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Abstract: Silver nanoparticles (SNPs) can be produced by active and inactive forms of biomass, but
their properties have not been compared. Recent research is attempting to reveal their differences
in shape, size, amount, antibacterial activity, cytotoxicity, and apoptosis induction. The biomass of
Fusarium oxysporum was divided into four groups and pretreated in the following devices: room
temperature (RT) and refrigerator (for preparation of active biomass forms), autoclave, and hot
air oven (for preparation of inactive biomass forms). Samples were floated in ddH2O, and SNPs
were produced after the addition of 0.1699 g/L AgNO3 in the ddH2O solution. SNP production
was confirmed by visible spectrophotometry, transmission electron microscopy (TEM) and X-ray
diffraction (XRD). SNPs were washed, and their concentration was determined by measuring atomic
emission spectroscopy with inductively coupled plasma (ICP-OES). For antibacterial activity, the
plate-well diffusion method was used. MTT and Annexin V-FITC/propidium iodide assays were
used for cytotoxicity and apoptosis induction, respectively. The maximum absorbance peaks for SNPs
pretreated in RT, refrigerator, autoclave, and hot air oven were 404, 402, 412, and 412 nm, respectively.
The SNPs produced were almost the same shape and size, and the XRD results confirmed the presence
of SNPs in all samples. Due to the differences in the type of bacterial strains used, the SNPs produced
showed some differences in their antibacterial activity. The MTT assay showed that the amounts of
SNPs in their IC50 dose based on the results of ICP-OES were 0.40, 0.45, 0.66, and 0.44 ppm for the
samples pretreated in the hot air oven, autoclave, and refrigerator, and RT, respectively. The apoptosis
induction results showed that the biologically engineered SNPs induced more apoptosis (about
34.25%) and less necrosis (about 13.25%). In conclusion, the type and activity of SNPs produced by
the active and inactive forms of fungal biomass did not change. Therefore, use of the inactive form of
biomass in the future to avoid environmental contamination is reccommended.

Keywords: silver nanoparticles; active biomass; inactive biomass; Fusarium oxysporum; antibacterial
test; MTT assay; apoptosis induction assay

1. Introduction

In recent years, there has been a great tendency to produce different types of nanoparti-
cles with various applications. The nanoparticles have specific properties that are different
from their bulk materials [1,2]. Unlike their bulk materials, they exhibit special physical,
chemical, magnetic and optical properties [2,3]. Nanoparticles are produced by different
techniques, which are classified into three main types: chemical, physical, and biological [4].
The first two types are widely used and have their own advantages and disadvantages.
Unlike these two techniques, the biological method is known to be safer and more envi-
ronmentally friendly. In this technique, the nanoparticles are produced using the reducing
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ability of the microorganisms without releasing any harmful by-products into the envi-
ronment [5]. Unlike the chemical method of producing nanoparticles, in the biological
technique, the produced nanoparticles are clean, and the toxic by-products do not settle
on the surfaces of the nanoparticles [5]. It has been reported that biological nanoparticles
are generated by active and passive mechanisms. In the active mechanism, the attached or
secreted microbial enzymes such as NADH dehydrogenase and nitrate reductase reduce the
toxic ions to the nanoparticles. In the passive mechanism, the nanoparticles are generated
with the help of the functional groups of the microbial secreted proteins and polysaccha-
rides such as amides, aldehydes, carboxyls, and ketones. Although the existence of both
mechanisms has been confirmed, the nature and activity of the generated nanoparticles are
not compared [5,6].

It has been reported that different types of microorganisms, such as some bacte-
ria, fungi, and algae, can produce nanoparticles [5]. In order to avoid the risk of us-
ing pathogenic microorganisms, it is important to select the microbial strains that are
generally recognized as safe for this objective (GRAS). The alternative method for the
production of nanoparticles is the passive mechanism and the use of inactive microbial
biomass [6]. One GRAS microbial strain commonly used for nanoparticle production is
Fusarium oxysporum [7–10].

In the absence of sufficient knowledge about the differences between the nature
and activity of nanoparticles produced by active and passive mechanisms, this study
sought to analyze the ability of this fungal strain to produce silver nanoparticles (SNPs)
through its active and inactive biomass forms and to compare the shapes, size, amount,
antibacterial activity, cytotoxicity, and apoptosis induction of the nanoparticles produced. If
the nanoparticles produced by both methods have the same biological activities, this is the
first report on the possibility of using inactive microbial biomass with the same properties
as the active biomass.

2. Materials and Methods
2.1. Fungal Cultivation

To produce SNPs, F. oxysporum (PFCC 238-21-3) was purchased from the Pasteur
Institute of Iran and cultured in Sabouraud Dextrose Broth (SDB, Merck, Germany) medium
at 30 ◦C for 3 days. The fungal biomass was collected by centrifugation at 6000 rcf for 10 min,
and the obtained biomass was washed three times with ddH2O. The biomass was weighed
and divided equally into four separate flasks and subjected to the pretreatments [11].

2.2. Biomass Pretreatments

Prior to SNP production by various active and passive mechanisms, each flask was
pretreated separately in two different batches. For the preparation of active biomass, one
flask was placed in the refrigerator at 4 ◦C for 12 h, and the other was placed at room
temperature (RT) for 12 h. For the preparation of inactive biomass, one flask was placed in
an autoclave and sterilized at 15 psi, at 121 ◦C for 15 min, and the other was placed in a hot
air oven and heated at 180 ◦C for 15 min. Finally, the biomass in all flasks was suspended
in 10 mL of ddH2O and used for further studies.

2.3. SNPs Production

To prepare SNPs, 10 µL of 1 M silver nitrate solution (Sigma Aldrich, Saint Louis, MO,
USA) was added to 10 mL of fungal cell-free extract in each flask. The flasks were placed in
a shaking incubator at 37 ◦C and 200 rpm for 24 h. The negative control flask containing
0.1699 g/L AgNO3 in ddH2O solution was incubated with the others [12,13].

2.4. Characterization of the Produced SNPs

To detect the formation of SNPs, the contents of each flask were analyzed separately
using the following methods.
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2.5. Spectrophotometry

When the SNPs are produced, the color of the reaction mixture changes from yellow
to dark brown due to the Surface Plasmon Resonance (SPR) of the produced nanoparticles.
Moreover, the color-changed reaction mixtures have a maximum absorption peak of around
400–450 nm. Therefore, each sample was analyzed using a spectrophotometry (Thermo
Fisher Scientific, Waltham, MA, USA) in the presence of ddH2O as a blank. The wavelengths
used ranged from 350–600 nm [14,15].

2.6. Transmission Electron Microscopy (TEM)

The size and shape of the generated SNPs for each sample were analyzed using TEM
(Philips EO, Eindhoven, The Netherlands). This assay revealed the shape and size of the
SNPs. Ten µL of each sample was placed on the carbon-coated copper grid, and after 20 s,
the excess of the sample was removed, and all grids were placed to dry. Finally, digital
images were taken [14,16].

2.7. X-ray Diffraction Analysis (XRD)

In order to detect the presence of SNPs in each sample, XRD analysis was performed.
The freeze-dried powder of one sample was obtained and analyzed using an XRD-6100
X-ray diffractometer. Measurements were made from 10–80 at 2◦ θ [17,18].

2.8. Zetasizer Analysis

The Zetasizer Nano ZS90 instrument (Malvern Panalytical, Malvern, UK), DLS (Dy-
namic Light Scattering) and ELS (Electrophoretic Light Scattering) were applied to analyze
the size distribution and zeta potential of SNPs produced under four different conditions.
Two different cuvettes were used: a Zeta cell with a folded capillary (1000 µL of each
sample was used for Zeta potential analysis) and a ZEN2112 quartz cuvette with a very
small volume (50 µL of each sample was used for size analysis and recording the signal
in backscatter mode). The measurement parameters were: Dispersant was ddH2O, the
temperature was 25 ◦C, backscattering mode was 174.7, the refractive index was 0.2, and
absorbance was 3.32. The test was repeated three times [19].

2.9. SNPs Purification

The produced SNPs in all four flasks contained some microbial culture contaminants
and were subjected to a washing process. For this purpose, the obtained colloidal SNPs
were washed with ddH2O and centrifuged at 14,500 rcf for 30 min. Each pellet was
suspended in ddH2O, and the process was performed three times. Finally, each sample
was freeze-dried, and 1 mg of each was suspended in 1 ml of phosphate-buffered saline
(PBS) and used for inductively coupled plasma atomic emission spectroscopy (ICP-OES)
measurement [20].

2.10. Determination of the SNPs Concentration

Each colloidal SNPs sample (1 mg/mL) was digested with 0.5 mL of concentrated
HNO3 and heated to 90 ◦C for 2 h. The samples were diluted with ddH2O to obtain 2%
acid strength and analyzed using the ICP-OES instrument (PerkinElmer, Waltham, MA,
USA) at a wavelength of λ = 328.068 in the presence of a reference silver sample in 2%
HNO3 and the number of SNPs in each suspension was determined [20,21].

2.11. Antibacterial Activity Test

The plate well diffusion method was performed to analyze the differences in antibac-
terial properties of four different SNP samples (1 mg/mL) produced by the active and
passive mechanisms. Three bacterial strains were obtained from Pasteur Institute in Iran
and used for this analysis. The bacterial strains were Staphylococcus aureus (ATCC 29213)
as a Gram-positive bacterium, Pseudomonas aeruginosa (ATCC 27853), and Escherichia coli
(ATCC 25922) as a Gram-negative bacterium. A single colony of each bacterial strain was
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dissolved in 1 mL of normal saline, and turbidity was adjusted to 0.5 McFarland standards.
By using a sterile swab, each bacterial strain was cultured completely on the surface of
Mueller-Hinton Agar (Oxoid Limited, Hampshire, UK), and five wells (6 mm diameter)
were made in each plate. Each well was loaded with 50 µL of the normalized amounts of
produced SNPs pretreated under different conditions. The fifth well was loaded with 50 µL
of 0.1699 g/L AgNO3 solution. The plates were incubated at 37 ◦C for 24 h, and the assays
were performed three times. Finally, the diameters of the inhibition zones obtained were
measured, and the data were analyzed using one-way analysis of variance (ANOVA) in
SPSS software version 22 [22,23].

2.12. MTT Assay

The HeLa cell line (cervical cancer cell line) was purchased from the Pasteur Institute
of Iran and used for the MTT assay. Dulbecco’s Modified Eagle’s medium (DMEM, Sigma
Aldrich, USA) enriched with 10% fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) and 1% penicillin-streptomycin (Thermo Fisher Scientific, MA, USA)
was used to culture the cells in a 96 well microtiter plate. The cell layer was washed
with PBS, and all wells were filled with 100 µL of the cell culture medium. The first well
was filled with 100 µL of the sterilized SNPs (1 mg/mL), and after pipetting, 100 µL of
it was transferred to the second well. This was continued until the 11th well. From this
well, 100 µL was discarded after pipetting. The 12th well was a control and was loaded
with 100 µL of the culture medium only. The plate was incubated at 37 ◦C for 24 h in the
presence of 5% CO2. 10 µL 3-(4,5-dimethylthiazol-2-yr)2,2,5-diphenyltetrazolium bromide
dye solution (MTT, 5 mg/mL, Sigma Aldrich, USA) was added to all wells and the plate
was incubated for 4 h under cell culture conditions. The dye was then discarded, 200 µL of
dimethyl sulfoxide (DMSO, Sigma Aldrich, USA) was added, and the plate was shaken
for 20 min in the dark. The optical densities (ODs) of the wells were determined using an
ELISA reader instrument (Promega, Madison, WI, USA) at a wavelength of 570 nm. The
half-maximal inhibitory concentration (IC50) of SNPs was obtained, and the percentage of
cell viability was determined [17].

2.13. Apoptosis Induction Assay

In order to analyze apoptosis induction, cells were cultured in the six-well plate
(500,000 cells/well), and the Annexin V-FITC/propidium iodide assay kit (aatbioquest,
Pleasanton, CA, USA) was used. The cells were treated with the determined IC50 doses of
SNP solutions for 6 h. One of the wells remained as a control, and no SNPs were added.
Cells were treated with the kit reagents according to the kit instructions and analyzed using
the flow cytometry instrument (Thermo Fisher Scientific, Waltham, MA, USA) and FlowJo
V10.6.1 software. The percentage of viable (Annexin V− PI −), necrotic (Annexin V− PI +)
and apoptotic (Annexin V+ PI +) cells was determined [24].

3. Results
3.1. Fungal Cultivation

After incubation, the fungal biomass was extracted and collected. Figure 1 show the
fungal biomass obtained in the culture medium.

3.2. Pretreatments of the Biomass

As indicated in the Materials and Methods, the biomass was divided into four separate
flasks and each flask was pretreated separately. Two of them were used for active (i.e.,
one was placed at RT and the other in the refrigerator) and two for passive mechanisms
(i.e., one was placed in the autoclave and the other in the hot air oven) of SNP production.
Figure 2 shows the biomass in the four different flasks tested.
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Figure 2. Four tested flasks pretreated under different conditions: flasks placed in refrigerator,
autoclave, hot air oven, and the flask placed at room temperature.

3.3. SNPs Production

After the addition of silver nitrate solution to each flask and after incubation, the color
of all four tested flasks was changed from yellow to brown. Different intensities of color
were obtained, indicating differences in the amounts, shapes, or other properties of the
SNPs. All solutions were stable in the environment for at least six months. Figure 3 shows
the four different vials tested after SNP preparation.
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the flasks.

4. Characterization of the Produced SNPs
4.1. Spectrophotometry

All color-changed flasks were analyzed using visible spectrophotometry. Before
analysis, all samples were diluted 1:10. The results showed that although all the flasks had
maximum absorbance peaks at 400–450 nm, the optical density level (OD) and the position
of the maximum absorbance peak were different. The maximum absorbance peaks for the
SNPs pretreated at RT and for the refrigerator, autoclave and hot air oven devices were at
404 nm, 402 nm, 412 nm, and 412 nm, respectively, with different ODs. The maximum and
minimum ODs were for the SNPs pretreated with hot air oven and refrigerator devices,
respectively. The negative control flask remained unchanged. Figure 4 shows the spectra
obtained for all four samples tested.



Nanomanufacturing 2023, 3 253

Nanomanufacturing 2023, 3, FOR PEER REVIEW 6 
 

 

All color-changed flasks were analyzed using visible spectrophotometry. Before anal-
ysis, all samples were diluted 1:10. The results showed that although all the flasks had 
maximum absorbance peaks at 400–450 nm, the optical density level (OD) and the position 
of the maximum absorbance peak were different. The maximum absorbance peaks for the 
SNPs pretreated at RT and for the refrigerator, autoclave and hot air oven devices were at 
404 nm, 402 nm, 412 nm, and 412 nm, respectively, with different ODs. The maximum and 
minimum ODs were for the SNPs pretreated with hot air oven and refrigerator devices, 
respectively. The negative control flask remained unchanged. Figure 4 shows the spectra 
obtained for all four samples tested. 

 
Figure 4. Visible spectra obtained from four different samples tested. The maximum absorbance 
peak was different for each sample and is shown in this figure. The maximum and minimum ODs 
were for the SNPs pretreated with a hot air oven and refrigerator, respectively. The samples were 
diluted 1:10. 

It has been reported that shifting the maximum absorbance peak position from 400 
to 450 nm or even higher positions increases the size of spherical nanoparticles [25]. Since 
there is not much difference between peak positions, we assumed that all samples would 
have the same size. Therefore, we tried to determine the size of the samples using these 
two techniques: TEM and Zetasiser analyses. 

4.2. TEM Analysis Results 
The sizes and shapes of the produced SNPs for the samples were analyzed using 

TEM. The average sizes of the SNPs were different, indicating the differences in the pro-
duction methods. The average sizes of SNPs pretreated at RT and refrigerator, autoclave, 
and hot air oven devices were 35 nm, 39 nm, 34 nm, and 36 nm, respectively. Overall, 
polygonal, round, oval, and triangular shapes of the produced SNPs were observed. Po-
lygonal and triangular shapes of SNPs were observed in the flask incubated in the refrig-
erator before SNPs production, and round and oval shapes of SNPs were observed in the 
flask incubated at RT. Figure 5 shows the obtained TEM digital images in four tested sam-
ples. 

Figure 4. Visible spectra obtained from four different samples tested. The maximum absorbance peak
was different for each sample and is shown in this figure. The maximum and minimum ODs were for
the SNPs pretreated with a hot air oven and refrigerator, respectively. The samples were diluted 1:10.

It has been reported that shifting the maximum absorbance peak position from 400 to
450 nm or even higher positions increases the size of spherical nanoparticles [25]. Since
there is not much difference between peak positions, we assumed that all samples would
have the same size. Therefore, we tried to determine the size of the samples using these
two techniques: TEM and Zetasiser analyses.

4.2. TEM Analysis Results

The sizes and shapes of the produced SNPs for the samples were analyzed using TEM.
The average sizes of the SNPs were different, indicating the differences in the production
methods. The average sizes of SNPs pretreated at RT and refrigerator, autoclave, and hot
air oven devices were 35 nm, 39 nm, 34 nm, and 36 nm, respectively. Overall, polygonal,
round, oval, and triangular shapes of the produced SNPs were observed. Polygonal and
triangular shapes of SNPs were observed in the flask incubated in the refrigerator before
SNPs production, and round and oval shapes of SNPs were observed in the flask incubated
at RT. Figure 5 shows the obtained TEM digital images in four tested samples.

Analysis by TEM confirmed that the size of SNPs generated after four different pre-
treatments were close and confirmed the previous claim about peak position in visible
spectrophotometry.

4.3. XRD Result Data

The XRD results for all four flasks showed the presence of four distinct peaks corre-
sponding to the cubic structure of the elemental silver. Figure 6 shows the XRD spectrum
obtained for the sample pretreated at RT.

According to the JCPDS standard powder diffraction map (Silver File No. 04-0783),
four silver peaks corresponding to levels (1 1 1), (2 0 0), (2 2 0), and (3 1 1) were recorded at
approximately 38, 44, 64, and 77 at 2◦ θ, indicating the presence of elemental silver in the
sample. Since the sample was washed several times, the silver nitrate was washed in such
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a way that the obtained XRD data belonged to SNPs and confirmed the presence of this
type of nanoparticles in the sample [26].

4.4. Zetasizer Analysis

The zeta potential values and the average size of SNPs are shown in Table 1. As it is
clear, all SNPs have negative zeta potential close to each other, which could prove their
stability. Moreover, their average size was not larger than 65 nm. Again, the same sizes
were determined, confirming the previous data from visible spectrophotometry and TEM
analysis.

Table 1. The zeta potential values and average sizes of SNPs.

The Produced SNPs after Different
Pretreatments Z-Average (nm) Zeta Potential (mV)

Pretreated in a hot air oven 60 ± 2 −21.23 ± 1.10
Pretreated in a refrigerator 62 ± 5 −19.36 ± 0.54

Pretreated at RT 55 ± 4 −21.34 ± 0.97
Pretreated in an autoclave 52 ± 4 −21.35 ± 0.45Nanomanufacturing 2023, 3, FOR PEER REVIEW 7 

 

 

 

Figure 5. Cont.
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4.5. Determination of the SNPs’ Concentration

Before further experiments, the SNP concentration for each freeze-dried sample was
determined using ICP-OES 730- ES instrument. Table 2 shows the obtained amounts of
elemental silver for the samples. Briefly, the highest concentration of SNPs was calculated
for the sample pretreated in a hot air oven and the lowest for the sample pretreated in
a refrigerator.

4.6. Antibacterial Activity Test

To analyze the differences in antibacterial properties of the four different SNP samples
produced by the active and inactive biomass samples, three bacterial strains, S. aureus,
P. aeruginosa, and E. coli, were used. Since the numbers of SNPs produced by different
treatments were not equal according to Table 1, the numbers of the used SNPs were
normalized, and 50 µL of SNPs pretreated in the refrigerator, 41.01 µL of SNPs pretreated
in the hot air oven + 8.99 µL ddH2O, 37.36 µL of SNPs pretreated in RT + 12.64 µL ddH2O,
and 36.73 µL of SNPs pretreated in the autoclave + 13.27 µL ddH2O were added in the
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corresponding wells. The tests were performed thrice. The diameter of the inhibition zones
obtained was measured, and the data were analyzed with the help of the program ANOVA
using SPSS version 22 software. The p-value < 0.05 was considered significant. Table 3
shows the results that were obtained.

Table 2. The obtained SNP concentration for each sample using ICP-OES 730-ES instrument.

Sample Wavelength (nm): 328.068, Element: Ag (1 mg/mL)
Concentration (ppm) (Mean ± sd)

Blank (ppm) 0.00 ± 0.00
Pretreated in a hot air oven 3.20 ± 0.02
Pretreated in a refrigerator 2.63 ± 0.00

Pretreated at RT 3.52 ± 0.02
Pretreated in an autoclave 3.58 ± 0.05

Table 3. The results of antibacterial activity of the four test samples and silver nitrate solution as a
control. The tests were carried out thrice.

The Produced SNPs after
Different Pretreatments

Inhibition Zones (mm) of the SNPs against the Tested Bacterial
Strains (Mean ± sd)

E. coli P. aeruginosa S. aureus

Hot air oven 08.0 ± 0.4 11.0 ± 1.0 10.5 ± 0.9
Refrigerator 10.0 ± 0.7 07.0 ± 0.6 10.5 ± 0.2

RT 11.0 ± 0.8 11.0 ± 0.2 11.0 ± 0.3
Autoclave 10.0 ± 0.7 11.0 ± 0.6 11.0 ± 0.6

Silver nitrate 12.5 ± 0.6 12.0 ± 0.6 11.0 ± 0.6

The results of ANOVA showed that in the tested samples used against E.coli, there was
no significant difference between the SNPs that their flasks were placed in the refrigerator
and autoclave before preparation (p-value > 0.05), but significant differences were found in
the other tested samples (p-value < 0.05).
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For the tested samples used against P. aeruginosa, there was no significant difference
between the SNPs that their flasks were placed in the hot air oven, autoclave, and RT before
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production (p-value > 0.05), but a significant difference was found between these groups
and the sample that was pretreated in the refrigerator (p-value < 0.05).

There were no significant differences between the samples tested against S. aureus
(p-value > 0.05).

4.7. MTT Assay

In order to analyze the toxic effects of the SNPs samples, an MTT assay was performed,
and the percentage of cell viability was determined. The IC50 for each sample was de-
termined, and the results showed that all four tested samples induced dose-dependent
toxic effects. The IC50 for the samples of flasks pretreated in a hot air oven, autoclave, and
at RT before SNPs production were in the third well (0.125 mg/mL SNPs), and for the
sample of flask pretreated in a refrigerator before SNPs production were in the second well
(0.25 mg/mL SNPs). Thus, the amounts of SNPs in their IC50 dose based on the ICP-OES
results were 0.40, 0.45, 0.66, and 0.44 ppm for the samples pretreated in a hot air oven,
autoclave, refrigerator, and at RT, respectively. Figure 7 shows the cell viability percentage
of the cells based on the results of the MTT assay.
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4.8. Apoptosis Induction Assay

Annexin V-FITC/propidium iodide assay kit was used for apoptosis induction assay,
and the cells were incubated with four different SNP types in their IC50 doses for six hours.
More than 96% of the cells in the control well were alive, and unlike the control, the obtained
biologically engineered SNP with different pretreatment induced more apoptosis (about
34.25%) and less necrosis (about 13.25%) in the cells after six hours of incubation. Figure 8
shows the obtained results.
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Figure 8. Apoptosis induction assay of the cells and the obtained percentages of cell viability for the
four SNPs and the control samples.

5. Discussion

There is currently substantial interest in using the non-toxic method of manufacturing
nanoparticles that does not produce harmful by-products in the environment and on the
surface of the manufactured nanoparticles [27]. As mentioned earlier, there are many
different microorganisms that can produce different types of nanoparticles, such as gold,
silver, titanium, iron, and others. The used microorganisms are usually selected from the
non-pathogenic ones, but some studies reported that pathogenic microorganisms were
used in the reduction process [5].

Some of the studies are concerned with the intracellular, but many are concerned with
the extracellular production of nanoparticles. The extraction of nanoparticles produced
by the second method is easier, so many of the researchers have used the extracellular
production method [5]. In the extracellular production technique, there are two different
active and passive mechanisms to produce nanoparticles. The first is carried out by
the action of microbial-secreted enzymes, and the second is carried out by the action
of functional groups of different types of proteins, polysaccharides, etc., present in the
microbial culture [6].

Based on this introduction, recent research has analyzed the production of SNPs
using the active and inactive biomass of the microbial strain F. oxysporum to answer these
questions: can the inactive biomass be used instead of the active one in the production of
nanoparticles? Furthermore, if the nanoparticles are produced, will their nature and activity
be different from those produced from the active biomass form? If the inactive biomass
can produce the nanoparticles like the active biomass, the use of the inactive biomass is
preferred to reduce the risk of using live pathogenic microorganisms that may have an
impact on human health. Moreover, the industrial application of this method is preferred
because the inactive biomass can be used without the need for sterile conditions [4].

In the first phase of the current study, different pretreatment conditions were used,
SNPs were produced, and their production was confirmed. For this purpose, F. oxysporum
was purchased and used for nanoparticle production. This type of fungal strain is known
to be safe, and due to its strong secretion systems responsible for the secretion of various



Nanomanufacturing 2023, 3 259

types of enzymes, polysaccharides, proteins etc., to the external microbial environment,
it was used for the aim of nanoparticle production [5]. Prior to the production of SNPs,
the biomass was treated by various treatment procedures to obtain the active and inactive
forms of the fungal biomass. Harsh conditions are used for sterilization processes, such as
the application of high temperatures that inactivate the biomass (i.e., autoclave and hot
air oven instruments). These methods were used to obtain the inactive biomass forms.
Low temperatures, such as the use of refrigerators and RT, were used for active biomass
pretreatment. The samples were subjected to SNP production, and after incubation with
the silver nitrate ions, all had a capacity for SNP production. The obtained SNPs were
analyzed by visible spectrophotometry, TEM and XRD. The results of the visible spectra of
all four tested samples showed that the SNPs were produced. The peaks obtained were
between 400–450 nm. It was 402 nm for the sample pretreated in a refrigerator and 412 nm
for the one pretreated in an autoclave. The TEM results showed that the shapes and sizes
of the SNPs produced were the same, and XRD analysis showed the presence of elemental
silver in all four tested samples. TEM digital images showed that the SNPs were well
separated due to the presence of capping proteins on the surfaces of the produced SNPs [4].

Thus, all the analyses used showed that the active and inactive forms of the fungal
biomass had the ability to produce SNPs. In order to compare the concentrations of
SNPs produced and obtained by these two mechanisms, ICP-OES measurement was
performed. The results showed that although all samples contained SNPs, the sample
that was pretreated in the refrigerator contained lower amounts of SNPs than the others,
indicating that for nanoparticle production, the use of active biomass does not always show
acceptable results.

In the second phase of the experiment, we tried to answer the question of whether all
SNPs produced by both active and passive mechanisms of bioproduction have the same
nature and activity.

Although there are some studies on the biological method of nanoparticle production,
there is no study on the comparison between the properties, nature, activity, and effects
of the produced nanoparticles by active and passive mechanisms of bioproduction. For
example, in 2010, Binupriya et al. used inactive cell filtrate of Rhizopus solonifer for the
production of silver and gold nanoparticles. They used an autoclave treatment to inactivate
the biomass, and the obtained biomass produced both types of nanoparticles mentioned
above [4]. They also used the inactive biomass of Aspergillus oryzae and successfully
produced silver and gold nanoparticles [28].

Sneha et al. (2010) used both the active and inactive forms of Corynebacterium glutamicum
biomass to produce SNPs, and they showed that the inactive biomass was able to produce
many more SNPs in contrast to the active form. The inactive form of biomass was produced
by autoclaving. The color intensities and the ODs of the SNPs produced with the inactive
biomass were higher than those of the active biomass, which was due to a higher SNP
content of the reaction mixture [3].

In 2013, Salvadori et al. discovered that the dead biomass of Hypocrealixii produced
copper nanoparticles and was used to bio-remediate copper. They concluded that the
dead biomass has a good capacity to produce nanoparticles [29]. Furthermore, in 2014,
Salvadori et al. showed that the dead biomass of the fungus Aspergillus aculeatus could
produce nickel oxide nanoparticles. They showed that the fungal-reducing agents were
responsible for this bio-reduction process [30]. All these studies confirm that the passive
mechanism of bio-production could produce acceptable amounts of nanoparticles, but what
about the nature and activity of nanoparticles? This question has not been fully explored.
Therefore, we analyzed the cytotoxicity, apoptosis induction and antibacterial assays of the
SNPs produced by both active and passive mechanisms of bio-production.

The antibacterial assay results showed that the antibacterial activity of the SNPs
differed depending on the microbial strain used. Therefore, the antibacterial activity
does not depend on the method of bio-production of the nanoparticles. Moreover, in the
antibacterial assays, we have to consider the amounts of SNPs produced by each sample.
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The results of the ICP-OES measurement showed that the amounts of SNPs produced by
the active biomass in one situation (i.e., the sample that was pretreated in a refrigerator)
were lower than those produced by the inactive biomass. This sample induced the least
cytotoxicity and apoptosis induction. Incubation of the sample in the refrigerator prior to
SNP production caused less release of enzymes and other reducing substances from the
biomass, which may result in lower SNP production ability. In contrast to the pretreatment
in the refrigerator, heating the biomass with sterilization equipment caused a better release
of reducing agents from the fungal biomass, resulting in a higher SNP production ability.
The spectrophotometry results showed that the SNPs produced by the inactive biomass
forms had higher ODs than the active ones. These results confirm that the applications
of the SNPs produced by the inactive biomass forms have the same capacity in their
antibacterial activity as the SNPs produced by the active biomass forms. Since there were
minor differences in the amounts of SNPs produced by the samples, they induced the same
antibacterial activity. In this assay, the silver nitrate had the same and higher activity against
all the bacterial strains tested, unlike the SNPs group. This means that the bio-reduction of
the harmful silver nitrate ions to the SNPs leads to the production of less toxic SNPs, which
is the main goal of this reduction in nature. We used 0.1699 g/L AgNO3 solution in a well,
and we knew that since all ions were not converted to the SNPs, all samples contained less
silver than the control.

These results were consistent with the results of the cytotoxicity assay, which showed
that all four samples tested induced dose-dependent toxic effects, and with the exception of
the sample that was pretreated in the refrigerator prior to SNP production, all samples had
the same IC50 values. When the samples were analyzed for their IC50s for the apoptosis
assay, all induced more apoptosis and less necrosis in the cells after six hours of incubation,
which were largely the same for all samples. Previously, it was shown that the cytotoxicity
effect of the non-biologically engineered SNPs was due to the induction of reactive oxygen
species (ROS), which is associated with apoptosis and necrosis [31]. Foldbjerg et al. (2009)
showed that incubation of the non-biologically engineered SNPs with the human lung
carcinoma cell line (A549) induced the above responses and demonstrated that these effects
depended on the exposure time and dose of the SNPs used. They showed that more
necrosis occurred after the application of a longer incubation period and higher doses of
SNPs [31]. Lee et al. (2014) showed that the non-biologically engineered SNPs induced
ROS and apoptosis in the NIH 3T3 cell line. They showed that SNPs reduced cell viability
in a dose-dependent manner, and more apoptosis than necrosis was observed in the first
12 hours. However, a similar result was observed after 24 hours of incubation of the cells
with the SNPs [32]. Kumar et al. (2015) showed that not only the exposure time and dose of
non-biologically produced SNPs but also the size of SNPs affected the balance between the
amount of necrosis and apoptosis. They showed that for 10 nm non-biologically engineered
SNPs with the dose of 50 µg/mL, more apoptosis and less necrosis were observed after
four hours, and this balance was reversed after 24 hours of incubation. [33]. Overall, the
biologically engineered SNPs with a size of approximately 35 nm induced more apoptosis
and less necrosis after six hours of incubation with the HeLa cell line, which is similar
to the behavior of the non-biologically engineered SNPs that confirmed the induction of
ROS after their usage in vitro. It is recommended to use different doses (not only IC50),
different sizes and different exposure times to analyze their exact behavior in the future.
Our results showed that SNPs produced by both the inactive and active biomass forms
induced the same apoptotic and necrotic effects in vitro. A recent study confirmed that
the nanoparticles could be produced by both the active and inactive microbial biomass
forms without changing their activity. Therefore, for SNPs production, if the pathogenic
microbial strain is used, the inactive biomass form can be replaced and used for nanoparticle
production without any doubt about the reduction of nanoparticle activity. The use of other
microbial strains and other pretreatments is recommended to confirm the current results.
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6. Conclusions

In conclusion, the active and inactive biomass forms of F. oxysporum were able to
produce SNPs successfully, and the nature and activity of the nanoparticles produced were
not altered. Therefore, the use of the inactive microbial biomass form is recommended to
ensure its safety in the future.
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