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Green synthesis and anti-inflammatory properties
of zinc oxide nanoparticles from Fe’i and
Cavendish banana extracts

Nabilla Ghina Zavitri,ad Alia Putri Syahbaniati,ad Rindia M. Putri, c

Fenny Martha Dwivany,ab Indra Wibowo, *ad Daniel Pramudita *ef and
Antonius Indarto *eg

This study reports plant-assisted green synthesis of zinc oxide nanoparticles (ZnO NPs) using aqueous

and methanolic extracts of Fe’i (Musa troglodytarum L.) and Cavendish (Musa acuminata) bananas, and

evaluates their in vivo anti-inflammatory activity in zebrafish larvae. The extracts were qualitatively

profiled and used for the synthesis of ZnO NPs, which were then characterized by UV-vis diffuse

reflectance spectroscopy, X-ray diffraction (XRD), Fourier-transform infrared spectroscopy, scanning

electron microscopy, and particle-size and zeta-potential measurements. Band-gap energies and

structural parameters (crystallite size, lattice constants, and microstrain) were derived from optical and

XRD data. All syntheses yielded wurtzite-phase ZnO with absorption maxima at 364–372 nm, band gaps

of B3.28–3.41 eV, crystallite sizes of B14–15 nm, hydrodynamic sizes of 134–689 nm, and negative

surface charges of �29.6 to �42.4 mV; SEM revealed flower-like, spherical-like, and snowflake

morphologies. Acute toxicity testing in zebrafish gave LC50 values (mg L�1) of 5.65 (PTLA), 16.28 (PTLM),

9.47 (PCVA), and 8.17 (PCVM); LC25 was applied in efficacy assays. In a caudal-fin amputation model,

treatment with all ZnO NPs significantly reduced neutrophil counts relative to the negative control

(P r 0.05), similarly reduced macrophage recruitment (comparable to dexamethasone), and diminished

48-h fin regrowth (P r 0.05). In conclusion, banana-derived extracts afforded reproducible ZnO NPs

with distinct physicochemical signatures and promising anti-inflammatory effects. Although the

processing parameters were not fully optimized, these results justify further mechanistic studies and

process intensification toward scalable biomedical applications.

Introduction

Zinc oxide nanoparticles (ZnO NPs) are widely studied because
they combine useful optical, catalytic, and biomedical proper-
ties with relatively straightforward synthesis routes.1 Plant-
assisted ‘‘green’’ synthesis provides a less-hazardous alternative
using phytochemicals as reducing and stabilizing agents while

allowing control over size, crystallinity, and surface chemistry
through processing variables such as precursor concentration,
pH, temperature, and time.1,2 Recent reviews emphasize that
reporting band-gap energy, crystal structure, and particle
statistics alongside synthesis conditions is essential for mean-
ingful comparison across studies.1,3

Banana-derived extracts have emerged as practical media for
ZnO NP preparation because their polyphenols, carbohydrates,
and pectins can act as reductants and capping ligands.4,5

Contemporary studies show that banana-extract-mediated ZnO
NPs display expected wurtzite structures and application-
relevant performance, supporting banana matrices as a robust
green platform.4,6 Process-oriented reports indicate that extract
composition and basic parameters can tune particle size and
stability in these systems, underscoring the value of systematic
comparisons.5,6

Fe’i banana (Musa troglodytarum) is notable for a distinct
metabolite profile and documented differences from Cavendish
that may influence reduction and capping behavior during
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synthesis.7–10 Genomic and biochemical evidence highlights
non-climacteric behavior and carotenoid enrichment relative to
Cavendish, suggesting a different phytochemical environment
for nanoparticle formation.7 Yet Fe’i remains underexplored as
a template for ZnO synthesis compared with common cultivars,
creating an opportunity to test species-specific effects on
material properties.1,7–10

Few comparative studies evaluate Fe’i versus Cavendish
across aqueous and methanolic extracts while linking extract
chemistry to ZnO properties and bioactivity, leaving a practical
design gap.1,7–10 Meanwhile, studies show that ZnO NPs can
modulate inflammatory pathways, including NF-kB, which
motivates in vivo anti-inflammatory evaluation using rapid
vertebrate models. However, direct side-by-side in vivo compar-
isons of green-synthesized ZnO from different banana sources
remain limited, especially when standardized zebrafish assays
are required for benchmarking.11–13

This study investigates the green synthesis of ZnO nano-
particles using the fruit and peel extracts of Fe’i and Cavendish
under both aqueous and methanolic conditions. Fe’i banana
extracts, which are underexplored in nanomaterials research,
are systematically evaluated alongside Cavendish extracts
within a single, matched design.7–10 This study characterizes
nanoparticles’ structural, morphological, and optical proper-
ties, and relates these features to the phytochemical composi-
tions of the extracts. Standardized methods and harmonized
reporting are applied to ensure robust and meaningful com-
parison across species and solvents.1,3 To assess biological
relevance, the study integrates physicochemical characteriza-
tion with in vivo zebrafish assays. Specifically, caudal fin
amputation is employed to quantify neutrophil and macro-
phage recruitment at the injury site, thereby linking extract
composition and nanoparticle properties to acute inflam-
matory responses.11–16 This controlled, matched, side-by-side
framework provides species- and solvent-dependent insights
into the synthesis–property–bioactivity relationship of green-
synthesized ZnO nanoparticles.1,4

Experimental
Preparation of plant extracts

Two solvents, namely distilled water and methanol (ACS grade,
cat. no. 6501-04, CAS no. 67-56-1; Anhui Fulltime Specialized
Solvent & Reagent Co., Ltd. China), were used to obtain Fe’i and
Cavendish banana extracts, following Zavitri et al.17 with some
modifications. Fe’i bananas (Musa troglodytarum L.) were
sourced from Tasikmalaya Regency, West Java, Indonesia,
whereas Cavendish bananas (Musa acuminata, Cavendish sub-
group) were purchased from a local commercial supermarket
prior to extraction. In aqueous extraction, banana peels were
separated from the fruit, washed with distilled water, and then
dried at room temperature. We sourced bananas with uniform
ripeness (ripe), judged by external colour and pulp firmness for
each cultivar, and processed the peel and pulp as specified.
About 150 mL distilled water was poured into a 75 g mixture of

banana peels and fruit (1 : 1). The diluted mixture was heated at
80 1C for 120 minutes and then filtered with a Buchner funnel
using Whatman filter paper no. 1 three times to separate the
solid residue. The crude extract was stored at 4 1C for further
experiments. In methanol extraction, the dried banana peels
and fruits, about 10 g each (20 g in total), were ground into a
soft powder and mixed with 200 mL methanol. The mixture was
placed on an orbital shaker for 72 hours at room temperature
and similarly filtered to remove the solid residue. The liquid
was evaporated using a vacuum rotary evaporator at 40 1C. The
crude extract was kept at 4 1C for further processing. From this
point onward, the aqueous and methanolic extracts of Fe’i
(Tongka Langit) banana are referred to as PTLA and PTLM,
respectively. Similarly, those of Cavendish banana are referred
to as PCVA and PCVM, respectively. Bioactive compounds from all
extracts were identified using qualitative tests to detect phenolics,
flavonoids, tannins, saponins, triterpenoids, steroids, and alka-
loids. Gas chromatography–mass spectrometry (GC–MS) analysis
was conducted for more detailed identification.

Green synthesis of ZnO NPs

The green synthesis of ZnO NPs from the prepared banana
extracts was conducted following Zavitri et al.17 with some
modifications. Approximately 20 mL of the banana crude
extract was diluted in 80 mL of distilled water. Subsequently,
6.42 mg of zinc nitrate in hydrate form (Zn(NO3)2�6H2O, Sigma-
Aldrich; Merck KGaA, USA; catalog no. 228737-100G) was added
and agitated using a magnetic stirrer for 10 minutes. The pH
was adjusted to 12 by adding a 5 M solution of sodium
hydroxide (NaOH). The suspension underwent oven drying at
60 1C for 1 hour or until a discernible white precipitate formed.
After precipitation, the suspension was washed with a mixture
of distilled water and ethanol (3 : 1) subsequent to decanting of
the supernatant. The precipitate was then centrifuged at
4025 � g for 20 minutes at room temperature and incubated
for 24 hours in an oven at 60 1C. Thereafter, the solid was
subjected to furnace treatment at 400 1C for 2 hours in a
crucible cup, yielding white powder comprising NPs. The
synthesized product was safely stored in a hermetic tube for
subsequent testing and characterization.

Characterization of ZnO NPs

The structure and size of the synthesized ZnO NPs were
measured using SEM analysis (JSM 6510 LA, JEOL Ltd). Gold
(99.9%) coating with 90-second sputtering at room temperature
was performed to prepare the samples. Particle size distribu-
tions were determined from the SEM images using ImageJ
software version 1.53t (ImageJ.org, USA). Meanwhile, the size
distributions of the dissolved ZnO NPs were measured using a
particle size analyzer (PSA). Zeta potential values, which indi-
cate the surface charge of the synthesized ZnO NPs, were
determined using a zeta potential analyzer (Horiba SZ-100).
The optical absorption spectra of the ZnO NPs were acquired
from a UV-visible DRS (UV-vis Thermo Scientific Evolution 2)
within the wavelength range of 200–800 nm. Reflectance R was
converted to the Kubelka–Munk function: F(R) = (1 � R)2/(2R).
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The direct band-gap of ZnO was estimated from the Tauc
relation (F(R)hv)2 vs. hv with the linear region extrapolated to
the energy axis to obtain Eg, which is related to the edge
wavelength ledge as Eg [eV] E 1240/ledge [nm].18 XRD patterns
were recorded on a D8 Advance diffractometer (Bruker AXS
GmbH, Germany) using Cu-Ka radiation (l = 1.5406 Å, 40 kV,
40 mA) at a scan rate of 11 min�1 over the 2y range of 20–801.
The diffraction data were analyzed using OriginLab 2023b
(OriginLab, USA) to determine the crystal structure and average
crystallite size. The crystallite size was first estimated using the
Scherrer equation: D = 0.94l/b cos y, where D is the crystallite
size, l the X-ray wavelength, b the full width at half maximum,
and y is the Bragg angle. Interplanar spacings (d) were calcu-
lated using Bragg’s law, while lattice constants were deter-
mined from the (100) and (002) reflections (a = 2d100/O3; c =
2d002), and the unit-cell volume was calculated as V = (O3/2)a2c.
Microstrain (e) and the crystallite size were further refined
using Williamson–Hall (W–H) analysis in the uniform deforma-
tion model (UDM), where b cos y was plotted against 4sin y;
e was obtained from the slope and D from the intercept.
Dislocation density (d) was estimated as d = 1/D2.19,20 Addition-
ally, FTIR analysis (Shimadzu Corporation; Prestige 21) at room
temperature from 400 to 4000 cm�1 was conducted to identify
functional groups and compound classes within both the
banana extracts and the synthesized ZnO NPs.

Anti-inflammatory assays on zebrafish

The synthesized ZnO NPs with lethal concentrations LC25 and
LC50 underwent toxicity tests in zebrafish larvae, according to
the OECD 2013 protocol.21 Inflammation activity was assessed
using the method reported by Sharif et al.22 with some mod-
ifications, which involved a caudal fin amputation procedure
on zebrafish larvae. Adult wild-type zebrafish (Danio rerio) used
for breeding and obtaining embryos/larvae were procured from
Sifa Aquarium, Bogor, West Java, Indonesia. Viable embryos
obtained through breeding were allowed to mature until one
day post-fertilization (dpf) in E3 1�medium containing 0.003%
PTU. Sixty zebrafish embryos (n = 30 per group, duplicate) were
exposed to the synthesized ZnO NP suspension in a six-well
plate (6 mL per well) for 6 h. The suspension concentration was
set at the measured LC25, as previously applied in zebrafish
embryo studies,23 to induce measurable biological responses
while maintaining sufficient viability for analysis. Subse-
quently, the embryos were rinsed with E3 1� medium +
0.003% PTU and transferred to a fresh six-well plate for
48 hours. Dexamethasone (200 mM; Sigma-Aldrich, USA), a
widely recognised anti-inflammatory drug, was utilized as the
positive control and served as the reference compound to
evaluate the anti-inflammatory properties of the ZnO NPs.
E3 1� medium + 0.003% PTU without any additional com-
pounds served as the negative control. Caudal fin amputation
of each zebrafish larva (3–4 dpf) was conducted using a sterile
surgical blade no. 13 (Onemed Bisturi, Indonesia) under a
stereo microscope (Carl Zeiss, Germany) after being anaesthe-
tised with 0.04% tricaine solution. Neutrophils and macro-
phages were evaluated at two time points (4 and 48 hours

post-amputation, hpa) using Sudan black and neutral red
staining, respectively, under a Zeiss stereo microscope and
quantified using ImageJ. All experimental procedures received
ethical approval from the Research Ethics Commission of
Padjadjaran University (approval no. 1026/UN6.KEP/EC/2022).

Statistical analysis

All quantitative results are reported as mean� SD, with n stated
in figure captions. Group differences were evaluated by one-way
ANOVA (followed, where applicable, by Tukey’s post hoc test).
Unpaired Student’s t-tests were used for pre-specified two-
group contrasts. Statistical significance was set at a = 0.05
(two-tailed). Analyses were performed using GraphPad Prism
v9.5.1.

Results and discussion
Bioactive compound analysis in plant extracts

The results of phytochemical compound identification are
tabulated in Table 1. It is evident that all extracts yield flavo-
noid and triterpenoid compounds. Additionally, phenolic com-
pounds and tannins are detected in all extracts, except PTLM.
Quantification using GC–MS (Fig. 1) showed that methanol
extraction in general resulted in more bioactive compounds in
the extracts compared to aqueous extraction. This may be due
to the differences in polarity, such that different bioactive
compounds were successfully dissolved during the extraction
process. Additionally, Cavendish banana may contain higher
quantities of bioactive compounds that are more soluble in
methanol than in water.

Fe’i and Cavendish bananas show promise in nanoparticle
synthesis due to their phytochemical composition. Extracts
from both varieties contain compounds like polyphenols,
terpenoids, flavonoids, sugars, and proteins, which can act as
agents for converting metal salts into metal NPs. Studies have
shown that both Fe’i and Cavendish banana extracts, when
used in water or methanol solvents, contribute to the synthesis
of NPs, with specific compounds such as flavonoids, tannins,

Table 1 Qualitative phytochemical screening in all banana extracts

Phyto-chemicals Reactants (methods) PTLA PTLM PCVA PCVM

Phenols* Ferric chloride 5% + � + +
Tannins Ferric chloride 1% + � + +
Saponins Thermal ++ � ++ �
Flavonoids* HCl + Mg � � � �

2N H2SO4 � � � �
10% NaOH + + + +

Triterpenoids H2SO4 + CH3COOH
anhydrate

+++ + ++ ++
Steroids � � � �
Alkaloids* Dragendorff’s reagent � � � �

Note: PTLA: aqueous extract of Fe’i (Tongka Langit) banana, PTLM:
methanolic extract of Fe’i banana, PCVA: aqueous extract of Cavendish
banana, PCVM: methanolic extract of Cavendish banana. �:
Not detected/not found. +: Detected in very small amounts (few).
++: Detected in moderate amounts (several). +++: Detected in high
amounts (many/abundant). *Main secondary metabolites in the synth-
esis of ZnO NPs.
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alkaloids, glycosides, phenols, and pectins playing crucial roles
in the process.24

ZnO NP characterization

The characterization results of ZnO NPs using UV-vis DRS and
XRD are presented in Fig. 2. The UV-vis DRS measurements
revealed peaks in the wavelength range of 364–372 nm (Fig. 2a).
This range is within the typical range for ZnO NPs (310–
380 nm), which validates the successful synthesis of these
NPs.25 Further analyzing the reflectance data in Fig. 2 using
the Kubelka–Munk function and Tauc plot, the ZnO NPs dis-
play absorption edges at 386–414 nm, resulting in optical band-
gap energies (Eg, in eV) of 3.179 (PVCA), 3.212 (PTLM), 3.139
(PVCM), and 2.995 (PTLA), respectively. These band-gap values
fall within the typical range reported for plant-mediated ZnO
nanoparticles and are close to the canonical bulk ZnO band gap
(B3.37 eV).1,25–30 Reports on banana-derived ZnO further show
that extract chemistry and morphology can shift the apparent
gap, with values spanning B3.0–3.6 eV depending on the
synthesis method and nanostructure.1,26–28

The results of XRD analysis (Fig. 2b) show that the crystals
produced are 14–15 nm in size and have a hexagonal wurtzite
shape. XRD analysis confirmed a hexagonal wurtzite crystal
structure with an average diameter of 14–15 nm and identified
crystal lattice planes including (100), (002), (101), (102), (110),
(103), (200), and (202). Sharp peaks on (100), (002), and (101)
lattice planes indicated optimal synthesis, with good peak
separation suggesting the absence of intermediate complexes.
The refined structural parameters of the biosynthesized ZnO
are internally consistent across extracts. The lattice constants
were a = 3.247–3.249 Å and c = 5.201–5.205 Å (V E 47.55 Å3),
matching standard wurtzite ZnO. The Debye–Scherrer crystal-
lite sizes from (100)/(002)/(101) ranged from 17.2 to 18.6 nm;
W–H analysis yielded D = 18.9–26.7 nm and e = (1.1–2.6) � 10�3.
The slightly larger D from W–H reflects the removal of strain
broadening, as expected for green-synthesized ZnO. The corres-
ponding dislocation density d was (2.88–3.38) � 1015 m�2.19,20

The crystallite size obtained from XRD data (14–15 nm)

represents the dimension of a single crystalline domain. In
contrast, the larger sizes obtained from SEM and PSA corre-
spond to secondary particles formed by the aggregation of
several crystallites.31–34

Table 2 shows the measured properties of the dissolved NPs.
It is shown that the particle sizes are in the range of 134–
689 nm. The NPs obtained from methanolic extracts are smaller
than those obtained from aqueous extracts. Additionally, the
Fe’i banana extracts resulted in bigger NPs. The polydispersity
index is the ratio between the weight average molecular weight

Fig. 1 The bioactive compounds in the extracts of Fe’i and Cavendish
bananas analyzed using GC–MS.

Fig. 2 Characterization of ZnO NPs using (a) UV-vis DRS and (b) XRD.

Table 2 The average size, polydispersity index (PI), and surface charge (as
zeta potential) of dissolved ZnO NPs synthesized using various banana
extracts

No. ZnO NPs Mean (nm) PI Zeta potential (mV)

1 PTLA 689.30 0.633 �42.47
2 PTLM 249.80 0.356 �29.53
3 PCVA 370.67 0.742 �41.67
4 PCVM 134.07 0.524 �32.63
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and the number average molecular weight. It is thus positively
correlated to the broadness of molecular weight distribution.
The values indicate that the NPs obtained from the methanolic
extract are more homogeneous, although still considerably
polydisperse. From the zeta potentials, all the synthesized
ZnO NPs showed moderate to good stability with the absolute
values ranging from about �30 to �60 mV.32 Particle size ana-
lysis indicated average dissolved diameters of B100–700 nm
with PI values of 0.35–0.75, consistent with prior banana extract
syntheses, yet indicative of polydispersity likely driven by
aggregation.

The results of FTIR analysis are shown in Fig. 3. The
compounds predominantly found in the synthesized ZnO NPs
are pectin, phenolic compounds, proteins, and carbohydrates.
The broad peaks at 3442.94 cm�1 and 3444.87 cm�1 indicate
the presence of O–H stretching and hydrogen bonded groups in
alcohol. The presence of carboxylic groups from phenols or
pectins in the extract is shown by the peak at 2931.80 cm�1. The
peaks at 1651.07 cm�1 and 1624.06 cm�1 are associated with
the –CQC stretching vibration of alkynes, while the peaks at
1521.84 and 1517.98 cm�1 indicate aromatic hydrocarbon nitro
groups associated with protein. The observed peak from 873 up
to 939 cm�1 indicates CQC bending and C–H stretching

vibrations from alkene and alkyne groups in carbohydrates.
FTIR functional group identification results indicate the com-
pounds present in each banana extract. The main compounds
identified in the four synthesized ZnO NPs are pectin, phenolic
compounds, protein, and carbohydrates, consistent with the
results of phytochemical and GC–MS tests conducted on the
extracts prior to synthesis. These biomolecules served as redu-
cing, stabilizing, and capping agents in the synthesis of ZnO
NPs. In the formation of ZnO NPs using zinc nitrate hexa-
hydrate as the precursor, Zn2+ ions react with OH� groups
provided by the phytochemical constituents to form zinc hydro-
xide [Zn(OH)2]. Subsequent transformation of these ions into
ZnO leads to the nucleation and growth of ZnO NP crystals.18,33

All the characterization results mentioned above for the ZnO
NPs synthesized in this study were similar to previous studies
on the synthesis of ZnO NPs using banana peel extracts.24,27,31

The particle diameters were measured from representative
SEM images using ImageJ, and the average values were calcu-
lated to obtain the mean particle size. SEM images showing the
NP morphologies are presented in Fig. 4. ZnO NPs synthesized
from aqueous extracts (PTLA and PVCA) exhibit flower/raspberry
shapes, with average particle sizes of 301.23 nm and 192.10 nm,
respectively. Methanolic extracts, on the other hand, yielded
different morphologies: PTLM gave spherical particles, whereas
PCVM resulted in a snowflake shape. PTLM NPs can be further
classified into small particles (with an average diameter of
61.13 nm) and large-sized particles (587.77 nm). The PCVM flakes
have an average length of 272.27 nm and a width of 43.55 nm.

In plant-mediated routes, pH, reaction temperature/
duration, precursor concentration, and extract concentration
are the primary determinants of size and morphology.1,3,24,25

Here, pH 12 was used to deprotonate polyphenols/carboxylates
in the extract and shift Zn2+ speciation to zincate [Zn(OH)4]2�,
thereby accelerating hydrolysis to Zn(OH)2/ZnO and increasing
nucleation density.26,35,36 A sub-boiling temperature of 60 1C
was chosen to promote reaction kinetics while preserving
phytochemical reducing/capping functions; excessive heating
risks ligand degradation and uncontrolled growth.26,36,37 A 1-h
hold provided sufficient time for conversion under these
kinetics without encouraging secondary growth or aggregation,
which becomes more likely at longer durations.36,37 Finally,
a conservative precursor concentration was selected to avoid
supersaturation spikes that drive rapid growth and polydispersity;
higher loadings typically yield larger, more aggregated particles.31,38

Fig. 3 FTIR curves of all banana extracts (red) and the synthesized ZnO
NPs (black).

Fig. 4 SEM images of the synthesized ZnO NPs: PTLA (A), PTLM (B), PCVA
(C), and PCVM (D) at 1000 nm (top) and 500 nm (bottom) scales.
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These literature-based settings enabled reproducible formation in
our system; formal optimization of each factor was beyond the
scope of the present study.35–37

Among the four systems, methanolic extracts yielded
(i) slightly smaller hydrodynamic sizes, (ii) narrower PDIs,
and (iii) more negative z-potentials than aqueous extracts,
indicating more effective nucleation control and colloidal
stabilisation. These trends align with the higher abundance
of capping-competent metabolites (e.g., polyphenols/pectins) in
methanolic extracts and with solvent-polarity effects on ligand
adsorption.2 The microstructural metrics from XRD (e, d)
remained comparable among batches, suggesting that the
major differences arise from surface rather than bulk lattice
effects.24,31

Toxicity testing of ZnO NPs in zebrafish

The toxicity testing of the green synthesized ZnO NPs involved a
range finding test and a definitive test. In the range finding
test, zebrafish embryos showed 100% mortality at a 100 mg L�1

concentration of all tested ZnO NP suspensions, while no
mortality was observed at 0.01 mg L�1. The concentration
ranges used in the definitive test are based on the results of
the range finding test, following the OECD guidelines.21

A wider range of concentrations will be employed in the
definitive test if mortality is detected at higher concentrations
in the range finding test. PCVA showed 15% mortality at
10 mg L�1, leading to a concentration range for definitive test
of 80 mg L�1 to 5 mg L�1. The other ZnO NPs showed various
mortality percentages at different concentrations, resulting in
concentration ranges for the definitive test between 20 mg L�1

and 1.25 mg L�1.
The lethal concentration values obtained by probit analysis

are given in Table 3. PTLM NPs fall into the hazardous category
(LC50: 10–100 mg L�1), whereas PTLA, PCVA, and PCVM
fall into the toxic category (LC50: 1–10 mg L�1) according to
OECD guidelines. ZnO NPs, characterized by higher solubility,
release Zn2+ ions, affecting zebrafish cells.1 Exposure affects
reactive oxygen species (ROS) production and antioxidant capa-
city, causing oxidative damage.39 Dysfunctional gene transcrip-
tion related to growth hormones may induce zebrafish
abnormalities.40 Agglomeration of commercial ZnO NPs (20–
30 nm) with an LC25 of 2.64 mg L�1 into larger particles in
deionized water has been reported previously.23

Dispersion factors, affected by size and surface charge,
influence toxicity.41 The observed particle size of the synthesized

ZnO NPs (134–689 nm) reflects polydispersity, which is known to
influence biological responses. It is well documented that smaller
ZnO NPs generally exhibit higher bioavailability and ROS induc-
tion, while larger particles tend to show reduced toxicity. Such
heterogeneity may therefore provide a spectrum of biological
effects relevant for biomedical applications.42 Embryo chorion
pore sizes allow nanoparticle penetration, affecting embryos’
oxygen exchange.43 Polydisperse ZnO NPs with large sizes may
thus contribute to increased toxicity. Despite this, the LC25 values
still indicate the low toxicity effect while allowing for the explora-
tion of potential anti-inflammatory effects.23 As reported in a
previous study,44 ZnO NPs at sublethal levels (LC10) exhibited
minimal developmental toxicity while affecting gene expression in
zebrafish. It is therefore recommended that future research
be conducted at sub-toxic concentrations (e.g., LC10) in order to
verify the anti-inflammatory effects independently of general
toxicity.

In vivo study of the anti-inflammatory potential of the
synthesized ZnO NPs in a zebrafish larvae model

Neutrophil and macrophage observations were carried out at
4 and 48 hours post-caudal fin amputation (hpa) to study the
inflammatory response and fin regeneration (see Fig. 5). At
4 hours, neutrophil counts were higher than macrophage
counts. Treatment with ZnO NPs significantly reduced neutro-
phil counts (PTLA ZnO NPs: 19.93 � 4.68; PTLM ZnO NPs:
24.26 � 5.8; PCVA ZnO NPs: 20.06 � 5; and PCVM ZnO NPs:
23.46 � 4.86) compared to the negative control (30.667 � 5.41).
The obtained values were close to that of the positive control,
dexamethasone, which was 23.86 � 5.59. This trend was also
observed in macrophage counts for all ZnO NPs. At 48 hpa,
further decreases were observed, although for macrophage
counts the magnitudes were comparably lower than those of
neutrophil counts. Compared to the results at 4 hpa, the overall
trend was the same: the neutrophil and macrophage counts
were close to the positive controls and lower than the negative
controls.

The regenerated caudal fin area was measured at 48 hpa due
to the early innate immune response in zebrafish larvae. As
shown in Fig. 6, treatment with ZnO NPs resulted in smaller
areas (PTLA: 0.037 � 0.01 mm2; PTLM: 0.038 � 0.011 mm2;
PCVM: 0.038� 0.008 mm2; and PCVA: 0.038� 0.011 mm2) than
that of the negative control (0.051 � 0.009 mm2). As observed
for the neutrophil and macrophage counts, the regenerated
areas were also similar to that of the positive control (0.038 �
0.011 mm2).

Table 3 Lethal concentrations (LC25 and LC50) measured for all synthe-
sized ZnO NPs. The LC25 values were used as the suspension concentra-
tions when investigating the anti-inflammatory effect of the NPs on
zebrafish larvae

No. ZnO NPs LC25 (mg L�1) LC50 (mg L�1)

1 PTLA 3.64 5.66
2 PTLM 2.14 16.29
3 PCVA 4.09 9.47
4 PCVM 5.17 8.18

Fig. 5 Neutrophil and macrophage counts at 4 and 48 hours post-caudal
fin amputation.
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The synthesized ZnO NPs exhibit anti-inflammatory effects
akin to dexamethasone, indicated by the lower counts of
immune cells (neutrophils and macrophages) and improved
regeneration area. Similar findings have been reported for other
green-synthesized ZnO nanomaterials, such as b-chitosan–ZnO
and ZnO–cinnamic acid nanoparticles, which accelerated wound
healing and down-regulated pro-inflammatory cytokines (IL-6,
TNF-a, and IL-1b), further supporting the anti-inflammatory
potential of ZnO NPs in vivo.45 ZnO NPs may attenuate neutrophil
migration by reducing nitric oxide (NO) production and suppres-
sing NF-kB activation, a transcription factor that regulates multi-
ple pro-inflammatory cytokines. Consistent with this, ZnO NPs
were shown to suppress NO production and inhibit NF-kB
signaling in LPS-induced RAW 264.7 macrophages.46 Moreover,
Zn2+ ions released from ZnO NPs can downregulate NF-kB
signaling via induction of the zinc transporter ZIP8.47 Together,
these mechanisms support our observation that the synthesized
ZnO NPs reduce neutrophil recruitment, potentially through
NF-kB-mediated inflammatory pathways. Additionally, ZnO NPs
inhibit pro-inflammatory cytokines in macrophages, crucial for
wound healing.48 Macrophages, a source of important inflam-
matory factors, play a critical role in tissue regeneration. Dexa-
methasone affects macrophage composition and delays tissue
regeneration.22 ZnO NPs may similarly affect fin regeneration by
inhibiting macrophage recruitment.49

Study limitations and future directions

This study has defined scope limitations, non-standardized
extracts, fixed synthesis conditions, limited molecular read-
outs, and no formal scale-up trial that are routine to address
and do not undermine our core findings (successful green
synthesis of crystalline ZnO NPs with consistent XRD signa-
tures and measurable bioactivity). Each limitation translates
into a concrete, tractable improvement: (i) extract standardiza-
tion (e.g., total phenolics/HPLC profiling) to narrow polydisper-
sity; (ii) factorial optimization of precursor concentration, pH,
temperature, and time to target PDI r 0.2 and reconcile
crystallite particle size gaps (with BET/aggregation controls);
(iii) mechanistic assays (NO, cytokines, NF-kB) and Zn2+ partition-
ing (ICP-OES) to decouple ion- versus particle-driven effects; and
(iv) a pilot scale-up using stirred-tank or continuous flow pre-
cipitation with in-line QA specifications. These steps constitute a
clear roadmap for follow-up work and technology maturation.

The aqueous, low-temperature, ambient-pressure route is
intrinsically amenable to scale-up; however, successful transla-
tion to large-scale production requires proactive management
of several predictable challenges. The most important is extract
variability: natural fluctuations in phytochemical composition
can shift nucleation and growth kinetics and widen particle-
size distributions. This can be mitigated by standardizing
extracts (for example, total phenolics or high-performance
liquid chromatography fingerprints) and implementing closed-
loop control of pH, temperature, and residence time. At higher
volumes, micromixing and supersaturation control become
critical; maintaining comparable power input per unit volume
and residence-time distribution via stirred-tank cascades or
continuous-flow mixers, supported by process analytical tech-
nology (for example, in-line turbidity or ultraviolet–visible
spectroscopy and at-line dynamic light scattering and X-ray
diffraction), will help maintain phase purity, average size/poly-
dispersity index, and zeta potential within specifications. Bio-
organic load and fouling may complicate reactor hygiene and
downstream filtration/drying; practical mitigation strategies
include extract clarification, low-temperature drying, and
optional post-calcination. Environmental and cost considerations,
notably zinc recovery from effluents and sodium hydroxide
neutralization, should be addressed through routine waste-
water treatment with zinc capture and reuse to improve mate-
rial efficiency. For applications that require tighter regulatory
control, Good Manufacturing Practice expectations, covering
batch records, predefined acceptance criteria, change control,
and stability protocols, must be planned from the outset. Taken
together, these risks are tractable with standard chemical-
engineering measures (extract standardization, design of
experiments-guided operating windows, process analytical tech-
nology, and staged pilots ranging from litre to tens-of-litres scale),
rendering the method scalable in principle and providing a clear
agenda for optimization and industrial translation.

Conclusions

The green synthesis of ZnO NPs from aqueous and methanol
extracts of Fe’i and Cavendish bananas was successfully achieved,
with each exhibiting distinct characteristics corresponding to the
banana species and solvent used. Anti-inflammatory tests con-
ducted on zebrafish larvae showed that all synthesized ZnO NPs
exhibited inhibitory effects on macrophage and neutrophil migra-
tion, as well as on the regeneration area at the zebrafish larval fin
wound site, similar to the positive control (dexamethasone). This
study highlights the potential of Fe’i and Cavendish banana
extracts as agents for green synthesis of ZnO NPs with potential
anti-inflammatory properties.
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