compared to that of L-ascorbic acid, 
which demonstrated 78.03±0.50%.

Further evaluation of antioxidant activity to gain more insight on 
the possible contributory role of the various plant extracts on their 
respective ZnO NPs is presented in Table 1. The study revealed that the 
various citrus extracts contribute to the free radical scavenging activities 
of the ZnO NPs. Apart from ELL extract (IC50 = 16.71±1.28 µg/mL), 
which exhibited a significantly (p<0.05) better activity than its green 
synthesized ZnO NPs (22.52±0.67 µg/mL), the ZnO NPs synthesized 
with the peel and leaf extracts of Nova mandarin and Satsuma 
mandarin as well as those from Eureka lemon peel extract exhibited 
better activity compared to their respective crude extracts. The best 
activity was demonstrated by NMP-based ZnO NPs, with an IC50 of 
7.61±0.69 µg/mL. Previous studies have shown that ZnO NPs prepared 
with natural citrus extract, such as the Eureka lemon juice, exhibit more 
antioxidant activity than those capped with citric acid, with the latter 
showing 50% inhibition of DPPH at 500 µg/mL.67 Also, Nova mandarin 
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lemon leaf, AA – L-ascorbic acid, * p<0.0001 – data on bars are significantly different from positive control (AA), ns – no significant difference to the positive 
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Figure 8. Nitric oxide inhibitory effect of citrus extract-mediated ZnO NPs. Data are expressed as mean ± SEM (n = 3), NMP – Nova mandarin peel, NML – 
Nova mandarin leaf, SMP – Satsuma mandarin peel, SML – Satsuma mandarin leaf, ELP – Eureka lemon peel, ELL – Eureka lemon leaf, AA – Ascorbic acid, * 
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leaf extract-based ZnO NPs have been reported to show notable DPPH, 
radical scavenging activity with an IC50 of 33.5±0.99 mg/mL.68 Thus, 
our study findings underscore the considerable antioxidant potential 
of citrus extract based ZnO NPs, especially those prepared with Nova 
mandarin peel extract, positioning it as a promising source of natural 
antioxidants. 

The color changes from deep violet to light yellow serves as a visual and 
spectrophotometric indicator of the antioxidant activity. The ability of 
the extract to mimic the behavior of the standard antioxidant further 
supports its efficacy in scavenging free radicals. Overall, these results 
contribute valuable insights into the antioxidant properties of Nova 
mandarin peel as well as other biosynthesized nanorods in this study 
and highlight their potential applications in various fields, including 
functional foods and pharmaceuticals. Further research may delve 
into the specific compounds responsible for the observed antioxidant 
activity and explore potential synergistic effects within the plant 
extracts.

Nitric oxide inhibitory activity
The capacity of the synthesized ZnO NPs to inhibit the activity of 
inducible nitric ox-ide synthase (iNOS) by free radical scavenging 
activity was demonstrated in the NO radical inhibition test, a key player 
in inflammatory processes and oxidative stress. The Nova mandarin 
peel (NMP) ZnO NPs gave the best activity, having demonstrated 65.52 
± 0.69% inhibition of NO radical. (Figure 8). Comparatively, ZnO 
NPs from Satsuma mandarin, another citrus variety, also exhibited 
notable NO inhibition, albeit slightly lower at 62.92 ± 0.99%. To better 
understand the antioxidant capacity of each citrus based ZnO nanorods 
and the contributory role of their crude extracts, the IC50 values of all 
the test samples were presented (Table 1). Unlike the result obtained 

for the DPPH radical scavenging activity, the leaf extracts based ZnO 
NPs from the three Citrus plants exhibited significantly (p<0.05) higher 
IC50 values than their control extracts. This translates to a reduced 
antioxidant activity when the extracts were biosynthesized with ZnO 
NPs, suggesting that some of the chemical constituents present in 
NML, SML and ELL extracts might not have been fully functionalized 
in the ZnO NPs to be able to act as reducing agents against the NO 
free radical. Conversely, the peel extract mediated ZnO NPs showed 
better activity against NO, based on their significantly (p<0.05) lower 
IC50 values compared to their control extracts. Overall, the NMP 
extract based ZnO NPs gave the best activity against NO radical in all 
the Citrus plants tested, with an IC50 value of 19.93±0.40 µg/mL. Our 
findings highlight the variability in the antioxidant activity of ZnO NPs 
de-rived from different citrus sources. The differences may be attributed 
to the variation in the phytochemical composition of the three citrus 
plants, emphasizing the importance of selecting specific Citrus varieties 
for nanoparticle synthesis to harness optimal antioxidant properties. 
The superiority of NMP extract based ZnO NPs in the NO radical 
inhibition test could be linked to the unique phytochemical profile of 
Nova mandarin peel. Citrus peels are known to contain a myriad of 
bioactive compounds, such as flavonoids and phenolic acids, which are 
renowned for their antioxidant and anti-inflammatory properties.38–40 
The NPs derived from NMP likely retained and concentrated these 
bioactive compounds, contributing to their enhanced NO scavenging 
ability.

This study not only highlights the potential of NMP synthesized 
ZnO NPs as a source of antioxidant activity but also underscores the 
importance of considering the specific citrus variety when exploring 
NP applications in medicine and therapeutics. Further investigations 
into the underlying mechanisms of the observed NO inhibition and 

Citrus plant Extract-mediated ZnO NPs with their 
control extracts

IC50±SEM (µg/mL)
DPPH NO

Nova mandarin
Peel extract-ZnO NPs 7.61 ± 0.69 b 19.93 ± 0.40 b

Control (peel extract) 9.91 ± 0.70 c 25.17 ± 1.58 d

Leaf extract-ZnO NPs 13.91 ± 0.42 d 26.23 ± 0.79 d

Control (leaf extract) 22.81 ± 2.12 23.61 ± 1.02 c

Satsuma mandarin

Peel extract-ZnO NPs 12.71 ± 0.65 d 20.64 ± 0.61 b

Control (peel extract) 14.99 ± 0.87 e 33.79 ± 2.63 fg

Leaf extract-ZnO NPs 18.05 ± 0.83 f 29.53 ± 0.43 d

Control (leaf extract) 23.17 ± 2.26 g 35.18 ± 1.97 g

Eureka lemon

Peel extract-ZnO NPs 15.08 ± 0.66 e 20.11 ± 0.86 b

Control (peel extract) 17.11 ± 1.08 f 28.62 ± 1.17 e

Leaf extract-ZnO NPs 22.52 ± 0.67 g 31.53 ± 0.59 f

Control (leaf extract) 16.71 ± 1.28 ef 22.87 ± 1.44 bc

Positive control L(+)-Ascorbic acid 4.17 ± 0.88 a 13.39 ± 0.92 a

Table 1. Antioxidant activities of Citrus synthesized ZnO NPs with their control extracts.

Data are expressed as Mean ± SEM (n=3), values with different alphabets in superscript are considered significant at p<0.05.

Conc. (µg/mL)
µgAAE/mg

NMP NML SMP SML ELP ELL
6.25 122.16 ± 2.69 d 107.03 ± 2.49 b 112.97 ± 3.55 c 101.08 ± 3.26 a 115.41 ± 4.54 c 105.14 ± 3.41 ab

12.5 137.84 ± 3.48 c 117.57 ± 2.43 b 118.92 ± 2.72 b 109.73 ± 2.80 a 121.08 ± 2.72 b 116.22 ± 3.28 b

25 143.24 ± 4.96 d 134.05 ± 4.31 c 137.57 ± 4.27 a 120.27 ± 2.67 a 135.14 ± 3.42 c 127.84 ± 2.83 b

50 150.81 ± 3.08 c 141.35 ± 3.57 a 140.54 ± 5.23 ab 137.84 ± 2.71 a 147.57 ± 5.56 bc 138.92 ± 2.60 a

100 169.78 ± 4.65 c 152.97 ± 3.04 ab 158.65 ± 4.76 b 146.67 ± 3.40 a 164.32 ± 6.58 bc 149.46 ± 1.94 a

Table 2. Ferric reducing activity of nanoparticles synthesized from three Citrus species.

Data are expressed as mean ± SEM (n = 3). Synthesized ZnO nanoparticles: NMP – Nova mandarin peel, NML – Nova mandarin leaf, SMP – Satsuma mandarin peel, 
NML – Nova mandarin leaf, ELP – Eureka lemon peel, ELL – Eureka lemon leaf, AAE – Ascorbic acid equivalent, values having different alphabets in superscript 
are considered significant at p<0.05, concentration (conc.).
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the identification of key bioactive compounds in citrus plants ZnO 
NPs could provide valuable insights for the development of novel 
antioxidant and anti-inflammatory agents with potential biomedical 
applications.

Ferric reducing antioxidant power (FRAP)
The ferric reducing antioxidant power (FRAP) of an extract is a 
measure of its ability to donate electrons; thus, it may serve as an 
important indicator of the antioxidant activity of natural products.44 
In the ferric reducing antioxidant assay, the ZnO NPs from NMP, ELP 
and SMP exhibited good reducing activity (Tables 2). At the highest 
concentration of 100 µg/mL, they significantly (p<0.05) reduced Fe3+ 
radicals at 169.78±4.65, 164.32±6.58 and 158.65±4.76 µgAAE/mg, 
respectively. The observed reducing activity is indicative of the ability of 
these citrus mediated ZnO NPs to donate electrons and neutralize Fe3+ 
radicals. This property is crucial in the context of antioxidant defenses 
as it suggests the potential of these nanoparticles to counteract oxidative 
stress by mitigating the effects of reactive oxygen species. The slight 
variation in reducing activity among the different citrus peel NPs may 
be attributed to the unique phytochemical composition of each Citrus 
species. Citrus peels are known reservoirs of bioactive compounds such 
as flavonoids and phenolic acids, which contribute to their antioxidant 
potential. Thus, the NPs derived from the peel extract of these citrus 
species likely encapsulate and concentrate these bioactive compounds, 
influencing their overall ferric reducing antioxidant activity.

The findings of this ferric reducing antioxidant assay emphasize 
the promising antioxidant properties of citrus peel nanoparticles, 
particularly Nova mandarin, Eureka lemon, and Satsuma mandarin. 
The ability to effectively reduce Fe3+ radicals suggest the potential 
applicability of these NPs in various fields, including functional foods, 
pharmaceuticals, and nanomedicine. Further research could delve 
into identifying the specific bioactive components responsible for the 
observed reducing activity and explore potential synergistic effects 
within these citrus peel nanoparticles for enhanced antioxidant efficacy.

In vitro anti-inflammatory activity
The egg albumin denaturation assay is based on the idea that substances 
with anti-inflammatory properties may be able to stabilize protein 
structures by inhibiting its denaturation, thus preventing inflammation 
and tissue damage in biological systems.69

At 100 µg/mL, ZnO NPs green synthesized with NMP demonstrated 
the highest activity of 71.73±0.76% inhibition of lipid peroxidation 
(Figure 9). The observed high inhibition of lipid peroxidation aligns 
with the general antioxidant trends seen in other assays in previously 

published studies. Thus, our findings suggest that NMP extract based 
ZnO NPs can neutralize and break the chain reactions associated with 
lipid peroxidation, indicating a robust antioxidant defense mechanism. 
This result is consistent with a previously published report on 
biosynthesized ZnO NPs.56

A summary of the anti-inflammatory activities of the three Citrus 
extracts based ZnO NPs alongside their control extracts is presented 
in Table 3. The NMP extract based ZnO NPs showed the best anti-
inflammatory activity, with an IC50 value of 14.80±1.29 µg/mL. This 
activity was comparable (p>0.05) to those demonstrated by Diclofenac 
(IC50 = 12.37±1.67 µg/mL) and ELP extract mediated ZnO NPs (IC50 
= 16.77±0.79 µg/mL). The result further explains the significant role 
that the NMP extract played in the overall anti-inflammatory activity 
displayed by its ZnO nanorods. It is worthy of mention that the leaf 
extract of Satsuma mandarin and Eureka lemon showed better anti-
inflammatory activities than their ZnO NPs, which may suggest that 
some of their constituents are not fully utilized as anti-inflammatory 
agents in the green synthesized ZnO NPs. The unique phytochemical 
composition of NMP and the other citrus plant parts, possibly 
concentrated and preserved in the nanoparticle form, likely contributes 
to this elevated activity. The nanoparticles may act as effective 
scavengers of reactive oxygen species, preventing oxidative damage to 
lipids and thereby preserving the integrity of cellular membranes.70

The results further emphasize the potential applications of citrus plant 
parts biosynthesized ZnO NPs in combating oxidative stress-related 
conditions including inflammatory diseases. As lipid peroxidation 
is implicated in various diseases, including neuro-degenerative 
disorders and cardiovascular diseases, the demonstrated inhibition 
by these nanoparticles opens avenues for their use in pharmaceutical 
and nutraceutical formulations. Future investigations could delve 
into elucidating the specific molecular mecha-nisms underlying the 
inhibitory effects of these ZnO NPs on lipid peroxidation, providing 
deeper insights into their therapeutic potential. Lastly, a thorough 
toxicology studies on these Citrus based ZnO NPs may be necessary, 
since metal oxide NPs including ZnO NPs, have been reported to show 
a high potential to accumulate in marine food chains, causing serious 
toxicity to marine ecosystems.71

CONCLUSION
We describe a straightforward, inexpensive, and eco-friendly procedure 
for the green synthesis of ZnO NPs using the peel and leaf aqueous 
extracts of Nova mandarin, Satsuma mandarin and Eureka lemon. In 
this study, the citrus extract-mediated ZnO NPs were subsequently 
characterized and evaluated for free radical scavenging and anti-

Citrus plant Extract-based ZnO NPs
with extract alone (control) IC50±SEM (µg/mL)

Nova mandarin
Peel extract-ZnO NPs 14.80 ± 1.29 ab

Control (peel extract) 21.17 ± 2.11 d

Leaf extract-ZnO NPs 28.44 ± 1.04 e

Control (leaf extract) 37.51 ± 2.33 f

Satsuma mandarin

Peel extract-ZnO NPs 17.92 ± 0.40 c

Control (peel extract) 29.36 ± 2.35 e

Leaf extract-ZnO NPs 25.58 ± 2.91 e

Control (leaf extract) 18.01 ± 1.13 c

Eureka lemon

Peel extract-ZnO NPs 16.77 ± 0.79 bc

Control (peel extract) 22.81 ± 1.72 d

Leaf extract-ZnO NPs 29.90 ± 0.94 e

Control (leaf extract) 17.44 ± 0.95 c

Positive control Diclofenac 12.37 ± 1.67 a

Table 3. In vitro anti-inflammatory activity of Citrus extract-mediated ZnO NPs.

Data are expressed as mean ± SEM (n=3), values with different alphabets in superscript are significantly different at p<0.05.
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inflammatory properties. The characterization by FTIR, UV-Vis, SEM, 
TEM, EDX and XRD confirmed the successful green synthesis of ZnO 
NPs, with distinctive features, such as a metal-oxygen vibrational band 
and rod-like morphology with particle sizes ranging from 35 to 50 nm. 
Biologically, they showed considerable free radical scavenging and 
anti-inflammatory capacity, with Nova mandarin peel extract ZnO 
NPs exhibiting the highest activity. Thus, the study findings highlight 
the biological contribution of natural extracts such as Nova mandarin 
peel extract in the green synthesis of ZnO NPs. The demonstrated 
biological activities of the NPs further underscore their antioxidant and 
anti-inflammatory potentials.

Further in vitro assessment using human or animal cell lines, to 
elucidate the underlying molecular mechanisms of action, followed by 
in vivo efficacy and toxicity studies, will contribute to a comprehensive 
understanding of the therapeutic and safety profile of these NPs.
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