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ABSTRACT

This study explores the potential of four types of nanoparticles (ZnO, ZnS, FeS,, and SnO,)
to combat resistant microbes using the well method. The research focuses on their antifungal and
antibacterial properties. Results showed that FeS, and ZnO nanoparticles displayed broad-spectrum
activity against various bacteria and fungi. This was evident by the formation of clear inhibition zones
after 24 h at 37°C. These findings highlight the promise of FeS, and ZnO nanoparticles as weapons
against resistant microbes. The inhibition zones demonstrate a measurable effect on microbial growth,
providing valuable groundwork for further development of novel strategies to fight and manage
microbial infections. This research adds to the ongoing search for alternative and effective solutions

in the face of growing microbial resistance.
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INTRODUCTION

The emergence of antibiotic-resistant
bacteria and fungi presents a significant challenge in
healthcare. Widespread and often inappropriate use
of antibiotics has fueled this resistance, rendering
many existing treatments ineffective. This highlights
the urgent need for novel antimicrobial solutions.
Nanoparticles, particles typically between 1-100
nanometers in size, have emerged as a promising
avenue in this fight. Their unique properties offer
potential advantages over traditional antibiotics.
Studies have shown nanoparticles to possess
antimicrobial, anti-inflammatory, and wound-healing

properties®’. However, this field is still relatively young,
and research on nanoparticle safety is ongoing.

A key concern with nanoparticles is
their toxicity. Their small size, beneficial in many
applications, can also increase their reactivity,
potentially leading to harmful effects. Various factors
influence toxicity, including size, surface area, and
chemical composition®®. These factors can interact,
with combinations potentially leading to higher
toxicity levels. Studies have shown a complex
relationship between nanoparticle concentration and
toxicity. In some cases, higher concentrations may
lead to reduced toxicity due to particle aggregation,
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hindering cellular uptake'. However, smaller
nanoparticles, with easier cellular entry, may exhibit
higher toxicity'2.

Despite these concerns, research suggests
potential for safe and effective use of nanoparticles
as antimicrobials. Green-synthesized ZnO
nanoparticles have shown promise in combating
bacterial and fungal pathogens®. However, other
studies have highlighted the potential toxicity of
nanoparticles towards non-targeted organisms™.

This study focuses on evaluating the
antifungal and antibacterial activity of four specific
nanoparticles: ZnO, ZnS, FeS,, and SnO,. We aim
to assess their effectiveness against various fungal
and bacterial isolates. The study will also investigate
the influence of concentration on their activity. By
exploring these aspects, we hope to contribute
valuable knowledge to the development of safe and
effective nanoparticle-based antimicrobials.

MATERIALS AND METHODS

Materials
Fungal and Bacterial Isolates

Fungal isolates (Aspergillus niger and
Aspergillus fumigatus) and bacterial isolates
(Escherichia coli, Bacillus cereus, and Bacillus
subtilis) were obtained from the Microbiology lab.
These isolates were stored at 4°C and revived by
culturing them on Sabouraud Dextrose Agar (SDA)
or Nutrient Agar (NA) at 37°C for 24 hours.

Methods: Nanoparticle Synthesis

A modified hydrothermal method with
dual precipitation and ultrasonication was used to
synthesize SnO,, ZnS, FeS,, and ZnO nanoparticles.
The synthesis involved following steps:

Step 1: Preparation of precursor solutions:
Separate solutions of 0.1 M ZnS0O,#7H,0 and 0.3 M
Na2S were prepared in 10 mL DI water with stirring.

Step 2: SnO, synthesis: 0.1 M SnCl,*2H,0
was dissolved in a mixture of 20 mL DI water and
20 mL ethanol. After adding 0.1 M NH,NQO,, the
solution was stirred for 30 min at 50°C.

Antifungal activity assay
Sabouraud Dextrose Agar (SDA) media
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was prepared (100 mL) and autoclaved (121°C,
15 psi for 15 minute). Six Petri dishes were also
autoclaved.The sterilized media was poured into
the Petri dishes and allowed to solidify within a
Laminar Airflow Cabinet.Using a sterile 6 mm borer,
two wells were created on opposite sides of the
solidified media in four plates.Two of these plates
were inoculated with Aspergillus nigerand the other
two with Aspergillus fumigatus using a spreader for
even distribution. One plate served as the positive
control (inoculated with fungi only) and another
as the negative control (no fungi).The experiment
evaluated the impact of synthesized nanoparticles
on fungal growth.

Antibacterial activity assay

Nutrient Agar media (100 mL) was
prepared and autoclaved along with six Petri
dishes (121°C, 15 psi for 15 minute). The media
was then poured and allowed to solidify in the
plates. Similar to the antifungal assay, wells were
created in four plates using a sterile 6 mm borer.
Bacterial suspensions were prepared for E. coli,
Bacillus subtilis, and Bacillus cereus by suspending
bacteria in sterilized water. Each suspension was
spread on separate plates using a sterile spreader.
One plate served as the positive control (inoculated
with bacteria) and another as the negative control
(no bacteria). Varying concentrations (15 pL, 20
uL, 25 pL, and 30 pL) of each nanoparticle (ZnO,
FeS,, SnO,, or ZnS) were loaded into one well
per plate using a micropipette. An equal volume
of ethanol was loaded into the opposite well as a
control. The plates were incubated at 37°C for 24
h to allow bacterial growth. After incubation, the
plates were examined for zones of inhibition around
the wells containing nanoparticles or ethanol. The
diameter of any inhibition zone was measured and
recorded. The entire antibacterial activity assay was
repeated three times for each bacteria-nanoparticle
combination to ensure reliable results.

The modified hydrothermal method with
dual precipitation and ultrasonication synthesised
the SnO,, Zn§S, FeS, ZnO nanocomposite. The
synthesis process involved three main steps.In the
first step, separate 0.1M ZnSO,7H,0 and 0.3M Na2S
aqueous solutions were prepared in 10 mL DI water
separately with continuous stirring. The presence
of ZnS nanoparticles in the resulting milky white
solution was confirmed using UV-Vis spectroscopy.
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For SnO,, 0.1M SnCl,2H,0 was dissolved
in a mixture of 20 mL DI water and 20 mL ethanol,
followed by the addition of 0.1M NH,NO,. The solution
was stirred for 30 minutes at 50°C, resulting in a
milky white solution containing SnO, nanoparticles,
which was confirmed using UV-Vis spectroscopy.
Characterization of these nanoparticles was carried
out with a reported concentration of 0.5M in 50cc of
ethanol'®-22,

RESULTS AND DISCUSSION

Antifungal studies

The experiment evaluated the antifungal
activity of synthesized nanoparticles (FeS,, ZnO,
SnO,, and ZnS) against Aspergillus niger. Zone
of inhibition formation and diameter were used to
assess efficacy. Diameter of zone of inhibition results
produced by nanoparticles at varying concentrations
against A. niger shown in Figure 1.

Fig. 1. Diameter of zone of inhibition results produced by
nanoparticles at varying concentrations against A. niger

Figure 1 shows that FeS, and ZnO
nanoparticles consistently produced inhibition zones
against A. niger at all tested concentrations. In
contrast, SnO, and Zn§S did not exhibit any inhibitory
effect at any concentration. The presence of inhibition
zones indicates potential fungicidal activity, possibly
linked to reactive oxygen species (ROS) production,
which aligns with previous research®.

The diameter of the inhibition zone
increased with increasing concentrations of FeS, and
Zn0, suggesting a dose-dependent antifungal effect.
Both nanoparticles impeded fungal growth near the
loaded wells. Interestingly, FeS, displayed stronger
antifungal activity compared to ZnO. At the lowest
concentration (15 pL), FeS, produced a 20 mm zone
of inhibition compared to ZnO's 16 mm. This trend
continued at higher concentrations (25 mm for FeS,
vs. 24 mm for ZnO at 30 pL). Notably, FeS, exhibited

494

the same inhibition zone diameter (20 mm) at 15 yL
and 20 pL concentrations, suggesting a possible
plateau effect, where further concentration increase
may not significantly enhance antifungal activity.
This aligns with the concept of dose-dependent
nanoparticle toxicity?®.

Our findings contradict observations by?
who suggested that higher concentrations might
not be effective due to aggregation. In contrast,
this study demonstrates increased toxicity
of FeS, and ZnO at higher concentrations.
Conversely, SnO, and Zn§ lacked any inhibitory
effect, potentially indicating lower A. niger
susceptibility or limited nanoparticle toxicity
against this fungus. This difference in inhibition
zones between ZnO and FeS, highlights the
varying susceptibility of fungi to different
nanoparticle types?527,

As depicted in Fig. 2, the results highlight

Fig. 2. Diameter of zone of inhibition results produced by
nanoparticles at varying concentrations against A. fumigatus

FeS, nanoparticles as the sole contributor to
antifungal activity against A. fumigatus, evident in
the production of zones of inhibition (as illustrated in
Fig.3).In contrast, ZnS, SnO,, and ZnO nanoparticles
yielded negative results, failing to produce distinct
zones of inhibition. This absence of clear zones may
suggest that A. fumigatus, as a fungal species, was
less susceptible to the toxic effects exerted by the
nanoparticles.

Examining Fig. 2 further, it is noted that
FeS, at concentrations of 15 uL and 20 pL displayed
identical zone of inhibition diameters of 14 mm,
indicating that an increase from 15 pL to 20 pL
did not enhance antifungal activity. This similarity
mirrors the anomaly observed in the results against
A. niger, suggesting that this concentration range
may not significantly affect the activity against
the fungi. However, FeS, exhibited smaller zones
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of inhibition against A. fumigatus compared to
A. niger, suggesting a potential variation in
sensitivity or resistance between the two fungal
strains.'” emphasized that the toxic effects of
nanoparticles on microorganisms depend not only
on the nanoparticle type but also on the microbial
species involved, which aligns with the observed
differences in sensitivity.

FeS,' antifungal efficacy against A.
fumigatus (with a maximum zone of inhibition of
20 mm) was less pronounced than its impact on
A. niger (with a minimum zone of inhibition of
20 mm). This disparity may indicate that A.
fumigatus is a more resistant strain, producing
smaller zones of inhibition. This inference is
reinforced by the observation that ZnO, effective
against A. niger, only managed to restrict the growth
of A. fumigatus near the well, without clear zones of
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inhibition. This discrepancy suggests the possibility
that increasing the concentration of ZnO beyond 30
pL might be necessary for the production of distinct
zones of inhibition.

It is noteworthy that the wells loaded with
ethanol did not hinder fungal growth, signifying that
all observed antifungal activity is solely attributed
to the nanoparticles. In summary, with regard to
antifungal activity, FeS, demonstrated superior
efficacy, followed by ZnO nanoparticles. The
mechanism of action involves the disruption of the
cell membrane, leading to cellular disruption and
death, coupled with the production of radical oxygen
species that are detrimental to cell organelles®,?23,
Furthermore, the maintenance of inhibition zones
after 48 h indicates the sustained effectiveness
of nanoparticles in their fungicidal activity, also
reflecting proper diffusion within the agar media.

Fig. 3. Images showing the zone of inhibition exerted by (A) ZnO nanoparticles against Bacillus cereus and (B) FeS,
nanoparticles against Aspergillus fumigatus

Antibacterial studies

Figure 3 demonstrates the formation of
clear inhibition zones around wells containing ZnO
and FeS, nanoparticles against Bacillus cereus.
This observation suggests the nanoparticles' ability
to diffuse through the media and inhibit bacterial
growth, potentially indicating bactericidal activity®.
The presence of inhibition zones aligns with previous
research highlighting the nanoparticle's potential to
impede bacterial growth.

Figure 4 shows the concentration-
dependent antibacterial activity of ZnO, FeS,,, SnO,,
and ZnS against Bacillus cereus. ZnO consistently
produced the largest inhibition zones at all tested
concentrations, followed by SnO,, FeS,, and ZnS.
Notably, ZnO exhibited a larger zone (25 mm) at
20 pL compared to the highest concentration of

ZnS (17 mm), SnO, (24 mm), and FeS, (23 mm).
ZnO reached its maximum zone size (26 mm) at
30 pL, while ZnS had the smallest zone (17 mm) at
the same concentration.

Fig. 4. Diameter of zone of inhibition results produced by
nanoparticles at varying concentrations against
Bacillus cereus
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Interestingly, all nanoparticles except ZnO
and FeS, displayed increasing inhibition zones with
higher concentrations. This aligns with the concept of
concentration-dependent nanoparticle toxicitys 7%,

The observed variations in bacterial
growth inhibition support previous findings'” that
nanoparticle toxicity depends on both nanoparticle
type and bacterial species. After 48 h, clear inhibition
zones remained for ZnO, ZnS, and FeS,, while
Sn0, showed bacterial growth within the zone. This
could be due to a decrease in SnO, nanoparticle
concentration as bacterial cells divided, reducing
the observed antibacterial effect?'2.

Furthermore, Bacillus cereus demonstrated
higher susceptibility to ZnO and lower susceptibility
to ZnS, highlighting species-specific sensitivity to
nanoparticles, as reported by'".

Fig. 5. Diameter of zone of inhibition results produced by
nanoparticles at varying concentrations against
Bacillus subtillis

Figure 5 demonstrates the concentration-
dependent antibacterial activity of ZnO, FeS,,, SnO,,
and ZnS against Bacillus subtilis. SnO, displayed the
largest inhibition zones for all concentrations except
20 pL, where it matched ZnO and FeS, and showed
moderate effectiveness, while ZnS had the weakest
effect. Notably, SnO, consistently exhibited larger
inhibition zones compared to other nanoparticles.

Maximum inhibition for SnO, was observed
at 30 pL (30 mm zone), while ZnS had the smallest
zone (18 mm) at the same concentration. All
nanoparticles displayed increasing inhibition zones
with higher concentrations, aligning with the concept
of concentration-dependent nanoparticle toxicity® 731,

Similar to B. cereus, these findings suggest
bacterial species and nanoparticle type influence
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toxicity'”. B. subtilis showed varying sensitivity, with
SnO, being the most effective, followed by ZnO,
FeS,, and ZnS.

After 48 h, clear inhibition zones remained
for Zn0O, ZnS, and FeS,, while SnO, showed bacterial
growth within the zone. This might be due to a
decrease in SnO, nanoparticle concentration as
bacteria divided, reducing the observed effect®23,

In conclusion, SnO, exhibited the strongest
antibacterial activity against B. subtilis, followed
by ZnO, FeS,, and ZnS. This study highlights the
importance of considering both nanoparticle type
and bacterial species for effective antibacterial
applications.

Fig. 6. Diameter of zone of inhibition results produced
by nanoparticles at varying concentrations against E. coli
Figure 6 presents the outcomes of the
assessment of test nanoparticles against E. coli.
Results indicated that all nanoparticles, with the
exception of SnO,, were able to generate inhibition
zones against E. coli. The most notable inhibition
zone was observed for ZnO nanoparticles at
30 pL, displaying a 32 mm inhibition zone. Following
ZnO, FeS, exhibited a 25 mm inhibition zone,
and ZnS showed a 14 mm inhibition zone at the
same concentration for those nanoparticles that
produced an inhibition zone. ZnO emerged as the
most effective against E. coli, consistently producing
the largest inhibition zones for all concentrations
compared to the other test nanoparticles.

Consistent with prior research®'” and
supported by*, which emphasizes the concentration-
dependent nature of nanoparticle toxicity, the
results for E. coli in this study aligned with the
notion that inhibition zones tend to increase with
higher concentrations. This pattern was observed
for all test nanoparticles except SnO,, which did not
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produce any inhibition zone for all concentrations.
This finding is in line with', indicating that each
species possesses a specific susceptibility to
certain nanoparticles, and in the case of E. coli, it
demonstrated insensitivity or resistance to SnO,
nanoparticles.

The results highlighted the heightened
sensitivity of E. colito ZnO nanoparticles, and all test
nanoparticles maintained clear inhibition zones even
after 48 h of culture. This persistence underscores
the sustained antibacterial effectiveness of the
nanoparticles against E. coli.

Key findings
Antibacterial activity

Zn0O nanoparticles exhibited the strongest
and most consistent antibacterial effect across
all bacterial isolates (Bacillus cereus, Bacillus
subtilis, and E. coli). This is likely due to ZnO's
ability to disrupt bacterial cell membranes, leading
to cell death. Their small size facilitates membrane
penetration, causing stress and breakdown. FeS,
nanoparticles also displayed consistent antibacterial
activity against all isolates, potentially through the
generation of reactive oxygen species that damage
bacterial cells. ZnS nanoparticles showed moderate
and consistent antibacterial activity, while SnO,
was only effective against Bacillus species. This
highlights the dependence of nanoparticle toxicity
on both nanoparticle type and bacterial species.
Bacillus cereus was the most susceptible bacteria,
followed by Bacillus subtilis and then E. coli. This
aligns with previous research suggesting E. coli's
lower susceptibility to nanoparticles compared to
Bacillus subtilis.

Antifungal activity

FeS, nanoparticles were the most effective
against the fungal isolate (Aspergillus niger),
followed by ZnO nanoparticles. Both inhibited fungal
growth by creating clear inhibition zones. Their
mechanism of action likely involves disrupting fungal
cell membranes and producing cell-damaging radical
oxygen species. Importantly, the inhibition zones
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remained after 48 h, indicating sustained fungicidal
activity SnO, and ZnS did not exhibit any antifungal
activity against A. niger. This study supports the
concept that nanoparticle effectiveness depends
on both the type of nanoparticle and the specific
microorganism (bacteria or fungi) being targeted
Bacteria displayed greater overall susceptibility to
the tested nanoparticles compared to fungi.

CONCLUSION

This study investigated the antibacterial
and antifungal activity of synthesized ZnO, FeS,,
Sn0,, and ZnS nanoparticles. ZnO nanoparticles
demonstrated the strongest and most consistent
antibacterial effect against various bacteria
(Bacillus cereus, Bacillus subtilis, and E. coli).
FeS, nanoparticles also displayed broad-spectrum
antibacterial activity. Fungal susceptibility was
lower compared to bacteria. FeS, nanoparticles
exhibited the most effective antifungal activity against
Aspergillus niger, followed by ZnO nanoparticles.
Sn0O, and ZnS lacked antifungal properties against
this fungus. Both bacterial and fungal susceptibility
varied depending on the nanoparticle type,
highlighting the importance of considering this
factor in developing nanoparticle-based antimicrobial
applications. This study provides valuable insights
into the potential of these nanoparticles for
developing targeted antimicrobial agents. Further
research is necessary to ensure their safe and
effective application.
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