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Abstract

Zinc oxide nanoparticles have been synthesized using various techniques, including green chemistry, due to their versatil-
ity, cost-effectiveness, and environmentally friendly properties. This study aimed to develop zinc oxide nanoparticles as an
anti-inflammatory agent using Alligator pepper (Aframomum citratum K. Schum (Zingiberaceae)) seed extract. To achieve
this, the nanoparticles were prepared through the reaction between zinc nitrate and an alkaline aqueous extract of Alliga-
tor pepper seeds. The resulting material was then characterized using ultraviolet-visible spectroscopy, Fourier-transform
infrared spectroscopy, scanning electron microscopy with energy-dispersive X-ray spectroscopy, powder X-ray diffraction,
and transmission electron microscopy. The toxicological profile was evaluated at a limited dose of 2000 mg/kg in rats. The
anti-inflammatory potential was assessed using methods that included the inhibition of heat-induced egg albumin denatur-
ation, stabilization of red blood cell membranes, and inhibition of carrageenan-induced plantar oedema. Fourier-transform
infrared spectroscopy confirmed the presence of secondary metabolites, while scanning electron microscopy revealed mul-
tiform aggregates. Transmission electron microscopy visualized small, point-like particles, and energy-dispersive X-ray
spectroscopy confirmed the presence of zinc atoms within the synthesized material. The nanoparticles demonstrated high
anti-inflammatory activity, with inhibition percentages reaching 86% at a concentration of 1 mg/mL in the tested models,
red cell membrane stabilization and oedema induction by carrageenan, respectively. These findings suggest that zinc oxide
nanoparticles synthesized using Alligator pepper seed extract have significant potential as anti-inflammatory agents.
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1 Introduction

According to the World Health Organization (WHO), three
out of five people die every year from inflammation-related
pathologies. Inflammation occurs when the integrity of an
organism’s morphological or biological constants is threat-
ened. It occurs during infections or aggression by physical
and chemical agents. Inflammation is manifested by symp-
toms such as oedema, pain, heat, or fever [1, 2]. Current
treatments for inflammatory diseases based on non-steroidal
anti-inflammatory drugs (NSAIDs) and steroids may have
limitations on some clinical events, such as complications
of the gastrointestinal tract, a history of heart disease, ulcers,
and bleeding. In addition, their cost and poor accessibility
are major obstacles in a context of countries with limited
resources.

For centuries, medicinal plants have had an established
therapeutic value for a variety of human ailments. Their
effects derive from the secondary metabolites of their
extracts [2, 3]. The application of nanotechnology to herbal
medicines could lead to the development of nanoproducts
with enhanced solubility, bioavailability, and pharmaco-
logical activity [3]. Zinc is an essential element for human
life. Studies on zinc oxide show that it is biodegradable and
pharmacologically interesting. Zinc oxide nanoparticles
synthesized using Punicagranatum and Tamarindus indica
have demonstrated significant antibacterial activity against
Escherichia coli and Pseudomonas aeruginosa. These
nanoparticles exhibited 50% cell viability at a concentra-
tion of 100 pg/mL when tested against MCF-7 breast can-
cer cells [4]. Similarly, zinc oxide nanoparticles obtained
using Abutilon indicum, Melia azedarach, and Indigofera
tinctoria as fuel sources induced dose-dependent anticancer
toxicity against DU-145 prostate cancer cells and Calu-6
lung cancer cells [5]. A comparative study on the antioxi-
dant potential of zinc oxide nanoparticles synthesized from
lemon juice and citric acid revealed that particles derived
from lemon juice exhibited superior antioxidant activity.
This finding highlights lemon juice as a more cost-effective
and environmentally sustainable alternative for nanoparti-
cle synthesis [6]. In addition to antioxidant properties, these
nanoparticles also displayed anti-tubercular activity, with a
concentration of 12.5 pg/mL effectively inhibiting Myco-
bacterium tuberculosis H37Ra while remaining non-toxic
to healthy mammalian (mouse) cells [7]. Further research
by Prashanth et al. (2020) explored the effects of cobalt
and nickel doping on zinc oxide nanoparticles. Their find-
ings indicated that doping, when combined with ultraviolet
exposure, significantly enhanced the antibacterial and anti-
cancer properties of the nanoparticles. This improvement
was attributed to increased reactive oxygen species gen-
eration, suggesting a promising strategy for optimizing the

biomedical potential of zinc oxide nanoparticles [8]. Over-
all, these studies demonstrate that zinc oxide nanoparticles
exhibit remarkable antimicrobial, antioxidant, and antican-
cer activities, which can be further enhanced through stra-
tegic modifications in synthesis methods, composition, and
treatments [4, 8]. Their unique physicochemical properties,
including smaller particle size and tailored morphology,
contribute to their superior biological performance [4, 7].

The powder form is incorporated in baby powders and
barrier creams to treat or prevent a variety of skin condi-
tions including dermatitis. It can be mixed with iron oxide
to form calamite lotion used as topical skin treatment, or
castor oil to form emollient and astringent. Also, due to its
antibacterial properties zinc oxide is incorporated in various
oral care products such as toothpaste, mouthwash to prevent
tartar and plaque formation [9, 10].Its use could lead to exit-
ing synergistic situation when combined with plant extracts.

Alligator pepper (Aframomumcitratum K. Schum
(Zingiberaceae)) is a species found in the Guinean forests
of Africa. It is also distributed in Nigeria, Cameroon, and
Gabon [11]. 4. citratum is considered a hard-shelled fruit
and a non-wood forest product, used as a spice and in many
traditional pharmacopoeia recipes. It is heat-treated before
being ground in the recipe for “Mbongo Tchobi’, a spicy
black sauce native to the central and coastal regions of Cam-
eroon. Oral administration of hydroethanolic extracts of A.
citratum, A. danielli and A. aulacocorpus reduced the expo-
nential weight gain induced by the atherogenic diet and was
accompanied by a significant (p<0.05) reduction in high-
density lipoprotein (HDL) cholesterol.

With the aim of proposing options for the management
of inflammatory pathologies while protecting biodiversity,
this study presents the synthesis of zinc oxide nanoparticles
(ZnONPs) using A. citratum seed extract, their acute toxi-
cological profile, and assessment of their anti-inflammatory
activity in vitro and in vivo.

2 Experimental

2.1 Collection, Authentication, and Preparation of
Extract

The fruits of Aframomum citratum were harvested in
Ngoulemakong (N°3 04’ 60.00"; E°11 25’ 59.99"), located
50 km from Ebolowa in the South Region of Cameroon.
The plant was authenticated at the Cameroon National
Herbarium as identical to specimen number 37,736/HNC.
After collection, the fruits were thoroughly washed first
with tap water and then with distilled water to remove any
contaminants. The seeds were carefully separated from the
pulp and dried for two weeks in a dark, well-ventilated area.
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Once fully dried, they were finely pulverized into a powder
(Fig. 1).

To prepare the extract, an infusion was carried out by dis-
solving 75 g of the powdered seeds in 750 mL of distilled
water (mass-to-volume ratio of 1:10 g/mL) and heating the
mixture at 60 °C for 10 min. The solution was then filtered
using Whatman No. 1 filter paper, and the residual solvent
was evaporated in an oven at 40 °C to obtain a concentrated
extract. The extraction yield was calculated as the percent-
age of dry extract obtained from the infused powder.

2.2 Phytochemical Study

Several tests were carried out to determine the presence
or absence of various families of secondary metabolites in
the plant extract. The Liebermann-Burchard reaction was
used to detect polyterpenes and sterols, while cardiotonic
glycosides were identified following the method described
by Shivakumar and colleagues [12], Alkaloids were tested
using the Dragendorff and Valser-Mayer reactions [13], and
tannins were analyzed according to the procedure outlined
by Nemlin and Brunel(1995) [14]. The presence of poly-
phenols, flavonoids, and coumarins was determined using
previously established methods reported in the literature
[15, 16].

2.3 Synthesis of Zinc Oxide Nanoparticles

A solution of 0.2 mol/L zinc nitrate hexahydrate (>96%,
CarlRoth) and a solution of 2 mol/L NaOH (=97%, pel-
lets, Merck) were prepared. 30 mL of 4. citratum aqueous
extract was mixed with 70 mL zinc nitrate hexahydrate, and
the solution was stirred for 10 min. The pH of the reaction
mixture was adjusted by the dropwise addition of 2 mol/L
NaOH at pH 12. Synthesis was monitored by a visual obser-
vation of color change of the colloid suspension. UV-Vis
spectrophotometric scanning between 300 and 600 nm
were accessed to find the plasmon resonance, indicator of

the formation of ZnONPs. These nanoparticles were centri-
fuged at 4000 rpm for 20 min and washed twice with dis-
tilled water and then ethanol to remove impurities. The final
product in the form of a white powder material was dried
overnight at 50 °C [17].

2.4 Ultraviolet-Visible Characterization (UV-Vis)

Ultraviolet-Visible spectroscopy was monitored on a P9
double beam spectrophotometer from VWR. Measurements
were made between 200 and 800 nm.

2.5 Fourier-Transformed Infrared Spectroscopy
(FTIR)

Infrared spectroscopy was conducted using a Bruker Ten-
sor 37 with attenuated total reflection, ATR unit by scanning
between 600 and 4000 cm ™ .

2.6 Powder X-Ray Diffraction (PXRD)

The PXRD diffraction of the nanoparticles was performed
using a Bruker D2 Phaser powder diffractometer (Cu
K-Alphal [A] 1.54060, K-Alpha2 [A] 1.54443, K-Beta [A]
1.39225) by preparing a thin film on a low-background sili-
con sample holder; 30 min measurement time, 2 theta range
5°-80°.

2.7 Scanning Electron Microscopy (SEM) and
Energy-Dispersive X-Ray Spectroscopy (EDX)
Investigations

Scanning electron microscopy (SEM) was carried out with
aJeol JSM—6510LV QSEM Advanced electron microscope
with a LaB, cathode at 20 kV equipped with a BrukerX-
flash 410 (Bruker AXS, Karlsruhe, Germany) silicon drift
detector for energy-dispersive X-ray spectrometric (EDX)

Fig. 1 Dried fruits and seeds (A), and powder (B) from the seeds of Afromomum citratum after water removal
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analysis. The samples containing ZnONPs were sputtered
with gold by using a JEOL JFC-1200 Fine Coater.

2.8 Transmission Electron Microscopy (TEM)

Electron micrographs of the nanoparticles were recorded
using a JEOL JEM-2100 Transmission Electron Microscope
at 200 kV with a TVIPS F416 camera system.

2.9 Animal and Ethical Considerations

Healthy adult female Wistar albino rats weighing between
120 and 180 g were obtained from the Animal Laboratory
of the Faculty of Medicine and Pharmaceutical Sciences,
University of Douala, Cameroon. Female rats were chosen
due to their pronounced gender differences in acute toxic-
ity, exhibiting more severe toxic symptoms and higher mor-
tality across various doses. Additionally, they tend to have
higher drug exposure, a longer half-life, and lower plasma
clearance compared to male rats. Studies also indicate that
drug distribution in the liver and kidneys is significantly
higher in female rats than in males [18].The animals were
sorted randomly in standard polypropylene cages in groups
of three and kept under standard conditions of tempera-
ture (24+2 °C) and light (approximately 12 h/12 h light/
dark cycle) with free access to standard laboratory diet and
tap water ad libitum. An ethical clearance Nr 3544 CEI-
Udo/03/2023T was obtained from the Institutional Ethics
Committee for Human Health Research at the University of
Douala, Cameroon.

2.10 Assessment of Acute Oral Toxicity

The acute toxicity test was carried out following OECD
guidelines N°425 pertaining to acute toxicity [19, 20] at
limit dose of 2000 mg/kg (supplement 1).

2.11 Heat-Induced Egg Albumin Denaturation
Assay

The anti-inflammatory activity of ZnONPs with 4. citra-
tum extract was assessed in vitro using the heat-induced
egg albumin denaturation assay, as reported by Chandra et
al. [21] (supplement 1). This assay measures the ability of
a substance to prevent protein denaturation, a key process
in inflammation. Compounds that successfully inhibit this
denaturation are considered to have anti-inflammatory prop-
erties [22].

2.12 Preparation of Erythrocyte Suspension

Blood samples were collected from Wistar rats in heparin-
ized tubes and centrifuged at 3,000 rpm for 10 min. The
supernatant was carefully removed, and the red blood cell
pellet was washed three times with phosphate-buffered
saline (pH 7.2—7.4 ROTI®Fair, CarlRoth), with each wash
followed by centrifugation at the same speed for 5 min. The
final red blood cell volume was measured, and a 5% sus-
pension was prepared by diluting the pellet in phosphate-
buffered saline.

2.13 Erythrocyte Membrane Stabilization Assay

The test is based on the effect of ZnONPs and aqueous
extract of A. citratum on erythrocyte membrane stabiliza-
tion, after induction of hemolysis by a hypotonic solution
combined with elevated temperature following a method
described by Shobana and Vidhya with slight modification
[23] (supplement 1). Membrane stabilization assays are
used to assess a substance’s ability to protect and stabilize
cell membranes [22].

2.14 Evaluation of Anti-inflammatory Activity in
Vivo

The anti-inflammatory effect of ZnONPs with 4. citratum
extract was assessed in vivo on carrageenan-induced rat
paw edema models, as described by Shobana and Vidhya
with slight modification [23] (supplement 1).

2.15 Statistical Analysis

Quantitative data was analyzed using GraphPad Prism
for Windows software (version 9.1) and presented as the
mean=standard error of the mean. The results were com-
pared by two-way ANOVA followed by Tukey’s multiple
comparison at the 95% threshold.

3 Results
3.1 Plant Extract Studies

The pulverized seeds from A. citratum (75 g) were used
for extraction by infusion into 750 mL of distilled water at
60 °C, and the mixture was filtered and dried. The extract
obtained was a 7 g brown colored paste, indicating a 9%
extraction yield. The qualitative phytochemical screening
of A. citratum’s aqueous extract revealed the presence of
some of the secondary metabolites tested for, namely phe-
nolic compounds (flavonoids, tannins, anthraquinones) and
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terpenoids (saponins). Nevertheless, some classes were
absent, such as coumarins, anthocyanins, triterpenes, sterols
and reducing sugars as primary metabolites (Table 1).

3.2 Synthesis of Zinc Oxide Nanoparticles
3.2.1 Visual Observation

Figure 2 below shows the change in color of the brown-
colored aqueous extract of A. citratum after the addition
of zinc nitrate hexahydrate to give a pale white dispersion;
the opaque whitening marks the formation of zinc oxide
nanoparticles.

3.2.2 UV-Visible Spectrophotometry

Figure 3 shows the UV-Vis absorption spectrum of ZnONPs
from the aqueous extract of 4. citratum seeds. It was recorded
for samples in the 300—500 nm range. The spectrum showed
a plasmon resonance band at 357 nm corresponding to the
characteristic band of zinc oxide nanoparticles [24].

3.3 Characterization of Zinc Oxide Nanoparticles
3.3.1 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis confirms the presence of functional groups
from the aqueous extract on the surface of the zinc oxide
nanoparticles, indicating that their formation is likely facili-
tated by the interaction between secondary metabolites and
zinc nitrate. Figure 4 presents the FTIR spectra of both the
zinc oxide nanoparticles and the aqueous extract within the
4000500 cm™ range. The spectra reveal stretching vibra-
tions of O-H and N-H bonds at 3358 cm™ for the nanopar-
ticles and 3000 cm™ for the extract. Peaks around 1600 cm™
correspond to amide I vibrations, while those at 1025 cm™
and 993 cm™ are attributed to the C-OH stretching bands
of oligosaccharides in the extract and nanoparticles,

Table 1 Phytochemical content of the aqueous extract of Afromomum-
citratum seed

Tested metabolites Observed colour Results
Alkaloids Orange +
Phenolics Red +
Flavonoids Yellow +
Tannins Dark blue +
Coumarins Yellowish +
Anthraquinones Gray +
Anthocyanins - -
Sterols and terpenes Orange +
Triterpenes - -
Saponins - -

Reducing sugars - -
(+) present; (-) absent

@ Springer

respectively. Peaks near 2900 cm™ result from CH- antisym-
metric stretching, primarily from methyl groups in lipids
(m).Additionally, absorption bands near 1300 cm™ con-
firm the presence of carbonyl (C=0) and aromatic (C=C)
functional groups. Medium-intensity peaks at 1028 cm™
and 1315 ecm™ correspond to C-O and C-N stretching vibra-
tions, respectively. The absorption peaks at 638 cm™ and
825 cm™!, characteristic of Zn-O stretching, further confirm
the successful formation of zinc oxide nanoparticles [25].
Similar results were observed during the green synthesis
of zinc oxide using aqueous extracts of Elaeagnus angusti-

folia L. and Deverra tortuosa leaves [26, 27].

3.3.2 Powder X-Ray Diffraction (PXRD)

The diffractogram of ZnONPs indicated hkl crystalline
planes (001), (002), (101), (102), (110), (103), (112) and
(201) corresponding to ZnO by comparison with The Inter-
national Centre for Diffraction Data (ICDD98-002-9272) of
ZnO (wurtzite). Undetermined Zn crystallographic phases
are observed near 33°. The grain size of 20 nm was deter-
mined based Scherrer equation using the hkl plane (101)
with the highest intensity (Fig. 5).

3.3.3 Particles Shape, Morphology and Elemental
Composition

Synthesized ZnONPs shape and morphology were investi-
gated using scanning electron microscopy (SEM) and are
depicted in Fig. 6A. The micrograph shows large blocks
when isolated from the aqueous dispersion. Transmission
electron microscopy (TEM) allowed the visualization of
individual ZnONPs (Fig. 6B) after drops of the dispersion
were placed on the sample holder.

As for the elemental composition (Table 2), the EDX
spectrum depicts three main peaks. Two of those found
at 1 keV and 8.6 correspond to Zn while the third peak at
0.5 keV corresponds to oxygen (Fig. 7; Table 2). This result
confirms the previous findings by FTIR which has revealed
Zn-0 vibration band and is in accordance with the results
obtained during the synthesis of ZnONPs using Geranium
wallichianum leaves and orange fruit peel extracts [28].

3.4 Acute Toxicity

3.4.1 Effects of ZnONPs on Clinical Parameters

Table 2 shows the clinical parameters follow-up of rats
14 days after administration of a sample of ZnONPs at

2000 mg/kg. No signs of toxicity were recorded, and no
deaths were noted. The LD50 of ZnONPs is likely greater
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Fig.2 Zinc nitrate hexahydrate solution (A), aqueous extract of A. citratum (B) and ZnONPs solution (C)

than 2000 mg/kg; therefore, further toxicological assess-
ments are necessary to establish an exact value.

3.4.2 Effect of ZnONPs on Rats’ Body Mass

Figure 8. Timely evolution of animals’ weight. ZnONPs:
zinc oxide nanoparticles with 4. citratum seed extract.
Results are presented as mean+SEM (rn=3). No significant
difference was observed between the two batches (p>0.05).

3.5 Effects of ZnONPs on the Relative Mass of some
Organs

The vital organs (liver, kidneys, heart, lungs, and spleen)
were weighed on day 14, after humanly sacrificing the rats,
and their relative mass was calculated (Fig. 9). The com-
parative analysis of the relative organ weight showed no
significant difference (p>0.05) between the two batches.
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Fig. 3 UV/Vis spectrum of ZnONPs with 4. citratum seed extract 357
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Fig.4 FTIR spectrum of ZnONPs with A. citratum seed extract

characteristic of liver function (ALT/AST) showed no sig-

3.6 Effect of the Nanoparticles from A. Citratum on nificant difference in serum ALT values, while administra-
Biochemical Parameters tion of the 2000 mg/kg dose of ZnONPs resulted in a slight

increase (p<0.05) in AST compared with the control batch
3.6.1 Effects of ZnONPs on Transaminases (Fig. 10).

Comparative analysis of the two biochemical parameters
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Fig.5 (a) PXRD of ZnONPs with A. citratum seed extract (b) bar diffractogram of wurtzite ZnO (ICDD # 98-002-9272)
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Fig.6 SEM (A) and TEM (B) micrographs of ZnONPs with 4. citratum seed extract

3.6.2 Effects of ZnONPs on Markers of Renal Function 3.7 InVitro Anti-inflammatory Activity

The comparative analysis of two biochemical parameters  3.7.1 Heat-Induced Denaturation of Egg Albumin

characteristic of renal function showed no significant dif-

ference in urea levels (p=0.2433) (Fig. 11) and creatinine A comparative analysis of the information in this table shows

levels (p=0.3394), between rats treated with ZnONPs and  that the anti-inflammatory effect of zinc oxide nanoparticles

the control group (Fig. 12). evaluated against egg albumin denaturation showed a max-
imum inhibition percentage of 87% at a concentration of
1000 pg/mL; diclofenac used as the standard drug showed

@ Springer
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Table 2 Monitoring of rats’ clinical parameters

Parameters Control batch Test batch (2000 mg/Kg)
Morbidity A A
Aggressiveness A A
Stool appearance N N
Skin appearance N N
Eye color N N
Pain sensitivity N N
Tremor A A
Salivation A A

A: absent; N: normal

an inhibition of 84% at 600 ug/mL and the aqueous extract
was 65% at a concentration of 600 pg/mL (Fig. 13).

N w
o o
1 1

Growth rate (%)
)

Zn
Na
Zn
Au K
T —T1 T 1 1
2 4 6 8 10
Energy (keV)

3.7.2 Effect of ZnNONPs on Red Blood Cell Membrane
Stabilization

This assay evaluates the ability of a test substance to sta-
bilize erythrocytes subjected to hemolysis induced by a
hypotonic solution at an elevated temperature. The percent-
age of hemolysis inhibition was determined following incu-
bation with zinc oxide nanoparticles, the aqueous extract,
and diclofenac sodium (dissolved in 0.9% sodium chloride)
as the reference drug. The results, presented in the hemo-
lysis inhibition histogram (Fig. 14), provide a compara-
tive assessment of the protective effects of each treatment
against erythrocyte lysis. ZnONPs presented a maximum
percentage of 77.22% at 600 pg/mL, aqueous extract 50%
at 400 and 800 pg/mL and diclofenac 64% at a concentra-
tion of 600 pug/mL.

-= ZnONPs 2000 mg/kg
-+ Control H,O 10 mL/kg

0 2 4 6 8

Time (days)

10 12 14

Fig.8 shows the evolution of rat weights as a function of time, showing no significant difference (»p>0.05) in the evolution of treated batch weights

compared with the control batch
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Fig. 9 Relative mass of vital organs after 14 days. ZnONPs: zinc oxide nanoparticles with 4. citratum seed extract. Results are presented as
mean+SEM (n=3). No significant differences were observed between the groups

’-.k- Control H,O 10 mL/kg

200-

— 1501

|

A=

@ 100-

>

(1]

> 50 7
L

B3 ZnONPs 2000 mg/kg

- O\

ST

Fig. 10 Comparison of serum ALT and AST values of rats after 28 days. Results are presented as mean+SEM (n=3). (*) significant difference

between the two batches (p<0.05)

Fig. 11 Blood urea levels after 28
days. ZnONPs: zinc oxide nanopar-
ticles with A. citratum seed extract.
Results are presented as mean+SEM
(n=3). No significant difference was
observed between the two batches
(p>0.05)
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Fig. 13 Inhibition rate of albumin denaturation by ZnONPs and Afromomum citratum extract. ns=non significative, (***) p<0.001, (***%¥)

p<0.0001

3.7.3 InVivo Anti-inflammatory Activity on Rat Plantar
Edema Induced by Carrageenan

A comparative analysis of this table reveals that oral admin-
istration of ZnONPs resulted in significant inhibition of paw
edema compared with the control. The percentages of maxi-
mum inhibition obtained were at 30 min (53%), 1st hour
(45), 2nd hour (58%) and 6th hour (79%) for 0.6, 0.8 and
1 mg/kg (body weight) respectively. Diclofenac used as a
standard drug had a significant percentage inhibition (%)
against carrageenan-induced paw oedema at the 3rd hour
(65%) (Fig. 15).
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4 Discussion

The aqueous extraction of Aframomum citratum seeds pre-
sented a yield of 9%, a result close to the value of Nguele et
al. [29], who worked on the aqueous extraction of 4. citra-
tum seeds and obtained a yield of 10%. The phytochemical
analysis of the aqueous extract of A. citratum seeds iden-
tified the presence of alkaloids, flavonoids, phenols, tan-
nins, and anthraquinones, while saponins, triterpenes, and
anthocyanins were not detected. These results are in agree-
ment with those of Fankam et al. [30], but differ from the
results of Bigiku et al. who showed an absence of tannins,
phenols, flavonoids [31] and could be explained by the fact
that the composition of A. citratum seeds or plant drugs in
general varies according to parameters such as: the growing
medium of the harvesting season, the state of ripeness of
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the plant, the drying time, the different extraction methods
used. The presence of chemical metabolites such as phenols,
alkaloids, flavonoids, and tannins can be profile by gas-
chromatography coupled mass spectrometry and justify the
antimicrobial, antioxidant, and anti-inflammatory properties

and is compatible with the zinc oxide dispersion and their
stabilization [32-35].

Zinc oxide formation is confirmed by the reaction mix-
ture’s color change from brown to pale white and the for-
mation of a turbic, opaque dispersion. The secondary
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metabolites in the zinc oxide solution; the aqueous extract
acts as a stabilizing agent. This was confirmed by analy-
sis of the visible spectrum in the 300-500 nm range, which
showed a peak at 360 nm that is specific to zinc oxide
nanoparticles. These results agree with those of Azim et al.,
in 2022, who showed an absorbance peak at 360 nm and a
pale white color characteristic of zinc oxide nanoparticles
[36].

FTIR revealed the compounds present on the nanopar-
ticle surface, as well as the phenolic O-H, C-O, C-N alkane
chain and Zn-O functions observed on zinc oxide nanopar-
ticles. These functions agree with the work of Ashwini et
al., who considered that phenolic compounds would be
involved in the stabilization of nanoparticles [37]. PXRD of
A. citratus mediated ZnONPs reveals grains with 20 nm size
using the 101 hkl plane with the Scherrer equation, smaller
than particles obtained by the sol gel method50 nm and with
stirring and ultrasound (80 nm and 100 nm), but similar with
methods without agitation (20 and 200 nm) [38, 39].TEM
demonstrated the presence of fine particles of a few nano-
meters in size [40].

The toxicological profile of the ZnONPs solution (admin-
istered at a dose of 2000 mg/kg) revealed an absence of
probable toxicity. In fact, clinical monitoring, weight evo-
lution, relative comparison of organ weights and the effect
of ZnONPs on renal function (urea and creatinine) showed
no significant difference between the treated batch and the
control batch, while the effect of ZnONPs on liver function
(ALT/AST) showed little significant difference between
the control batch and the batch treated with ZnONPs, but
remained within the range of standards described by Feki
et al., in 2021. These results are in agreement with those of
Shaban et al. [41]. Similarly, no deaths were recorded, sug-
gesting a lethal dose 50 (LDs,) above the administered dose
limit; ZnONPs are therefore not classified by the Organiza-
tion for Economic Cooperation and Development (OECD)
as hazardous products with acute toxicity. These results are
in line with those of Natesan et al.., in 2011, who evaluated
the toxicological profile of zinc oxide nanoparticles synthe-
sized from Elatus anoectochilus [42] and those obtained by
Eyenga et al., who demonstrated that the aqueous extract of
A. citratum at 2000 mg/kg showed no signs of toxicity [43].

Protein denaturation is one of the causes of complications
in inflammatory diseases. This is a mechanism whereby
a protein undergoes distortions of its original structure in
response to external stimuli such as heat [44]. As part of
the investigation into the mechanism of anti-inflamma-
tory activity in vitro, the inhibitory capacity of zinc oxide
nanoparticles, aqueous extract of A. citratum seeds and
diclofenac sodium used as a standard drug were studied
against heat-induced egg albumin. Our results showed that
at the different concentrations studied, ZnONPs exhibited
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a high anti-denaturing activity on egg albumin not signifi-
cantly different compared diclofenac sodium. The activity
of both the nanoparticles and the reference is significantly
higher compared to the plant extract. These results agree
with those obtained by Ovia et al. [45],. ZnO nanoparticles
obtained from Cassia sieberiana were less potent compared
to diclofenac with a mean IC, value of 0.676 mg/mL for
ZnO compared to 0.409 mg/mL for diclofenac sodium [46].

Concentrations of ZnONPs, aqueous extract and diclof-
enac sodium, used as standard medication, were tested for
their anti-inflammatory efficacy via the red cell membrane
stabilization test, as no hemolytic effect was observed.
Inflammation is the protective response of living tissue
against microbial infections, chemical and physical attack.
During the anti-inflammatory process, the release of lyso-
some constituents such as neutrophils, bactericidal and
fungicidal enzymes is suppressed, leading to the release of
extracellular components [47]. For these reasons, stabili-
zation of the lysosome membrane is essential to constrain
the inflammatory response. In the present work, ZnONPs
showed remarkable anti-hemolytic activity compared with
aqueous extract and not significatively different compared
todiclofenac sodium; maximum inhibition was recorded at
600 pg/mL. Also, ZnONPs synthesized from A. citratum
seed extract to inhibit inflammatory responses. They could
be a lead actinic compound for the design of an alternative
medicine for the management of inflammatory diseases.
These results agree with those of Manasa et al., in 2021 [48].

Under experimental conditions, carrageenan induced
edema with low inhibition of inflammation during the 1st
hour but increased after the 2nd hour. Carrageenan induces
local inflammation when injected into the rat’s hind leg due
to tissue damage. Its injection triggers the release of sev-
eral chemical mediators responsible for the inflammatory
process. Carrageenan-induced edema is a triphasic response
involving the release of various mediators such as histamine
and serotonin in the first phase (1st phase); the second phase
is mediated by the release of kinin (2nd phase), and the third
phase is attributed to prostaglandins and cyclooxygenase
products lasting from 3 to 6 h. Statistical analysis demon-
strated significant inhibition by ZnONPs of edema during
all three phases. The inhibitions of the nanoparticles are not
significantly different compared to the drug at all concentra-
tions. Both responses of the nanoparticles and the diclof-
enac are significantly higher compared to negative control.
Maximum inhibition was observed at a dose of 1 mg/kg
(79%). These results agree with those of Sulaiman et al. [49,
50]. The authors also suggested that ZnONPs may interfere
with the release of acute and chronic inflammatory media-
tors and that the persistent anti-inflammatory activity may
be due to the improved permeability and retention effect of
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zinc oxide nanoparticles in the edema region reported by
Moldovan et al. [51].

5 Conclusion

This study successfully presented the synthesis, character-
ization, and evaluation of the anti-inflammatory properties
of zinc oxide nanoparticles derived from Alligator pepper
seeds, along with an assessment of their acute and hemo-
lytic toxicity. The formation of zinc oxide nanoparticles was
confirmed through visual observation and ultraviolet-visible
spectrophotometry, while infrared spectroscopy identified
functional groups on their surface. Elemental mapping and
analysis of shape and size further validated their structural
integrity. The toxicity assessments indicated that the synthe-
sized nanoparticles did not exhibit any significant harmful
effects. Moreover, compared to the aqueous extract, the zinc
oxide nanoparticles demonstrated superior efficacy in inhib-
iting heat-induced egg albumin denaturation, stabilizing red
blood cell membranes, and reducing carrageenan-induced
edema, highlighting their potential as a potent anti-inflam-
matory agent.

The findings of this study suggest that zinc oxide nanopar-
ticles synthesized from Alligator pepper seeds exhibit stron-
ger anti-inflammatory activity than the aqueous extract.
Their biocompatibility and effectiveness position them as a
promising natural alternative for the treatment of inflamma-
tory disorders, warranting further investigation for potential
therapeutic applications.
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