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nanoparticles (AgNPs) includes pathways that utilize a variety of biological sources to
decrease metal ions. This study was designed to synthesize AgNPs using a fungus strain
Aspergillus flavus and evaluate its antibacterial activities alone or in combination with
Foeniculum vulgare (fennel) essential oil (EO).

Methods: The antibacterial activity of different concentrations of biosynthesized AgNPs by
Aspergillus flavus individually and in combination with fennel EO was investigated using
disc diffusion methods and minimal inhibitory concentration (MIC). Bacterial species,
including Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumoniae, Enterobacter
cloacae, Shigella sp., Staphylococcus aureus, and Staphylococcus epidermidis were tested.
Results: Formation of dark brown color, ultraviolet-visible (UV/Vis) spectroscopy,
transmission electron microscope (TEM), and attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR) were used for the characterization of AgNPs.
Obvious synergistic effects were observed between AgNPs and EO of fennel (F. vulgare)
with all tested bacteria except S. aureus, through increases in fold area of inhibition (IFAs)
within the range of 0.15 to 8.87. Although S. aureus had the most susceptibility toward both
AgNPs and EO of fennel (24 and 17 mm, respectively), no synergistic activity was exhibited.
The best synergistic capacity resulted from AgNPs and fennel EO was observed against S.
epidermidis (8.87-fold in IFA).

Conclusion: This study revealed that when biosynthesized AgNPs were mixed with the EO
of F. vulgare, they became more bacteriostatic and might be developed to treat bacterial
infections in the future.
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Introduction time, how these nanoparticles can be applied in all fields
Nanoscience is one of the most important branches of science and technology (1). Therefore, nanoscience
of modern science, which deals with the knowledge, and its techniques are considered among the modern
structure, and properties of nanoparticles and, at the same and active branches of the sciences. They are included
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in many disciplines such as medicine, pharmacy, and
engineering, but are almost in all fields (2).

The advancement of this field after obtaining many
scientific research results in this regard has led to a
radical change in the field of industry, whether from
the beginning of the manufacture of raw materials or
through the use of building blocks whose products are in
nanoscales (3). Nanoparticles (NPs) have been described
as a group of atoms containing at least one of the three
outer dimensions with a size ranging from 1 to 100 nm
(4,5). They usually exhibit several unique properties,
whether physical or chemical, and of different sizes
when matched with their bigger counterparts (6). The
unique and new properties of NPs have been explored at
the nano level and in a wide and varied field of possible
applications, whether in medicine, pharmaceuticals,
cosmetics, renewable energy, polymer industry,
environmental treatment, water purification, and the
manufacture of some medical devices (7).

The synthesis of NPs occurs in several ways, including
chemical, physical, and biological fields. Among these
methods are chemical methods, with some advantages,
to produce them in large quantities and in a short time,
while physical methods are quick by using radioactive
materials as reducing agents without the need for toxic
chemicals. However, chemical methods often include the
use of some materials as helpers and stabilizers, which
are toxic, therefore, do not lead to the production of
non-environmental-friendly by-products. Moreover, the
physical methods suffer from low production capacity
coupled with high energy consumption and at the same
time lead to unwanted nanoparticle size diversity and
contamination of organic solvents (8-11). This synthetic
approach is environmentally neutral, low cost, safe, non-
toxic, and does not contain any harmful by-products.
These biological, intracellular, and extracellular
methods, which use bacterial, fungal, and plant cells
or their extracts, are collectively called biosynthesis
through green nanotechnology (12). Due to their nano
size and high surface area, metal NPs exhibit unique and
novel physical and chemical properties compared to their
macroscale counterparts (13).

Among metal NPs, silver nanoparticles (AgNPs) are
used in several fields, including medical, consumer,
and healthcare products such as soaps, textile, plastics
(14-16), and antimicrobial agents with wide spectrum
activity against a variety of pathogenic bacteria and
fungi (17-19). Multidrug-resistant bacteria is considered
as a global concern, which have evolved as a result
of excessive or insufficient antibiotic use (20). The
emergence of these multidrug-resistant bacteria has
been highlighted as a significant worldwide threat (21).
In this situation, therefore, the combination of AgNPs
with natural extracts may exhibit antibacterial synergies;
resulting in the creation of a novel therapeutic method.

Nanoparticle-antibiotic mixtures have been shown (In
vitro) areduction in the concentration of combined drugs
toxicity and increasing antibacterial potential (22,23).
Foeniculum vulgare, commonly known as fennel, is an
aromatic herb that is indigenous to the Mediterranean
region but is cultivated in many countries. It has been
used traditionally to treat a variety of diseases such as
those related to the digestive, respiratory reproductive,
and endocrine systems. It is also a galactagogue for
nursing women (24). Badgujar et al (24) and Abou
El-Soud et al (25) reported that it had antimicrobial,
antioxidant, chemopreventive, antitumor, cytoprotective,
hypoglycemic, hepatoprotective, and oestrogenic actions
(24,25). Therefore, this study was designed to synthesize
AgNPs using a fungus strain Aspergillus flavus and
evaluate their antibacterial activities, alone or in
combination with F. vulgare essential oil (EO) against
various gram-negative and gram-positive bacteria.

Materials and Methods

Fungal strain

The airborne fungus was isolated from the warehouses
of the Supplies Department at Mutah University by Dr.
Amjad Al-Tarawneh from Prince Faisal Center for the
Dead Sea, Environmental and Energy search at Mutah
University, Jordan. By ITS sequencing, the fungus species
was characterized as Aspergillus flavus (MACROGEN,
Korea). A similarity search against the NCBI database
was performed and then the sequence was deposited in
the NCBI database (accession number MG973280.1).

Biosynthesis of AgNPs

The synthesis of AgNPs was prepared as described
previously by Jaidev and Narasimha (26) with some
modifications. Briefly, the fungal isolate was grown
under aerobic conditions in a liquid culture medium at
pH 7 by inoculating the liquid medium (100 mL) with
2.0 x 10° spores and then incubated, shaking at 150 rpm
at 33°C for 24 hours. After obtaining fungal biomass
via filtering using (Whatman No. 1) filter paper, it was
carefully cleaned with sterile and distilled water. Ten
grams of wet biomass was placed in 100 mL of sterile
deionized water and incubated at 33°C, pH 7.0, and
agitated at 150 rpm for 48 hours. Then, the fungal filtrate
was obtained by separating the fungal biomass from
the suspension using filter paper (Whatman No. 1). To
accomplish the biosynthesis process, AgNOs were added
to the fungal filtrate (100 ml) at a concentration of 1 mM.
The filtrate was then incubated in the dark for 24 hours
at 33°C and shaking rate of 150 rpm for 24 hours or as
otherwise required.

Characterization of the synthesized AgNPs
The synthesized AgNPs were characterized using
an ultraviolet-visible (UV/Vis) spectrophotometer,
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transmission electron microscope (TEM), and attenuated
total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR). To initially characterize the biosynthetic
AgNPs, scanning UV/Vis light at the range (280-800 nm)
was used. The same approach for the control flask was
made but without AgNOs. TEM images of the synthesized
AgNPs were captured by an FEI Versa 3D Dual Beam
instrument (FEI, USA) and the AgNPs crystals were
detected using MAXima-X XRD-7000 (SHIMADZU,
Japan). The ATR-IR for the synthesized AgNPs was
analyzed using a Bruker Alpha FTIR spectrometer
(Bruker Optics GmbH, Ettlingen, Germany).

Plant material

Fresh F. vulgare leaves were collected in April and May
in Irbid, southern Jordan. The plant was identified by
Dr. Saleh Alquraan (Department of Biology, Mu'tah
University, Al-Karak, Jordan). A voucher specimen
(Bi0202207) was deposited in the department of medical
laboratory sciences, faculty of science, Mu’tah University,
Al-Karak, Jordan. The fresh leaves were cleansed, dried,
and crushed into a fine powder.

Extraction of essential oils

The EO components of F. vulgare leaves were extracted
using a simple Clevenger apparatus. Briefly, a 50 g sample
of ground plant material was hydro-distilled for three
hours using simple Clevenger equipment. Diethyl ether
was used to extract the EO from the aqueous phase. After
evaporating the diethyl ether, anhydrous sodium sulfate
was used to remove excess water. Finally, the extracted
EO was refrigerated at 4°C for further investigation.

Bacterial species

Seven clinically isolated bacterial species were obtained
from Al Bashir Hospital (Amman - Jordan). The bacterial
strains tested included E. coli, K. pneumonia, E. cloacae,
Shigella sp., P. aeruginosa, S. aureus, and S. epidermidis.
Clinical isolates were identified and confirm using
bioMérieux VITEK' 2.

Preparation of bacterial suspension

The culture medium was prepared according to the
standards of the Laboratory Standards Institute (CLSI
M7-A7, 2012) (27). For this purpose, 1 CFU was selected
and cultured in 5 mL nutrient broth (NB) and incubated
overnight at 37°C, shaking at 150 rpm. Bacterial growth
was set at 1.5 x 10°® CFU/mL using 0.5 McFarland
Standard.

Disc diffusion method

The antibacterial activities of EO and AgNPs solutions
were investigated using disc diffusion assays described
previously (28). This was carried out in Mueller-Hinton
Agar containing Petri dishes. Disc diffusion tests were

Antibacterial activity of airborne fungal mediated nanoparticles

performed for the oil as described. Ready-made 6-mm
paper discs laid on the agar surface were loaded with 5,
10, and 15 uL of EO. For AgNPs solution, discs laid on the
agar surface were loaded with different volumes (5, 10, 15,
20,40, and 60 pL), equal to 0.125,0.25,0.375,0.5, 1,and 1.5
mg/mL, respectively. After 24 hours, the potential zone of
inhibition for AgNPs doses and EO concentration against
all bacterial samples were monitored and calculated (29).

Minimum inhibitory concentration (MIC)

MIC is defined as the lowest concentration of the tested
materials needed to inhibit bacteria. Dilutions were
prepared from a DMSO-EO stock solution to obtain 15,
10, 5, 2.5. 1.0, 0.5, and 0.25 mg/mL. For AgNPs solution,
a series of volumes were made to obtain 60, 40, 20. 15,
10, 5, 2.0, 1.0, 0.5, and 0.25 pL, equal 1.5, 1, 0.5, 0.375,
0.25, 0.125, 0.05,0.025, 0.0125, and 0.00625 mg/mL for
each, respectively. After 24 hours of incubation at 37°C,
the concentration that showed no visible growth was
reported as MIC (30,31).

Determination of the combined effect of AgNPs and
fennel EO
The combination experiment of AgNPs and EO was
performed using disc diffusion. Before determining the
concentrations that were used in this experiment, 5, 10,
and 15 pL of EO and 5, 10, 15, 20, 40, and 60 puL of AgNPs
were used on each disc to be tested against seven bacterial
species mentioned above. For studies on the synergy of
combination between the two substances, each tested
disc contained 5 pL of undiluted EO (5 pL per disc), and
5,10, 15, 20 pL of AgNPs solution were used together (32).
The synergistic effect was evaluated by using the IFA unit
(increases in fold area). Positive combination activity was
evidenced by an IFA of more than 0 and the synergistic
possibility increases as the IFA increases (33). IFA was
figured as shown in equation 1:

IFA=B*-A?/A?

where A and B are the zones of inhibition (mm)
produced by only EO or a combination of EO with
AgNPs, respectively. When the inhibition value was zero,
then the diameter of the disc was considered 6 mm for
calculation purposes.

Statistical analysis

For all the experiments performed, the means and
standard deviations of six independent tests were
calculated. SPSS 22 was used to analyze the data (SPSS,
Inc., USA). The significant differences were figured using
the one-way analysis of variance (ANOVA), followed by
Dunnett’s post hoc test.

Results
Characterization of the synthesized AgNPs
The synthesized AgNPs were characterized using a UV-
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Vis spectrophotometer, TEM, and ATR-IR. In Figure 1A,
the UV-vis spectra revealed an SPR peak for AgNPs at
425 nm. The appearance of the intense dark brown color
of the fungal filtrate arose after the addition of AgNOs,
after a 24 hours time period (Figure 1B). The FTIR
spectrum (Figure 2) showed a distinctive absorption
band at 3400 cm indicating the presence of OH groups.
Absorption band at 2918 cm™ suggested the presence of
a C-H bond. The absorption band at 1650 cm™ implied
the existence of C-N and C-C bonds and the band at
1450 indicated the presence of N-H and C-N bonds.
Additional characterization of AgNPs was confirmed
using a TEM (Figure 3). Polydispersed NPs with an
apparently spherical form were observed. Although some
of these AgNPs appeared to be smaller or larger in size,
most of their sizes ranged from 10 to 35 nm.

had

Absorbance (OD)
N

0

280 320 360 400 440 480 520 560 600 640 680 720 760 800
‘Waveength (nm)

Figure 1. Ultraviolet-visible (UV/Vis) spectra (280-800 nm) for the
synthesized silver nanoparticles (AgNPs) (A) and formation of dark brown
color (B). AgNPs were prepared by adding 1 mM AgNO, to the fungal
filtrate (100 mL) and incubating in the dark for 24 hours at 33°C with a
shaking rate of 150 rpm for 24 hours. An UV/Vis spectrophotometer was
used to confirm the formation of AgNPs in the range of 280-800 nm. The
formation of a dark-brown color and the presence of an SPR peak at 425
nm indicated the formation of AgNPs.

3400

Antibacterial effects of AgNPs and fennel EOs

Initially, the antibacterial effects of the AgNPs were
evaluated using the disc diffusion method. This was
performed by measuring the diameters of the inhibition
zones produced by AgNPs against various pathogenic
bacteria (Table 1). The AgNPs exhibited a broad-
spectrum dose-dependent inhibitory effect against K.
pneumonia, E. coli, E. cloacae, S. aureus, S. epidermidis,
Shigella sp, and P. aeruginosa, with inhibition zones in
the range of 7-24 mm. At the highest concentration tested
(1.50 mg/mL), the gram-positive strains tested (S. aureus
and S. epidermidis) were the most susceptible strains
with inhibition zones of 24 and 20 mm, respectively. In
contrast, the gram-negative strains were less susceptible
to AgNPs since the maximum inhibition zone observed
was 18 mm against Shigella sp. P. aeruginosa was the
most resistant strain tested (10 mm). To confirm the
antibacterial activity, the MIC of AgNPs was determined.
As shown in Table 2, AgNPs showed bacteriostatic
activities against E. cloacae and K. pneumonia with MIC
value of 0.025 mg/mL, followed by S. epidermidis (0.05
mg/mL), E. coli and Shigella sp. (0.075 mg/mL), S. aureus
(0.10 mg/mL), and P. aeruginosa (0.125 mg/mL).

Disc diffusion method, as well as MIC values, were
applied here to investigate the antibacterial activity of
fennel EOs. As shown in Table 3, the broad-spectrum
antibacterial activity of fennel EOs was observed. Strong
antibacterial activity was observed against all strains
tested in a dose-dependent manner. At the highest
concentration tested, the maximum inhibition zones
observed were 17 mm against K. pneumonia, E. coli, and
S. aureus followed by E. cloacae and P. aeruginosa (16
mm), and S. epidermidis and Shigella sp. (15 mm). The
MIC values of the fennel EOs were parallel to the size of
the inhibition zones (Table 2). The lowest MIC value for
the fennel EO observed was 1.25 mg/mL against E. coli
followed by S. aureus and K. pneumoniae (2.5 mg/mL,
each) and Shigella sp (5.0 mg/mL). The MIC value of 7.5

1650

Figure 2. Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) analysis of silver nanoparticles (AgNPs). A portion of the
synthesized AgNPs was analyzed using ATR-IR. The result showed the presence of absorption bands at 3400, 2918, and 1650 cm™', which suggested the
presence of a C-H bond, C-N and C-C bonds and N-H and C-N bonds, respectively.
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Figure 3. Transmission electron microscope (TEM) micrograph of
silver nanoparticles (AgNPs). (A: 1 pm and B: 200 nm). A portion of the
synthesized AgNPs was analyzed using TEM. The results showed that
AgNPs were spherical in shape and polydispersed, but most of their sizes
ranged from 10 to 35 nm.

mg/mL was reported for the fennel EO against E. cloacae,
P. aeruginosa, and S. epidermidis. Overall, the results of
the inhibition zones, as well as the MIC values, indicated
a broad-spectrum antibacterial action for the fennel EOs.

Synergistic effects of AgNPs and fennel EOs against
different bacteria strains

Even though the inhibition zones analysis revealed
susceptibility to all AgNPs concentrations utilized for
all bacterial samples, only 0.125, 0.250, 0.375, and 0.5
mg/mL of AgNPs were combined with the minimum
concentration (5 pL) of EO (Table 4). However, a
synergetic effect was found when 5 pg/mL EO was tested
in combination against K. pneumoniae with the 0.125,
0.250, 0.375, and 0.5 mg/mL of AgNPs with IFA values
of 3.45, 3.93, 4.4, and 4.98, respectively. The synergistic
effects of the combination of AgNPs and EO of fennel
against E. coli showed a wide variation (Table 4). When

Antibacterial activity of airborne fungal mediated nanoparticles

Table 2. Minimum Inhibitory Concentration (MIC) of biosynthesized silver
nanoparticles (AgNP) (mm) against different bacteria

MIC (mg/mL)
Bacteria
AgNPs Essential oil

E. coli 0.075 1.25
E. cloacae 0.025 7.5
Shigella sp. 0.075 5.0
P. aeruginosa >0.125 7.5
K. pneumonia 0.025 2.5
S. epidermidis 0.05 7.5
S. aureus 0.10 2.5

Data are expressed as mean of triplicates. The MICs of the biosynthesized
AgNPs and the EO of fennel were determined using the microdilution
method. The results showed that AgNPs possess bacteriostatic activity
at concentrations ranging from 0.025 to 0.125 mg/mL, whereas the EO
of fennel was bacteriostatic at concentrations ranging from 1.25 to 7.5
mg/mL.

the different concentrations of AgNPs (0.125, 0.250,
0.375, and 0.5 mg/mL) were combined with 5 pL of EO
of fennel, the AgNPs produced appreciable synergy
depicted by the increases in the IFA 0.474, 0.653, 1.040,
and 2.19, respectively. The concentrations of AgNPs
(0.125, 0.250, 0.375, 0.5, 1, and 1.5 mg/mL) used alone
led to the inhibition zone of 9, 10, 11, 12, 13, and 14 mm,
respectively. The 20 pL of AgNPs showed significant
effects (IFAs of 2.19) in the presence of 5 pL of EO when
used against E. coli. The effect of combined AgNPs and
EO against E. cloacae, the antibacterial effect of AgNPs
showed significant synergism ranging from 0.15 to 0.84
IFA (Table 4). There were similar responses of the bacteria
using the different combinations of fennel EO in addition
to AgNPs. Using different concentrations of AgNPs and
EO of fennel against Shigella sp., the inhibition zones were
obtained in a concentration-dependent manner (Tables
1 and 2). When combining different concentrations of
AgNPs with 5 pl of fennel EO, it led to a clear increase in
the inhibition zones, which was expressed by an increase
in the fold area of inhibition (IFA), ranging from 0.15 to
1.37 (Table 4).

The combination of EO with AgNPs produced varied
degrees of the enhancement of antimicrobial effect against

Table 1. Inhibition zones of different concentrations of biosynthesized silver nanoparticles (AgNPs) (mg/mL) by Aspergillus flavus

AgNPs concentration K. pneumonia E. coli E. cloacae Shigella sp. P. aeruginosa S. aureus S. epidermidis
(mg/mL) Inhibition zone (mm)

0.125 9.17+0.3 9.0£0.5 9.0£0.5 9.0£0.5 7.0£0.0 9.0£0.0 8.0£0.0
0.25 10.33+0.3 10.0£0.0 10.0£0.0 11.0£0.0 7.0£0.0 11.5+0.5 9.0£0.0
0.375 11.0+£0.5 11.17+0.3 12.33+0.3 12.0+£0.0 7.0£0.0 12.17+0.3 11.33+£0.3
0.50 13.0+£0.5 12.0+£0.0 13.33+0.3 14.0+£0.0 8.0£0.0 19.0+£0.0 12.17+0.3
1.0 14.0£0.0 13.0+£0.0 16.0£0.0 15.0+£0.0 9.3+0.3 22.5+0.5 1.04+£0.0
1.50 17.0£0.5 14.0+£0.0 20.0+£0.3 18.0+£0.0 10.5+0.3 24.0+£0.0 15.0+£0.0

Data are expressed as mean * SD of triplicates. Disc diffusion method was used to evaluate the antibacterial activity of AgNPs at concentrations equal
t0 0.123, 0.25, 0.375, 0.50, 1.1, and 1.50 mg/mL. AgNPs exhibited a broad-spectrum dose-dependent inhibitory effect against K. pneumonia, E. coli, E.

cloacae, S. aureus, S. epidermidis, Shigella sp, and P. aeruginosa.
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Table 3. Inhibition zones of different concentrations of essential oil (EO) of fennel (uL)

K. pneumonia E. coli E. cloacae Shigella sp. P. aeruginosa S. aureus S. epidermidis
EO concentration (uL
Inhibition zone (mm)
5 9.0£0.0 14.1740.3 13.0+0.0 13.3+0.3 14.0+0.0 13.0+0.0 7.0£0.0
10 15.5+0.3 15.0+0.0 14.0+0.0 14.5+0.5 15.3+0.3 15.0+0.3 13.0+0.0
15 17.0+0.0 17.0+0.0 16.0+0.0 15.0+0.0 16.3+0.3 17.3+0.3 15.0+0.5

Data are expressed as mean+SD of triplicates. Disc diffusion method was used to evaluate the antibacterial activity of AgNPs. Fennel EOs exhibited a
broad-spectrum dose-dependent inhibitory effect against the above bacteria.

Paeruginosa. Based on IFA measurements, the synergistic
results were 0.30, 0.91, 1.113, and 1.36 for 0.125, 0.250,
0.375,and 0.5 mg/mL AgNPs concentrations, respectively
(Table 3). However, all concentrations of AgNPs and 5
uL of EO exhibited reasonable susceptibility against P.

Table 4. Synergistic effect of AgNPs and EO of fennel against different
bacteria

AgNPs (pL) AgNPs + EO (mm)* IFA
5 19.0+£0.5 3.5
10 20.0+0.3 3.9
K. pneumonia
15 21.5+0.5 4.7
20 22.0+0.0 5.0
5 17.5+0.0 2.8
10 18.0+0.0 3.0
E. coli
15 20.3+0.3 4.1
20 25.0+0.0 6.7
5 15.0+0.0 1.8
10 17.0+0.5 2.6
E. cloacae
15 18.0+0.5 3.0
20 19.0+0.5 35
5 14.0+0.0 0.0
10 16.0+0.0 0.0
Shigella sp.
15 17.0+0.0 0.2
20 20.5+0.5 0.6
5 16.0+£0.5 14
. 10 18.0+0.5 3.0
P. aeruginosa
15 19.0+0.5 4.4
20 20.5+0.5 5.0
5 7.0+0.0 1.4
10 9.0£0.0 2.2
S. aureus
15 10.0+0.5 2.6
20 11.5+0.5 4.2
5 14.0+0.0 2.2
) o 10 18.0+0.5 3.0
S. epidermidis
15 21.0+0.0 3.5
20 22.0+0.5 4.2

Data are expressed as meanSD of triplicates. The synergistic effect
between silver nanoparticles (AgNPs) and EO was performed using disc
diffusion at concentrations equal to 5, 10, 15, 20 pL of AgNPs solution
and 5 pL of undiluted EO (5 uL per disc). After 24 h of incubation at
37°C, the inhibition zones were measured, and the increase in the
fold area (IFA) was calculated using this equation: IFA = B2 — A2 / A?,
where A and B are the zones of inhibition (mm) produced by only EO
or a combination of EO with AgNPs, respectively. Positive combination
activity was evidenced by an IFA of more than 0, and the synergistic
possibility increases as the IFA increases. There was a synergistic effect
between AgNPs and EO against all strains tested except Shigella sp.

aeruginosa, with significant inhibition zones ranging
between 16 and 20 mm. The synergistic effects of these
two components against P. aeruginosa were significant
in comparison with other bacterial species tested in
this study. The effects of EO and NPs individually were
relatively low. For example, at 5 pl EO and 0.5 mg/mL
NPs, the inhibition zones were 14 and 8 mm, respectively,
while the synergy result between the two volumes used
was 20 mm and IFA of 1.36.

Although S. aureus was highly sensitive to all
concentrations of fennel EO and AgNPs, however, when
using their combinations, no synergistic result was shown
in contrastto S. epidermidis. S. epidermidis cells, unlike S.
aureus, have shown their sensitivity to all concentrations
of EO and AgNPs alone or in combination. The acquired
findings prove the synergistic action of AgNPs and
EOs. The resulted IFAs from these combinations were
14, 18, 21, and 22 for 0.125, 0.250, 0.375, and 0.5 mg/mL
of AgNPs, respectively. Indeed, the findings strongly
indicate that when AgNPs were employed in conjunction
with EOs, the necessary concentrations of AgNPs are
significantly reduced for all bacterial strains examined.

Discussion

Biological exploration in different and less available
conditions has allowed us to study and analyze microbial
diversity and confront specialized microbes through
the production of biological sourced compounds, such
as metal NPs. When comparing the microorganisms’
dependent biosynthesis of AgNPs with chemical and
physical methods, the manufacture of AgNPs by
microorganisms, particularly fungus, is more cost-
effective, environmentally friendly, and does not require
the use of any hazardous chemicals (34). In this study,
an airborne fungal strain was isolated and identified,
and its biological ability was revealed to be competent for
AgNP biosynthesis. Previous research on several types
of EOs established their synergy with a wide variety of
available commercial antibiotics and the efficacy of these
combinations by allowing for the introduction of novel
therapeutic application techniques (32,35). In this study,
a new strategic approach was investigated through the
possibility of synergizing the EO of fennel (F. vulgare)
and AgNPs biologically synthesized by the isolated air-
born fungus A. flavus.
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Depending on the primary diagnostic methods, the
appearance of the intense dark brown color of the fungal
filtrate arose after the addition of AgNOs, over a 24 h
time period. The observed color change was due to the
deposited AgNPs’ surface plasmon resonance (SPR)
(26,36). In Figure 2, the UV-vis spectra revealed an
SPR peak for AgNPs at 425 nm. The size and structure
of AgNPs are well recognized to reflect the absorbance
peak (37,38). The exact mechanism of AgNP synthesis
by fungi is still not elucidated, but a previous research
indicated that the nitrate reduction process depended
on the nitrate reductase-dependent NADH, which are
important agents for the biosynthesis of AgNPs (30).

In this study, the gram-negative strains were less
susceptible to AgNPs. It has been reported that variations
in the responses to NPs could be due to differences in cell
surface components between gram-negative and gram-
positive bacteria (26,39,40). AgNPs’ catalytic activity and
other features, including their antibacterial actions, are
dependent on their unique surface areas. With an increase
in the specific surface area of NPs, their biological
effectiveness increases as a result of an increase in surface
energy (32). AgNPs are highly toxic to microorganisms
because of their highly reactive component species and
their large surface areas (41).

Despite the difficulty of describing medicinal plants
as antimicrobials, the EO of fennel is widely used and
is considered one of the components of some medicines
that are used to treat the respiratory system. However,
this plant is commonly used as one of the ingredients of
spices that are added to food (25). Our data indicate the
great potential of fennel EO as a promising gram-negative
and gram-positive antibacterial therapy (Table 2). As a
result, this study reveals the importance of fennel EO in
controlling resistant bacteria, as shown in Tables 2 and
3. Moreover, the plant fennel EO was effective against
antibiotic-resistant bacteria at very low concentrations (5
uL), thus reducing potential toxic effects.

The mechanism of antibacterial action of combinations
is significantly different from the action mechanism of
the same AgNPs or EO when used alone. The antibiotic
cefixime’s action against K. pneumonia was boosted by
26% when combined with Centaurea damascena EO
(28,35). Our findings indicate that 5 pL of F. vulgare EO
has an effect on the AgNPs” antibacterial activity and
might even be employed as a possible adjuvant in the
treatment of pneumonia caused by K. pneumonia. As a
result, the effect indicated in this circumstance is due
to the combination of EO and AgNPs. Microorganisms
are supposed to have a negative charge, whereas metal
oxides have a positive charge (42). This attracts the
microorganism to the treated surface viaan “electrostatic”
force. While contact is established, the microorganism is
rapidly oxidized and dies. In general, it is hypothesized
that NPs discharge ions that react with the bacterial

Antibacterial activity of airborne fungal mediated nanoparticles

protein thiol group on the surface. These proteins emerge
through the membrane of the bacterial cell, facilitating
nutrients to be transported through the cell wall. NPs
inactivate these proteins, reducing the permeability
character of the membrane thus eventually ending in cell
death (42).

Overall, the AgNPs showed different levels of inhibition
against all tested bacteria. Accordingly, AgNPs can
be included in different combinations with multiple
compounds with new techniques that treat bacterial
resistance to many antibiotics. However, the relationship
between the bactericidal strength of AgNPs and their
concentrations is related to the bacterial species (43). Just
as reported in previous investigations (44), P. aeruginosa
was less affected than E. coli by AgNPs. The inhibitory
region of S. aureus was more pronounced than that of E.
coliand S. epidermis. It was discovered that Gram-positive
and gram-negative bacteria exhibit differential sensitivity
to AgNPs, perhaps due to variations in their membranes
and cell walls (45). Although the concentration of the EO
was doubled from 5 to 10 to 15 pL, the inhibitory effects
of EO on bacterial growth were concentration-dependent
manner. However, this increase in concentration was
mostly not reflected in the results related to the IFs. This
reflects that the amount of active substance present in 10
uL of oil is sufficient, instead of 5 uL or 15 uL, because
increasing the concentration from 10 to 15 pL found not
to significantly influence the increase of the diameter of
the inhibition zone.

Conclusion

The findings of this study show that fungal-mediated
AgNPs could be employed to manage bacterial infections.
Furthermore, infections caused by resistant strains
can be treated using both nontoxic AgNPs and drug of
choice antibiotics. More research is needed to establish
the synergistic effect of these combinations and their
mechanisms of action.
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