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Abstract

This study examines the antimicrobial capabilities of iron and copper nanoparticles synthesized using
Spondias mombin leaf extract against clinical isolates of Aspergillus niger and Staphylococcus aureus. The
iron nanoparticles (Sm-FeNPs) and copper nanoparticles (Sm-CuNPs) were synthesized using a green
approach and then characterized using techniques such as UV-Vis spectroscopy, X-Ray Diffraction
Analysis (XRD), Scanning Electron Microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR),
and Particle Size Analysis (PSA). The nanoparticles were then tested at different (5—30 mg/mL)
concentrations using the agar well diffusion method. By measuring the size of the clear zones surrounding
the wells, the antimicrobial activity was ascertained. This was followed by the determination of the
minimum inhibitory concentration (MIC), which aids in determining the lowest concentration at which
microbial growth can be inhibited. From the results obtained, Sm-CulNPs exhibited quantitatively stronger
antimicrobial effects than Sm-FeNPs, producing inhibition zones ranging from 6.5—14.0 mm for
Staphylococcus aureus and 5.25—12.0 mm for Aspergillus niger, compared to 6.0—11.0 mm and 4.0—9.0 mm
respectively for Sm-FeNPs. Sm-CuNPs achieved a MIC of 10 mg/mL for both organisms, whereas Sm-
FeNPs achieved a MIC of 10 mg/mL for Staphylococcus aureus and 20 mg/mL for Aspergillus niger. These
findings show that Sm-CuNPs were more effective against the two tested microbes. This is attributed to
their ability to damage cell membranes and generate reactive oxygen species (ROS) that harm microbial
cells. Since Sm-CulNPs showed significant activity against both bacterial and fungal isolates, it suggests
their potential usefulness in treating infections caused by Staphylococcus aureus and Aspergillus niger.
Moreover, the study highlights the ecological benefit of using Spondias mombin leaf extract for
nanoparticle synthesis, supporting the growing interest in eco-friendly nanotechnology for antimicrobial
applications.

Keywords : Antimicrobial, Aspergillus niger, Green Chemistry, Spondias mombin, Staphylococcus
aureus.
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Introduction

Nanotechnology has been in the spotlight due to its
wide range of applications from electronics to
medicine [1]. In particular, the synthesis and use of
metal nanoparticles (NPs) have received much
attention lately. This is because they show
promising potential in biomedical applications,
especially for treating infections [2]. Among these
nanoparticles, CuNPs and FeNPs have been widely
studied for their antimicrobial properties against
bacteria and fungi [3]. According to recent studies,
the increasing resistance of microbes towards
antibiotics has led many researchers to seek
alternative treatment strategies [4]. For instance,
Staphylococcus aureus has shown methicillin
resistance rates ranging from 43—60% in Nigeria’s
clinical isolates [7], making the development of
new antimicrobial agents crucial.

Nanoparticles, with their unique physical and
chemical properties, represent a practical solution
to this challenge. These properties include their
ability to disrupt microbial cell membranes due to
their surface morphology [5]. Recent studies have
shown that CuNPs and FeNPs are effective against
harmful microbes such as Staphylococcus aureus
and Aspergillus niger [8]. However, these microbes
have developed significant resistance to
conventional antibiotics, leading to widespread
infections [9].

In addition to their antimicrobial actions, CuNPs
and FeNPs can interact with biological molecules.
This enables the nanoparticles to generate reactive

(ROS),

candidates for different medical uses [4]. The use

oxygen species which makes them
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of plant extract is becoming increasingly attractive
in producing nanoparticles due to its benefits. Some
of the benefits include their compatibility with
biological systems and lower cytotoxicity [2,3].
Spondias mombin (Sm), known for its medicinal
value, contains phytochemicals such as flavonoids,
phenols, tannins, and terpenoids that aid in the
reduction and stabilization of metal ions during
nanoparticle synthesis [10]. This study examines
the antimicrobial effects of CuNPs and FeNPs
made from Spondias mombin (Sm) leaf extract. The
Sm-leaf is known for its medicinal properties. Sm-
CuNPs and Sm-FeNPs that were synthesized were
tested against Staphylococcus aureus and
Aspergillus niger [5]. The results of this study are
important for creating new types of antimicrobial
agents, particularly in the face of rising antibiotic
resistance. Furthermore, using natural plant
extracts to make nanoparticles supports the ideas of
green chemistry, which promote methods that are
both eco-friendly and sustainable in biomedical

research [6].

Materials and Methods

Sample Collection and Identification

The test organisms were obtained from the
Teaching Hospital, University of Port Harcourt.
The organisms were tentatively identified as
Staphylococcus aureus and Aspergillus niger. The
identities of these organisms were confirmed using
colony characteristics (e.g., pigmentation, growth
and

pattern), Gram staining for S. aureus,

lactophenol cotton blue staining for A. niger, along



Eze, Uchenna Samson; James, Abosede Olubunmi

ChemClass Journal Vol. 9 Issue 2 (2025),; 672-690

with differential media based on standard
microbiological techniques [8-9].

Fresh Spondias mombin (Ijikara) leaves used in this
study were gathered in Omoku, ONELGA, Rivers
State, Nigeria, in March 2024. The Department of
Plant Science at the University of Port Harcourt
conducted the taxonomical identification and
authentication. Analytical-grade chemicals were
employed throughout this investigation [9].

Spondias mombin Leaf Extract

Fresh leaves were collected from the Spondias
mombin (Sm) tree and rinsed five times with tap
water and four times with distilled water to clean
the leaves. To get rid of any remaining moisture,
the leaves were dried for 48 to 60 hours. The dried
leaves were ground into powder, stored in an
airtight container, and used later. About 50 grams
of Sm powder were soaked in 50 milliliters of pure
ethanol. The extract was percolated in 500
milliliters of 99% ethanol in a 1-liter conical flask
using the cold maceration method. It was stored for
three days with constant shaking. The mixture was
filtered using a funnel and Whatman filter paper
No. 1, and the filtrate was concentrated using a
rotary evaporator. The recovered extract was stored

at 4°C [9].

Synthesis of CuNPs and FeNPs using Spondias
mombin

Five grams of the Spondias mombin extract were
added to 100 mL of 0.01 M Cu(NOs3), solution. A
1:2 (v/v) ratio of metal salt to plant extract was
used, based on preliminary optimization studies

showing the best nanoparticle yield. The mixture
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was heated at 90 °C with constant stirring for 20—
30 minutes. A color change from blue to reddish
brown indicated the formation of copper
nanoparticles (Sm-CulNPs). Similarly, when 0.01 M
FeCl; was used, a shift in color from clear to deep
brown indicated the formation of iron nanoparticles

(Sm-FeNPs) [10].

The reducing mechanism was monitored using
UV-Visible spectroscopy, and absorption peaks
were recorded between 210-800 nm for CuNPs and
230-770 nm for FeNPs. Nanoparticles were
collected by centrifugation at 2500 rpm and oven
drying at 50 °C. The synthesis was repeated using
0.02 M and 0.03 M concentrations. Nanoparticle
sizes and morphologies were further characterized
using SEM, FTIR, and PSA, and the resulting
materials were used for antimicrobial analysis. In
order to determine the inhibition efficiency of the
nanoparticles, the effect of concentration on

particle size was examined [9].

Dissolution of Sm-CuNps and Sm-FeNPs
Nanoparticles Sample

Two samples each of the nanoparticles were diluted
into four different concentrations. These
concentrations included Sm-CuNPs, Sm-FeNPs,
and Sm-extracts, which served as the control. A
sterilized razor blade was used to partition the
nanoparticles into different sterile Petri dishes [9].
A chemical balance was used to weigh 0.05 g (50
mg) of each Sm-CuNP and Sm-FeNP sample along
with Sm-extract as control. Five milliliters of sterile

distilled water were added to a test tube containing
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these samples. To help the sample dissolve, it was
agitated with a glass rod and placed in a water bath
at 60°C. This process produced nanoparticle
concentrations of 10 mg/mL. The procedure was

repeated for 5, 20, and 30 mg/mL concentrations

[8].

Sterilization of Materials

After cleaning with soapy water, rinsing, and
drying, glassware (test tubes, beakers, conical
flasks, and Bijou bottles) was sterilized in a hot air
oven at 180 °C for two hours. Needles and wire
loops were sterilized by direct flaming to red-hot.
Cork borers were dipped in 70% ethanol, briefly
flamed to remove excess alcohol, and cooled next

to a flame before use.

Media Preparation

Mueller Hinton Agar

Following the manufacturer's guidelines. One liter
of distilled water was used to dissolve 38 g of
Mueller Hinton agar powder (CMO0337B).
Following mixing and full dissolution, it was
autoclaved for 15 minutes at 121°C to sterilize it.
After pouring the medium into the Petri dish, it was

left to cool [18].

Nutrient Agar

As directed by the manufacturer, 1000 ml of
distilled water was used to dissolve 28 g of nutrient
agar. After thorough mixing, it was sterilized in an
autoclave set at 12°C and 15 psi for 15 minutes. It
was then allowed to cool before being dispensed

into Petri dishes and bijou bottles.
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Antimicrobial Sensitivity Test

This test was designed to determine which of the
isolated organisms can be susceptible to a particular
antimicrobial agent (in this case, the nanoparticles
and extract). This method involved the use of the
Agar Well Diffusion Technique on Mueller Hinton
medium using the two (2) nanoparticles with
different dilution factors and the extract as control

[18].

Agar Well Diffusion Method

The colony suspension method was used to
standardize each isolate [11]. Each suspension was
adjusted to match the 0.5 McFarland standard,
corresponding to 1.0 x 10® cfu/mL. Mueller—
Hinton agar (MHA) plates were inoculated by
swabbing with the standardized suspension. The
modified Kirby—Bauer diffusion method [12] was
used to assess susceptibility. Wells (6 mm in
diameter) were bored with a heat-sterilized cork
borer. Each well was filled with 100 pL (0.1 mL)
of the nanoparticle solutions at concentrations of 5,
10, 20, and 30 mg/mL. The Sm-extract was used as
a control. Plates were allowed to stand for 30
minutes before incubation at 37 °C for 24 hours
[13—14]. After incubation, inhibition zones were
measured with a transparent ruler to the nearest
millimeter [15].

All tests were performed in duplicates, and data
were subjected to one-way analysis of variance
(ANOVA) using Python (with the scipy.stats and
statsmodels libraries) to determine the statistical
significance (p < 0.05) of differences in inhibition

zones and MIC values.
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Minimum Inhibitory Concentration (MIC):

The MICs of the nanoparticles were determined
using the standard macro-broth dilution method in
Mueller—Hinton broth [15-16]. Three test tubes per
isolate were prepared for each nanoparticle
concentration (10, 20, and 30 mg/mL), each
containing 1 mL of nanoparticle solution and 9 mL
of sterile Mueller—Hinton broth. A loopful of each
test isolate was inoculated into the broth. Then, 0.5
mL of the inoculated broth was transferred into the
test tubes containing different nanoparticle
concentrations. Control tubes included: (a) isolate
with broth only and (b) broth only. All cultures
were incubated at 37 °C for 24 hours. The MIC was
recorded as the lowest concentration showing no

visible growth [17].
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i
Bacterial isolate Staphylococcus Fungl isolate Asperglius miger

aureus

N - e
Sm-Extract on Aspergillus Staphylococcus  aureus  on
niger Mannitol salt agar

Preparation of Bacteril/Fungi
Cultures for Determining the
MIC of Spondias mombin leaf
extract.

Preparation of Nano-particles for
Antimicrobial

Antimicrobial assay of CuNps
and FeNps on  Aspergillus
niger.

Antimicrobial assay of CuNps and
FeNps on Staphylococcus aureus.

Plate 1: Microbial Susceptibility Test

Results and Discussion

The findings of the antimicrobial activity of
Spondias mombin-mediated iron nanoparticles
(Sm-FeNPs) and copper nanoparticles (Sm-
CuNPs) against clinical isolates of Staphylococcus
aureus and Aspergillus niger are presented in

Tables 1-6.

The results were analyzed to compare the

effectiveness of these  nanoparticles as
antimicrobial agents based on their zones of
inhibition and minimum inhibitory concentrations
(MICs). The antimicrobial response data were also
fitted to Langmuir and Freundlich isotherm models

(Figures 1-8) to describe potential adsorption-like
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interactions between nanoparticles and microbial

surfaces.

Note: Results are reported as mean = SD (n = 3);
all experiments were conducted in triplicate and

error bars are presented in associated figures.

Table 1: Antimicrobial activity of Sm-FeNPs on clinical isolates.

Microbial isolates

Mean zone diameter of inhibition (mm)

Control 5 mg/ml 10 mg/ml 20 mg/ml 30 mg/ml
Staphylococcus aureus Nil Nil 4.5+0.70 7.0+ 0 11+£1.41
Aspergillus niger Nil Nil 1.5+2.12 6.0+ 1.41 8.5+0.70
Table 1 shows the antimicrobial activity of  The greater susceptibility of S. aureus compared to

Spondias mombin-mediated iron nanoparticles
(Sm-FeNPs) against Staphylococcus aureus and
Aspergillus niger at varying concentrations. As the
concentration of Sm-FeNPs increased from 10 to 30
mg/mL, a corresponding increase in the inhibition
zone was observed for both organisms. Specifically,
the mean zone of inhibition for S. aureus rose from
4.5 +0.70 mm at 10 mg/mL to 11.0 = 1.41 mm at
30 mg/mL. On the other hand, 4. niger displayed a
comparatively lower inhibition profile, increasing
from 1.5+ 2.12 mm to 8.5+ 0.70 mm over the same
concentration range.

These results indicate a  dose-dependent
antimicrobial effect, which aligns with several other
studies. For example, Shah and Ali [19] reported
that iron oxide nanoparticles synthesized using
Azadirachta indica leaf extract exhibited increasing
inhibition zones against S. aureus and E. coli,
peaking at 10.6 mm for S. aureus at 100 pg/mL.
Similarly, El-Nour et al. [20] demonstrated that
FeNPs exhibited less potent antifungal activity
against Candida albicans than antibacterial
activity, attributing this to the complex structure of

fungal cell walls and membranes.
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A. niger in this study may be attributed to the
simpler peptidoglycan-based cell wall of Gram-
positive bacteria, which is more penetrable by
metal-based nanoparticles than the chitin and B-
glucan-rich multilayered cell wall of fungi.
Furthermore, FeNPs are known to generate reactive
oxygen species (ROS) through Fenton-like
reactions, leading to oxidative stress, membrane
disruption, and protein degradation. However, these
effects are more pronounced in bacteria due to their
reduced antioxidant defenses compared to fungi.
This study is consistent with the findings of
Narayanan and Sakthivel [21], who reported that
FeNPs exhibit moderate bactericidal activity, and
that their efficacy can be influenced by particle size,
dispersion stability, and surface chemistry. In the
current study, the observed increase in inhibition
with concentration supports the hypothesis that
higher FeNP concentrations lead to increased ROS
generation and improved nanoparticle—cell surface
interactions.

In contrast, the lower antifungal activity against 4.
niger aligns with the report of Mousa et al. [22],

who observed that fungal pathogens generally
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require higher nanoparticle concentrations to
achieve significant inhibition. They attributed this
to slower uptake kinetics and enhanced efflux
mechanisms in fungi.

In conclusion, the relatively smaller inhibition zone

observed for Aspergillus niger confirms that Sm-

FeNPs are less effective against fungal pathogens
than bacterial ones. This disparity may be due to the
more complex architecture and reduced
permeability of fungal cell walls, which limits the

penetration and intracellular activity of FeNPs [23].

Table 2: Antimicrobial activity of Sm-CuNPs on clinical isolates

Microbial isolates

Mean zone diameter of inhibition (mm)

Control 5 mg/ml 10 mg/ml 20 mg/ml 30 mg/ml
Staphylococcus aureus Nil Nil 6.5+0.70 10.5+2.12 14.0+1.41
Aspergillus niger Nil Nil 5.25+0.35 9.0+ 0 12.0 £ 1.41

The antimicrobial activity of Spondias mombin-
mediated copper nanoparticles (Sm-CuNPs)
against Staphylococcus aureus and Aspergillus
niger at varying concentrations is shown in Table
2. From the data presented, Sm-CulNPs exhibit
higher antimicrobial activity compared to their
iron-based counterpart (Sm-FeNPs). According to
Vinay et al. [24], copper nanoparticles (CuNPs)
are particularly potent due to their multi-targeted
antimicrobial mechanisms, which include
disruption of microbial membranes, protein
denaturation, and the generation of reactive
oxygen species (ROS)—all of which compromise
microbial viability.

From Table 2, the mean zone of inhibition for S.
aureus ranged from 6.5 mm at 10 mg/mL to 14.0
mm at 30 mg/mL. For A. niger, the inhibition
zones were slightly lower, increasing from 5.25
mm to 12.0 mm over the same concentration
range. This trend highlights a concentration-

dependent inhibition, consistent with the findings
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of Akintelu and Folorunso [25], who reported that
CuNPs synthesized with Vernonia amygdalina
extract demonstrated increased inhibition zones
with  rising  nanoparticle  concentrations,
particularly against Gram-positive bacteria.
CuNPs' superior performance may be attributed
to their smaller particle size, which results in a
higher surface area-to-volume ratio. This
enhances the release of Cu?* ions and facilitates
direct interaction with microbial cell walls,
leading to oxidative stress and eventual cell death.
Ghosh et al. [26] reported that CuNPs under 50
nm in size were able to penetrate bacterial cell
walls more effectively and exhibited faster
bactericidal kinetics compared to FeNPs and
AgNPs under identical conditions.

Moreover, fungal inhibition—although slightly
lower than bacterial inhibition in this study—was
This

findings by Laha et al. [27], who noted that

still  significant. observation supports

CuNPs were effective against several fungal
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species including Aspergillus  flavus and

Fusarium oxXysporum, though higher

concentrations were typically required than for
bacterial inhibition. The slightly reduced
sensitivity of A4. niger may be linked to the
robustness and complexity of fungal cell walls,
which are structurally more intricate than
bacterial membranes.

The ability of CuNPs to disrupt both Gram-
positive bacterial and fungal cells make them
candidates  for

promising broad-spectrum

antimicrobial applications. Their ROS-mediated
mechanism is also less prone to resistance
development, offering a key advantage over
traditional antibiotics.

In conclusion, Sm-CuNPs demonstrated strong,
dose-dependent antimicrobial activity against
both S. aureus and A. niger. Their superior
physicochemical

and biological properties

suggest they could be eco-friendly, plant-
mediated therapeutic agents, especially in the

context of rising antimicrobial resistance [24,25].

Table 3: Minimum Inhibitory Concentration for the Nanoparticles

Microbial isolates

Minimum Inhibitory Concentration (MIC)

(mg/ml)
Control Sm-FeNPs Sm-CuNPs
Staphylococcus aureus Nil 10 10
Aspergillus niger Nil 20 10
Table 3 presents the minimum inhibitory  that CuNPs inhibited fungal strains such as Candida
concentrations (MICs) of Spondias mombin-  albicans and Aspergillus spp. at relatively low

mediated copper (Sm-CuNPs) and iron (Sm-

FeNPs) nanoparticles against Staphylococcus
aureus and Aspergillus niger. The MIC value for S.
aureus was 10 mg/mL for both nanoparticles,
indicating similar antibacterial performance at this
concentration. However, A. niger required a higher
concentration (20 mg/mL) of Sm-FeNPs for
inhibition, whereas Sm-CuNPs were effective at 10

mg/mL, suggesting superior antifungal activity.

These findings are consistent with the report by
Singh et al. [28], who found that CuNPs synthesized
from Ocimum sanctum leaf extract had lower MICs
(8-12 mg/mL) against S. aureus compared to

FeNPs. Similarly, Hassan et al. [29] demonstrated
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concentrations  (8-15

copper’s stronger ion release and ROS-generating

mg/mL), highlighting

capabilities.

The lower MICs for Sm-CuNPs make them ideal
for biomedical applications, as smaller effective
doses reduce toxicity risks. Ruparelia et al. [30]
emphasized that CuNPs maintain antimicrobial
efficacy even at sub-lethal concentrations, which is

advantageous for therapeutic applications.

In contrast, the moderate MIC values of Sm-FeNPs,
particularly against fungi, suggest they may be
suitable in applications where milder activity is

acceptable or where copper toxicity is a concern.
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Nasrollahzadeh et al. [31] recommended FeNPs for
use in agricultural and dermatological formulations
due to their higher biocompatibility and lower

reactivity.

This concentration-dependent antimicrobial trend
also reflects the influence of nanoparticle properties
such as surface area, ion release kinetics, and
bioavailability—all affected by the synthesis route

and plant-derived phytochemicals.

In summary, Sm-CuNPs show broader spectrum
activity at lower MICs, making them suitable for
medical, pharmaceutical, and antifungal purposes,
Sm-FeNPs  still offer

friendly,

while potential as

environmentally green-synthesized

alternatives [31,32].

In this study, the Langmuir isotherm model was

applied to interpret the interaction behavior
between the clinical isolates and the surfaces of Sm-
FeNPs and Sm-CuNPs. The antimicrobial activities
of these nanoparticles were evaluated against
Staphylococcus aureus and Aspergillus niger at

different concentrations as stated earlier. Tables 1
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to 2 and Figures 1 to 4 summarize the observed

antimicrobial effects and the corresponding

Langmuir isotherm interpretations.

Although the Langmuir and Freundlich isotherm
models were originally developed to describe
adsorption processes on solid surfaces, they can be
analogously applied to microbial systems to
illustrate interaction trends between nanoparticles
and microbial cells. In this context, the models
serve as semi-empirical tools for interpreting the
distribution and efficiency of nanoparticle activity
across varying concentrations. However, caution is
warranted in interpretation, as microbial surfaces
are inherently heterogeneous and biologically
complex, deviating from the assumptions of
uniform monolayer adsorption that underpin these
classical models. Nonetheless, such an approach
remains valuable for drawing comparative insights
into the inhibitory efficiency and binding
tendencies of different nanoparticle formulations

[33,39].
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Figure 2: A Langmuir isotherm of antimicrobial activity of Sm-FeNPs on Aspergillus niger

As shown in Figures 1 and 2, the Langmuir
isotherm plot for Sm-FeNPs revealed a moderate R?
value of 0.5968 for Staphylococcus aureus,
indicating a partially favorable adsorption profile.
Conversely, the R? value for Aspergillus niger was
very low (0.0419), suggesting that the Langmuir
model may be inadequate in explaining the
antimicrobial interaction, potentially due to the
heterogeneous or complex cell wall structure of
fungal species which promotes non-monolayer

interaction [33,39].
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Similar deviations in Langmuir modeling have been
reported by Singh et al. [35], who studied
biosynthesized FeNPs and observed irregular
microbial interactions attributed to  size
polydispersity and magnetic agglomeration. In
another report by Jain and Pradeep [36], the poor
Langmuir fit for FeNPs was associated with
oxidative instability and non-uniform release of

Fe*"/Fe*" 1ons.
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In contrast, the Langmuir plots for Sm-CuNPs
(Figures 3 and 4) demonstrated better R? values:
0.7100 for Staphylococcus aureus and 0.6730 for
Aspergillus niger. These values suggest a more

uniform and monolayer-type interaction between

the CuNPs and microbial surfaces. The improved fit
aligns with studies by Reddy et al. [27], who
reported a high correlation (R* > 0.80) between
CuNP adsorption and inhibition activity due to

strong electrostatic attraction and surface reactivity.

Table 4: Langmuir isotherm for equilibrium constant (K) on the inhibition efficiency of Sm-FeNPs and
Sm-CuNPs on clinical isolate

Sm-FeNPs Sm-CuNPs
Names of microbes R? K. (L/mg)  Dyax (mm) R? K. (L/mg) Dax (Mm)
S. aureus 0.5968 2.27 11 0.71 4.96 14
A. niger 0.0419 0. 39 8.5 0.673  3.39 12

682



Eze, Uchenna Samson; James, Abosede Olubunmi

ChemClass Journal Vol. 9 Issue 2 (2025),; 672-690

Table 5: Langmuir isotherm for the inhibition efficiency (%) of Sm-FeNPs and Sm-CuNPs on clinical

isolate
Sm-FeNPs Sm-CuNPs
Names of microbes 10 mg/ml 20 mg/ml 30 mg/ml 10 mg/ml 20 mg/ml 30 mg/ml
S. aureus 42% 59% 68% 48% 65% 74%
A. niger 34% 50% 60% 47% 63% 72%

The inhibition efficiency and Langmuir constant
(KL) values in Tables 4 and 5 support the
superiority of Sm-CuNPs over Sm-FeNPs. KL,
which reflects binding affinity, was considerably
higher for Sm-CuNPs. The maximum inhibition
diameter (Dmax) also indicates greater efficacy for
CuNPs.

These findings are in agreement with the results of
Zhang et al. [30], who demonstrated that CuNPs
possess a higher antibacterial potential due to their
ability to penetrate microbial membranes, release
copper ions (Cu/Cu*'), and generate reactive
oxygen species (ROS). The ROS cause oxidative
stress, lipid peroxidation, and DNA damage,
resulting in effective microbial inactivation.
Moreover, the superior inhibition observed with
Sm-CuNPs aligns with Rai et al. [33], who
concluded that copper-based nanoparticles
exhibited enhanced antibacterial activity against
both Gram-positive and Gram-negative bacteria
due to synergistic action between nanoparticle size
and oxidative stress mechanisms.

In terms of fungal inhibition, the trend remains

consistent. Studies by Ahmad et al.

[35] noted that copper nanoparticles have higher

fungistatic and fungicidal properties compared to
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iron-based ones. This is due to their higher redox
potential, which allows better interaction with the
fungal plasma membrane and inhibition of spore
germination.

Despite the usefulness of the Langmuir model in
this study, its limitations must be acknowledged.
The model assumes monolayer adsorption on a
homogenous surface, which does not fully apply to
complex biological systems. As highlighted by
Venkatesan and Haripriya [26], antimicrobial
inhibition  involves  multivariate  processes,
including ionic diffusion, redox cycling, and cell
wall  penetration—parameters not explicitly
accounted for in Langmuir or Freundlich models.
To address this gap, future studies can incorporate
advanced kinetic modeling or surface interaction
simulations, such as Langmuir-Hinshelwood or Hill
isotherms, which better reflect the biochemical
complexities of nanoparticle-microbe interaction.
Comparatively, studies by Al-Mutairi et al. [36]
using AgNPs also illustrated stronger correlation
with microbial inhibition when data were fitted to
alternative models that consider multilayer
interaction and cooperative binding effects. While
AgNPs showed the strongest antimicrobial activity

in their study, CuNPs were more cost-effective and
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less cytotoxic, offering a viable alternative for
broad-spectrum applications.

In conclusion, this study confirms that both Sm-
FeNPs and Sm-CuNPs exhibit concentration-
dependent antimicrobial activity. However, Sm-
CuNPs demonstrate superior performance in terms

of inhibition efficiency, Langmuir fit, and

equilibrium binding affinity. This enhanced
efficacy is attributed to the smaller particle size,
higher surface area, stronger redox potential, and
ROS generation ability of CuNPs. These findings
align with a growing body of literature supporting
the potent antimicrobial properties of copper-based

nanoparticles [27,28,30,33, 35].
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Figure 6: A Freundlich isotherm of aantimicrobial activity of Sm-FeNPs on Aspergillus niger
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The Freundlich isotherm model was employed to
study the inhibition efficiency and antimicrobial
activity of metal nanoparticles (NPs). In this
section, the antimicrobial activity of Sm-FeNPs and
Sm-CuNPs against Staphylococcus aureus and
Aspergillus niger is presented.

The Freundlich isotherms of antimicrobial activity
of Sm-FeNPs on clinical isolates are shown in
Figures 5 and 6. The R-squared value for
Staphylococcus aureus was 0.972, indicating a
strong correlation between the concentration of
FeNPs and the zone of inhibition. For Aspergillus
niger, the R-squared value was slightly lower at

0.9511, suggesting a somewhat less but still

1.4
1.2

1
0.8

0.6

log g,

0.4

0.2

0.2 0.4 0.6

significant correlation. The Freundlich constant
(Kf) wvalues for Staphylococcus aureus and
Aspergillus niger were —0.1612 and —0.6315,
respectively. The negative Kf values indicate that
inhibition was less favorable, which could be
attributed to the low inhibition capacity of FeNPs at
these concentrations. The slope values (1/n) were
0.7192 for Staphylococcus aureus and 1.7955 for
Aspergillus niger. The higher slope for Aspergillus
niger suggests greater surface heterogeneity or
stronger inhibition at lower concentrations,
implying that FeNPs may be more effective against
Aspergillus niger at lower concentrations than

Staphylococcus aureus.
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Figure 7: A Freundlich isotherm of antimicrobial activity of Sm-CuNPs on Staphylococcus aureus
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Figure 8: A Freundlich isotherm of antimicrobial activity of Sm-CuNPs on Aspergillus niger.

Table 6: Freundlich isotherm constant (Kr) on the inhibition efficiency of Sm-FeNPs and Sm-CuNPs on
clinical isolate

Sm-FeNPs Sm-CuNPs
Names of microbes R? Kr (mg/g) (L/mg)'™ N R? Kr(mg/g) (L/mg)'"™ N
S. aureus 0.972 -0.1612 1.00 0.9996  -0.0977 1.16
A. niger 0.9511 -0.6315 0.57 0.9799 -0.1362 1.10

The R-squared value for Staphylococcus aureus
was 0.9996, nearly a perfect fit, indicating that
CuNPs' antimicrobial activity was highly consistent
with the Freundlich isotherm model. As illustrated
in Figures 7 and 8, the R-squared value for
Aspergillus niger was 0.9799, also suggesting a
strong correlation. The Freundlich constant (Kf)
values for Staphylococcus aureus and Aspergillus
niger were —0.0977 and —0.1362, respectively.
While still negative, these Kf values were closer to
zero than those for FeNPs, suggesting that CuNPs
have a higher inhibition capacity at lower
concentrations compared to FeNPs. The slope
values (1/n) were 0.8602 for Staphylococcus aureus

and 0.91 for Aspergillus niger. These values were

higher than those for FeNPs, indicating greater

686

surface heterogeneity and stronger inhibition at

lower concentrations.

It is important to note, however, that Freundlich and
Langmuir isotherm models are conventionally used
for adsorption studies and not directly for
antimicrobial inhibition. The use of these models in
this context is based on an analogical interpretation
where the inhibition zone is used as an empirical
interaction intensities

This

proxy to describe on

microbial  surfaces. approach,  while
increasingly used in nanoparticle antimicrobial
studies [30], should be interpreted cautiously and

considered semi-quantitative.

CuNPs exhibit stronger antimicrobial activity than
FeNPs, which is consistent with findings in other

studies. For instance, CuNPs have demonstrated
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higher adsorption capacity and  broader
antimicrobial efficacy across various bacterial
strains, attributed to their smaller particle size,
greater surface area, and higher redox reactivity
[31]. These factors enhance their ability to generate
(ROS) and disrupt

microbial cell membranes more efficiently. Studies

reactive oxygen species

have also confirmed that copper-based

nanoparticles can easily penetrate microbial
biofilms due to their physicochemical properties,
making them more effective in antimicrobial

applications [30].

Furthermore, the observed negative Kf values align
with the trends reported by researchers in [30], who
found that certain metal-based nanoparticles,
particularly copper, exhibited similar
inhibition/adsorption behaviors. According to the
findings in [36], CuNPs possess higher
antimicrobial effectiveness at lower concentrations
due to their ability to interact more readily with
negatively charged microbial surfaces, promoting

enhanced ROS generation and oxidative stress.

In summary, the Freundlich isotherm model
highlights the differences in the antimicrobial
activity of Sm-FeNPs and Sm-CuNPs against
Staphylococcus aureus and Aspergillus niger.
CuNPs exhibit higher adsorption capacity and
stronger inhibition even at lower concentrations, as
indicated by higher Kf and 1/n values compared to
FeNPs. This is attributed to their greater surface
heterogeneity, smaller size, and enhanced ROS-

mediated antimicrobial mechanisms.
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Conclusion

This study investigated the antimicrobial properties
of Sm-FeNPs and Sm-CuNPs synthesized using
Spondias mombin leaf extract. Both nanoparticles
exhibited significant activity against
Staphylococcus aureus and Aspergillus niger, with
Sm-CuNPs having had higher efficacy. The
Langmuir and Freundlich isotherm models
provided insight into the inhibition behavior, with
Sm-CuNPs showing better fit and adsorption
efficiency. These findings highlight the potential of
not

green-synthesized nanoparticles only as

alternative antimicrobial agents but also as

promising candidates for future clinical
applications, particularly in the management of

resistant infections.

Future research should include in vivo testing using
murine or rabbit infection models and the
evaluation of other medicinal plant extracts for

nanoparticle synthesis.
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