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A B S T R A C T

This study addresses the impacts of metabolites from different microbial taxa on the fabrication and multifunc-
tional biological properties of spherical silver nanoparticles (Ag-NPs). Three microbial taxa, a bacterial (Bacillus
cereus A1-5), actinomycetes (Streptomyces noursei H1-1), and fungal (Rhizopus stolonifer A6-2) strains were used for
Ag-NPs biosynthesis, whereas Streptomyces noursei is demonstrated for the first time. These isolates were identified
using either 16S rRNA or ITS gene sequencing. Characterization of Ag-NPs was done using color change analysis,
Uv-Vis spectroscopy, FT-IR spectroscopy, XRD, TEM, SEM-EDX, DLS, and Zeta potential analysis. All bio-
synthesized NPs exhibited spherical shape with different sizes ranged from 6‒50 nm, 6–30 nm and 6–40 nm for
NPs obtained by A1-5, H1-1 and A6-2, respectively. The crystalline center cubic face of Ag-NPs was confirmed
using XRD at 2θ values 38.08o, 44.27o, 64.41o and 77.36o. FT-IR analysis revealed varied intense absorption peaks
for biomolecules required for NPs synthesize by each microbial strain. The stability of spherical Ag-NPs was
confirmed due to highly DLS negative surface charge of ‒17.5mV, ‒18.9mV, and ‒15.6mV for NPs synthesized by
strains A1-5, H1-1, and A6-2, respectively. Ag-NPs exhibited a broadspectrum of antibacterial activity against
Gram-positive and Gram-negative bacteria with varied effectiveness. They also exhibited a cytotoxic effect against
cancer cell line (caco-2) in a dose-dependent pattern with IC50 of 8.9 � 0.5, 5.6 � 3.0, 11.2 � 0.5 μg/ml for NPs
synthesized by strains A1-5, H1-1, and A6-2, respectively. Moreover, these spherical Ag-NPs showed larvicidal
activity against the 3rd instar larvae of the dengue vector Aedes aegypti.
1. Introduction

Nanotechnology is the production or manufacturing of nanoscale
materials (1–100 nm), while nano-biotechnology is the integration be-
tween biology and nanotechnology to construct new nanomaterials for
biotechnological applications. Nanomaterials with specific shapes can be
synthesized by various methods including physical, chemical, or bio-
logical methods. However, chemical and physical methods are highly
expensive, requiring toxic chemical and high energy consumption
(Al-Shmgani et al., 2017). Besides this, the synthesized particles are not
of expected purity whereas their surfaces were found to be sedimented
with chemicals. Additionally, preparation of specific Ag-NPs size is
highly difficult and require a further processing step to prevent particle
aggregation (Malik et al., 2002). Therefore, recent attention is drawn to
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green syntheses of nanomaterials because of its safety, eco-friendly,
cost-effective, and easily scaled up (Luo et al., 2018; Salem and Fouda,
2020). The synthesis of particular shapes and sized of nanoparticles (NPs)
specially nano-silver (Ag-NPs) through green approach are paid more
attention because their frequent use in various fields such as magnetic
devices, historical paper conservation against deteriorated fungi, pho-
tocatalysis, microelectronics, anticorrosive coatings, biomedicals,
anti-inflammatory, antibacterial, drug delivery, bioactivity, bioavail-
ability, tumor targeting and bio-absorption (Fouda et al., 2019a, 2019b;
Hassan et al., 2019; Shaheen and Fouda, 2018; Shaheen et al., 2019;
Sharaf et al., 2019).

The huge applications of Ag-NPs are attributed to unique physical and
chemical properties including electrical, optical, thermal stability, a wide
range of surface plasmon resonance, photoelectrochemical properties,
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good conductivity and biological properties (Gupta et al., 2017; Rasheed
et al., 2017). The synthesis of NPs via green approach is an example for a
bottom-up method where NPs were formed due to the oxidation/re-
duction process of metallic ions by secreted biomolecules such as en-
zymes, proteins, and sugars (Fouda et al., 2017; Mohmed et al., 2017).
Recently, different microbial taxa including actinomycetes such as
Streptomyces spp. (Fouda et al., 2019c), fungi such as Penicillium italicum
(Taha et al., 2019) and Fusarium keratoplasticum A1-3 (Mohamed et al.,
2017), and bacterial species such as Bacillus sp. SBT8 (Yurtluk et al.,
2018) were used for biosynthesis of Ag-NPs by extracellular metabolites.
Besides, several metals and metal oxides NPs (e.g. silver, gold, silver-gold
alloy, platinum, copper, zinc, selenium, palladium, silica, titanium,
magnetite, nickel oxide) are synthesized through either extra or intra-
cellular metabolites of actinomycetes, bacteria, fungi, algae or natural
extracts as an effective chelating agents for the formation of nanoscaled
particles (Fouda et al., 2018; Hassan et al., 2018; Mohamed et al., 2019;
Thomas et al., 2019; Venugopal et al., 2017).

Biosynthesis of Ag-NPs have been reported to exert multifunctional
activities with promising therapeutic efficacy to control pathogenic mi-
crobes (Soliman et al., 2020; Mukherjee et al., 2014). Also, cytotoxicity
and anticancer activities of Ag-NPs were evaluated against breast cancer
MCF-7 cell line (Vizhi et al., 2016), HT-29 cell lines (Devi and Bhimba,
2012), Hep2 cell line (Kumar et al., 2016) and Human cervical cancer cell
(Yuan et al., 2018), MCF-7 and A549 as breast and lung cancer cells,
respectively (Venugopal et al., 2017).

Biosynthesized Ag-NPs are considered cost-effective, eco-friendly,
safe and alternative tools for biological control. Aedes aegypti is the main
vector of dengue fever worldwide and affecting the lives of huge numbers
of people every year (Organization, 2016). Medicines and vaccines are
not available to prevent or treat these pathogens, therefore, vector con-
trol should be a successful approach to reducing disease transmission
(Morej�on et al., 2018; Salem et al., 2020). The main challenges are to
develop a safe larvicidal compound to control Aedes aegypti populations.

In this study, the effects of biomass filtrates from different microbial
taxa (Bacillus cereus, Streptomyces noursei, and Rhizopus stolonifera) were
separately evaluated and compared for green synthesis of spherical Ag-
NPs. The characterization of biosynthesized spherical Ag-NPs was done
by Uv-Vis spectroscopy, Fourier transform infra-red (FT-IR) spectros-
copy, X-Ray diffraction (XRD) patterns, transmission electronmicroscopy
TEM and Scanning electron microscopy which connected with energy
dispersive X-ray (SEM-EDX), Dynamic light scattering (DLS) and Zeta
potential analysis. Besides, the multifunctional activities of green syn-
thesized NPs including antibacterial activities against different patho-
genic Gram-positive and Gram-negative bacteria, in-vitro cytotoxicity
against cancer and normal cell line (Caco-2 and Vero cell line respec-
tively) and insecticidal activity against vector-borne dengue fever, Aedes
aegypti were evaluated.

2. Materials and methods

2.1. Microbial isolation and identification

Bacterial, fungal and actinomycetes strains were isolated from culti-
vated soil samples (GPS, N: 28 21 14.8 E: 28 51 47.7) collected from Giza
governorate, Egypt. The isolation process was conducted using nutrient
agar, malt extract agar, and starch nitrate agar media for bacterial, fungal
and actinomyceteal strains, respectively (Fouda et al., 2015).

The molecular identification was carried out based on 16S rRNA gene
sequencing for bacteria and actinomycetes, or internal transcribed spacer
(ITS) region for fungi.

For 16S rRNA: bacterial and actinomycetal genomic DNA were
extracted following the modified method by Miller et al. (1999). Briefly,
single colonies were picked up from agar plates and suspended in 50 μl
sterile deionized H2O. The cell suspension was then incubated for 10 min
in a water bath at 97 �C, followed by centrifugation for 10 min at 15,000
xg, then, cell lysate containing DNA was separated. 16S rRNA gene was
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amplified with PCR using genomic DNA template and two universal
primers. The used primers are as follows: 27f (5-AGAGTTT-
GATCCTGGCTCAG-3) and 1492r (5-GGTTACCTTGTTACGACTT-3)
(Lane, 1991). The PCR mixture [50 μL] contained 1x PCR buffer, 0.5 mM
MgCl2, 2.5 U Taq polymerase (QIAGEN), 0.25 mM dNTP, 0.5 μM of each
primer, and 1 μl of extracted genomic DNA.

For ITS sequencing: Fungal Genomic DNA was extracted using Gene
Jet Plant genomic DNA purification Kit (Thermo). The ITS region was
amplified in PCR using the DNA template and two primers of ITS1 (5

̀
-TCCGTAGGTGAACCTGCGG-3̀ ) and ITS4 (5̀ -TCCTCCGCTTATTGA-
TATGC-3̀ ) (Salem et al., 2019). The PCR mixture (50 μL) contained:
Maxima Hot Start PCR Master Mix (Thermo), 0.5 μM of each primer, and
1 μL of extracted DNA.

PCR was performed in a Thermal Cycler by Sigma Scientific Services
Company (Cairo, Egypt) with a 3 min hot starting performed at 94 �C, 30
cycles at 94 �C for 30 s, 55 �C for 30 s, and 72 �C for 1 min, followed by
gene extension for 10 min at 72 �C. Sequencing was analyzed using ABI
3730x1 DNA sequencer at GATC Company (Germany). The obtained
sequences were compared with that on GenBank database using the NCBI
BLAST program. The phylogenetic tree was conducted by bootstrap
analysis.
2.2. Silver nanoparticles biosynthesis

Extracellular metabolites of the microbial strains were separately
used as reducing agents for Ag-NPs biosynthesis using AgNO3 (Sigma
Aldrich) as a precursor. Briefly, the bacterial, fungal and actinomycetal
strains were inoculated in nutrient broth, malt extract broth and starch
nitrate-broth media, respectively at 35 � 2oC (for bacteria) or 30 � 2oC
(for fungi and actinomycetes) and 150 rpm shaking conditions for 120h.
At the end of incubation period, microbial biomasses were harvested
and washed with distilled H2O to exclude the remaining media com-
ponents. After that, 10 g of each microbial biomass was separately
mixed with 100 mL distilled H2O for 72 h at 30�2 �C. The mixtures
were filtered using Whatman filter paper No.1 to collect biomass filtrate
which was used as a starter for Ag-NPs biosynthesis as following: 1mM
AgNO3 was then suspended in 100 mL biomass filtrate and incubated at
30�2 �C and 150 rpm in dark condition for 24 h. Negative control
which represented as biomass filtrate without AgNO3 was run with an
experiment.
2.3. Characterizations of Ag-NPs

2.3.1. Ultraviolet-visible (Uv-Vis) spectroscopy
Color changes of the colloidal solution after adding AgNO3 were the

first indicator for Ag-NPs synthesis. The maximum surface plasmon
resonance (SPR) was detected by measuring the absorbance of the
colloidal solution using JANEWAY 6305 Spectrophotometer at wave-
length spectral range of 300–600 nm.

2.3.2. Fourier transform infra-red (FT-IR) spectroscopy
The FT-IR analysis was performed for biomass filtrate of microbial

strains and biosynthesized Ag-NPs for detection of the functional groups
responsible for reducing, stabilizing and capping of NPs. The spectra
were measured on the Agilent system Cary630 FTIR model over a range
of 4000–400 cm�1.

2.3.3. X-ray diffraction (XRD)
The X-ray pattern of Ag-NPs was analyzed using X-ray diffractometer

X'Pert Pro (Philips, Eindhoven, Netherlands). The 2θ range was from 4o

to 80o. Ni-filtered Cu Ka radiation was used as source for the X-ray with
Voltage of 40 kV and current of 30 mA. The average size of Ag-NPs
synthesized by different microbes was calculated using the following
Scherrer equation as follows:
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D¼Kλ=β cosθ (1)
where; K, is the shape constant; λ, is the wavelength of the X-ray; β, is the
half-width of the peak and; θ, is the half of the Bragg's angle.

2.3.4. Transmission electron microscopy (TEM)
The size and morphological examinations of biosynthesized silver

NPs were achieved by TEM on a JEM-1230 (JEOL, Japan) device with
120 kV acceleration voltage. For the TEM measurements, a colloidal
solution containing biosynthesized Ag-NPs was dropped on a copper grid
with coated-carbon.

2.3.5. Energy dispersive spectroscopic analysis (SEM-EDX)
The elemental composition of the green synthesized silver-NPs was

investigated using SEM (type: JEOL, JSM-6360LA, Japan) which con-
nected with energy dispersive spectroscopy (EDX) instrument.

2.3.6. Dynamic light scattering (DLS)
The distribution of Ag-NPs and their sizes in colloidal solutions were

examined by DLS. The sample was re-suspended in distilled water and
subjected to DLS measurement using Zeta sizer nano-series (Nano ZS),
Malvern, UK. Also, Ag-NPs stability was evaluated by zeta potential
measurement.

2.4. Multifunctional properties of Ag-NPs

2.4.1. Antibacterial activity
The antibacterial activity of biosynthesized Ag-NPs obtained by

different microbial strains was evaluated using agar-well diffusion
method against Gram-positive (Bacillus subtilis ATCC6633 and Staphylo-
coccus aureus ATCC6538) and Gram-negative (Salmonella typhimurium
ATCC14028, Pseudomonas aeruginosa ATCC9022, and Escherichia coli
ATCC8739) bacteria. Pure bacterial cultures were prepared and inocu-
lated under aseptic condition using sterilized cotton swap over Muller
Hinton ager media. After that, about 100 μL of Ag-NPs solution (100
ppm) was introduced into well (0.7 mm) on Muller-Hinton agar plates.
Different Ag-NPs concentrations (75.0 ppm, 50.0 ppm, 25.0 ppm, 15.0
ppm, and 10.0 ppm) were prepared to select a minimal inhibitory con-
centration (MIC) for each tested organism. The plates were then incu-
bated for 24 h at 35 � 2 �C. The results were recorded as the diameter of
inhibition zones (mm) around each well (Valgas et al., 2007). The
experiment was done in triplicate.

2.4.2. In-vitro cell viability of Ag-NPs

2.4.2.1. Cell culture. Two selected cell lines [human colorectal adeno-
carcinoma cells (Caco-2) as cancer cell and normal Vero cells (kidney of
African green monkey)] were obtained from VACSERA Holding Com-
pany for Biological Products&Vaccines, Giza, Egypt.

2.4.2.2. MTT assay. The toxicity of biosynthesized Ag-NPs and AgNO3
as control were assessed with cell-viability assay MTT [3-(4, 5-dime-
thylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide]. In brief, the cell
(1 � 105 cells/mL) grown in 96-well plates and treated with Ag-NPs at
different concentrations (double-fold dilution) ranged from 3.9‒1000
μg/mL and incubated at 37 �C for 48 h. Further incubation with MTT
(5 mg/mL in phosphate-buffered saline) at 37 �C/5% CO2 for 1–5 h
was done before addition of the formazan (MTT metabolic product
dissolved in 200 μL DMSO) to 96-well plate. The color intensities were
measured with an enzyme-linked immunosorbent assay (ELISA) reader
at 560 nm (Philip and Kundu, 2003). All performed experiments were
conducted in triplicates. The cell viability percentage was then calcu-
lated based on control (cells incubated without silver nanoparticles) as
follows:
3

Cell viability %¼ sample absorbance
control absorbance

� 100 (2)
2.4.3. Larvicidal bioassay

2.4.3.1. Larvae rearing. The insecticidal activities of biosynthesized Ag-
NPs using different microbes were assessed on Aedes aegypti which
collected from Medical Entomology Institute, Dokii, Giza, Egypt. The
larvae were kept in plastic cups containing dechlorinated tap water and
fed on small bread pieces. The experiment was done at 27 � 2 �C, 75–85
% relative humidity and photoperiod 14:10 light: dark. The bioassay was
assessed according to WHO (Organization, 1996) with some modifica-
tions. The experiment was conducted in triplicate and each replicate
containing 25 larvae. The mortality percent due to 5.0, 10.0, 15.0, 20.0,
25.0, 50.0, 75.0 and 100.0 ppm of Ag-NPs was monitored after larval and
pupal stage. The mortality was calculated using the following Abbott's
formula (Abbott, 1925):

Larvalmortality ð%Þ¼ðMortality in test concentration�Mortality incontrolÞ
100�Mortality in control

�100

(3)

2.5. Statistical analysis

All results shown in this study are mean values of three independent
replicates. The data were subjected to analysis of variance (ANOVA)
using statistical package SPSS v17. The comparison between treatments
was analyzed using Tukey HSD test at a significant level of P � 0.05.

3. Results and discussion

3.1. Identification of microbial strains

The three microbial taxa encoded A1-5, H1-1, and A6-2 were sub-
jected to molecular identification using 16S rRNA gene sequencing for
the bacterial and actinomycetal isolates and ITS gene sequencing for the
fungal isolate. Gene sequence analysis revealed that isolates A1-5, H1-1
and A6-2 were closely related to Bacillus cereus, Streptomyces noursei and
Rhizopus stolonifer (accession numbers NR115714, NR115417 and
AB113023, respectively) with similarity percentage of 99%, 98%, and
99%, respectively. Hence, the purified isolates were identified as Bacillus
cereus A1-5, Streptomyces noursei H1-1, and Rhizopus stolonifer A6-2,
respectively. Gene sequences retrieved from this study were deposited
in gene bank under accession numbers MN252511, MN252512 and
MN258257, respectively (Figure 1A and B, and Figure 2 A). Fortunately,
this is the first study concerning with green synthesis of Ag-NPs by
Streptomyces noursei. Although Bacillus cereus and Rhizopus stoloniferwere
previously used for biosynthesis of Ag-NPs, to date, there have been
limited reports on the impacts of different microbial species on multi-
functional biological activities of specific NPs shape.

3.2. Biosynthesis and characterization of Ag-NPs

The primary and secondary metabolites secreted by microbes are not
only responsible for reducing salts (Agþ) to metallic silver (Ag0), but also
act as capping and stabilizing agents (Mittal et al., 2013; Roy et al.,
2019). In this study, biomass filtrate of each microbial isolates (A1-5,
H1-1, and A6-2) was incubated separately with 1 mM AgNO3 for 24 h in
dark conditions. Color changes from colorless to yellowish-brown are the
first monitor for the biosynthesis of Ag-NPs. Negative control did not
exhibit any color changes. The color change could be attributed to the
excitation of surface plasmon resonance (SPR). NPs formation might be
related to the enzymes involved in biomass filtrates that convert nitrate



Figure 1. Phylogenetic analysis of 16S rRNA sequences of the bacterial (A) and actinomycete (B) strains with the sequences from NCBI. Symbol ◆ refers to 16S rRNA
fragments retrieved from this study. The analysis was conducted with MEGA 6 using neighbor-joining method.
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(NO3
‒) to nitrite (NO2

‒) and then, the electrons reduced silver ion (Agþ) to
metallic silver (Ag0) (Khanra et al., 2015).

The Uv-vis spectral analysis exhibited maximum absorbance peaks at
420 nm (Figure 2 B) which may be corresponding to spherical Ag-NPs
(Singh et al., 2017). In the same regard Vijaya et al. (2017) reported
that, Ag-NPs synthesized by dried root suspension of Zingiber officinale is
appeared at wavelength 425 nm as a single symmetric peak which
correlated to spherical structure. The standard SPR peak of green syn-
thesized Ag-NPs was in range 400–450 nm and any shifting in SPR peak
may be attributed to biomolecules which acting as reducing and capping
agent (Dong et al., 2017). Similarly, SPR peaks 400–450 nm for Ag-NPs
synthesized by different microbes have been previously reported (Pra-
kash et al., 2011; Wypij et al., 2018).
4

3.3. Fourier transform infra-red (FT-IR) spectroscopy

FT-IR analysis was carried out to distinguish imaginable interactions
between Ag and metabolites of biomass filtrates. This may be account-
able for formation, capping, stabilizing and well-dispersed Ag-NPs in
colloidal solution. As indicated in Figure (3A), the FT-IR signals for the
biomass filtrates (for strains A1-5, H1-1 and A6-2) showed twomaximum
bands at 1640 cm�1 and 3300 cm�1. The peak at 1640 cm�1 (C¼O, C¼N,
and C¼C) is correspond to amide I and amide II linkages of proteins,
while peak 3300 cm�1 is responsible for binding vibration of N–H groups
(Hassan et al., 2019).

On the other hand, varied peaks were obtained for different bio-
fabricated NPs (Figure 3A). As indicated, Ag-NPs fabricated by Bacillus
cereus A1-5 showed two peaks at 2146 and 1392 cm�1 while Ag-NPs



Figure 2. (A) denotes Phylogenetic analysis of ITS sequences of the fungal strain with the sequences from NCBI. Symbol ◆ refers to ITS fragments retrieved from this
study. The analysis was conducted with MEGA 6 using neighbor-joining method. (B) denotes UV–vis spectrophotometer of Ag-NPs synthesized by Bacillus cereus A1-5,
Streptomyces noursei H1-1 and Rhizopus stolonifer A6-2.
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fabricated by Streptomyces nourseiH1-1 showed four peaks at 3325, 1545,
1392, and 1013 cm�1 and Ag-NPs fabricated by Rhizopus stolonifer A6-2
showed three peaks at 2146, 1392, and 2017 cm�1. The peaks at 2146
and 2017 cm�1 are designated to alkyne stretch (C�C) and stretching of
aldehydic amines (C–H2), respectively. The band at 1545 cm�1 corre-
sponds to N–H stretching of amide I band of protein. The bands observed
at 1013 cm�1 are assigned to C–N stretching vibrations of aromatic and
aliphatic amines. While common band observed at 1392 cm�1 is corre-
sponding to C–H blending of aldehyde. The peak at 3325 cm�1 is cor-
responds to the O–H stretching group of alcohol or N–H stretching of
secondary amine. The vibration bands of FT-IR spectra of biosynthesized
Ag-NPs by different microbes and their related compound classes are
shown in Table 1.

The above data indicated that reduction, stabilization, and dispersion
of Ag-NPs are mainly attributed to the presence of proteins and phenols.
These compounds react with Ag-NPs via various mechanisms including
cysteine residues, amino groups or by attraction due to negative charges
of carboxylic groups in exo-enzymes contained in biomass filtrate of
different microorganisms (Ammar and El-Desouky, 2016; Kumar et al.,
2016). Hence, it is concluded that the varied metabolites involved in
5

biomass filtrates of each strain (A1-5, H1-1, and A6-2) have the main role
in the formation and size reduction of Ag in well-stabilized nano-form.
This may also affect the functional properties and applications of the
biosynthesized NPs.

3.4. X-ray diffraction patterns (XRD)

The XRD pattern of the Ag-NPs synthesized by Bacillus cereus A1-5,
Streptomyces noursei H1-1, and Rhizopus stolonifer A6-2 was demon-
strated using specific peaks located in the XRD spectra (Figure 3b). The
analysis showed four diffraction peaks at 2θ ¼ 38.08, 44.27, 64.41 and
77.36 that characterized the face center cubic (fcc) nano-structure of
(111), (200), (220) and (311), respectively. The characterized diffraction
intensity peaks are agreement with JCPDS standard No. 04–0783.
Similarly, the previous studies had an indexed fcc crystallographic
structure of Ag-NPS synthesized by Bacillus spp., Streptomyces spp. and
Rhizopus stolonifer at diffraction peaks (111), (200), (220) and (300)
(Fouad et al., 2017; Fouda et al., 2019a, 2019c). On the other hand, the
unassigned peaks showed in XRD chart could be attributed to the crys-
tallization of bio-organic materials that covered NPs surface (Thomas



Figure 3. (A) FT-IR spectra of biomass filtrate and Ag-NPs synthesized by Bacillus cereus A1-5, Streptomyces noursei H1-1 and Rhizopus stolonifer A6-2. (B) XRD pattern
of Ag-NPs showed four diffraction peaks at different 2θ values.
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et al., 2019). The average particle sizes of Ag-NPs reported in this study
have been calculated according to Scherrer equation and were ranging
between 10‒55, 11–40 and 10–50 nm for those synthesized by strains
Bacillus cereus A1-5, Streptomyces noursei H1-1, and Rhizopus stolonifer
A6-2, respectively.

3.5. Transmission electron microscopy (TEM)

TEM analysis is the most effective method for detecting the
morphological characters including the size and shape of synthesized Ag-
NPs. TEM images of Ag-NPs synthesized by A1-5, H1-1 and A6-2 strains
(Figure 4 A1, B1, and C1, respectively) showed well dispersed, spherical
Ag-NPs with size ranging between 6‒50nm, 6–30 and 6–40nm, respec-
tively. The recently published studies reported the fabrication of bigger
Table 1. Summarize FT-IR spectral positions with their corresponding vibration mode
noursei H1-1 and Rhizopus stolonifer A6-2.

Absorption frequency (cm�1) Chemical groups

1013 C–N stretching

1392 C–H bending

1545 N–H stretching

1640 C¼C stretching, C¼N stre

2017 C–H2 stretching

2146 C�C stretching

3300 N–H stretching

3325 O–H stretching, N–H stret
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nano-silver a 63.14 nm and 88 nm for those synthesized by Streptomyces
spp. (Fouda et al., 2019c), and Phoma gardeniae (Rai et al., 2014),
respectively. Moreover, the activity of biosynthesized Ag-NPs was
correlated with their size which enhances their biocompatibility and
stability (Kim et al., 2011). These data can conclude that, the microbial
species have the capacity for biosynthesis of smaller Ag-NPs as compared
to the previously reported NPs.

3.6. Scanning electron microscopy (SEM-EDX)

The qualitative and quantitative elemental compositions of Ag-NPs
synthesized by strains A1-5, H1-1, and A6-2 were analyzed and
compared using SEM-EDX (Figure 4, A2; B2; and C2, respectively). As
shown, the existence of spherical Ag-NPs with various weight percent is
s for biomass filtrate and Ag-NPs synthesized by Bacillus cereus A1-5, Streptomyces

Compound class

Vibration of aromatic and aliphatic amines

aldehyde

Vibration of amide 1 of proteins

tching, Alkene, imine/oxime

Aldehylic amine

alkyne

Aliphatic primary amine

ching Alcohol, secondary amine



Figure 4. Characterization of biosynthesized Ag-NPs: (A1, B1, and C1) TEM images, (A2, B2, and C2) EDX spectra and elemental analysis for Ag-NPs biosynthesized
by Bacillus cereus A1-5, Streptomyces noursei H1-1 and Rhizopus stolonifer A6-2, respectively.
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mainly attributed due to the different reducing and stabilizing agent
present in biomass filtrate of each microorganism. The elemental analysis
confirmed the fabrication of Ag-NPs at the percentage of 46.0, 18.5 and
28.7% for strains A1-5, H1-1 and A6-2, respectively. EDX spectra also
showed the presence of Ag-NPs peak at nearly 3 keV indicating that silver
is the major element (Vijayabharathi et al., 2018). The presence of N in
7

Ag-NPs synthesized by Streptomyces noursei H1-1 may be released from
AgNO3 (precursors). The presence of minor peaks in EDX chart such as O,
C, Pb, Ca, Mg, Cl may be originated from X-ray emissions of microbial
metabolites including proteins containing cysteine residues, sugars,
carbohydrates, amino groups. These results are compatible with other
reported microbes mediated biosynthesis of Ag-NPs (Singh et al., 2019).



Figure 5. DLS measurement of biosynthesized Ag-NPs. A, B and C denotes Ag-NPs synthesized by Bacillus cereus A1-5, Streptomyces noursei H1-1 and Rhizopus stolonifer
A6-2, respectively.
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3.7. Dynamic light scattering (DLS) and zeta potential analysis

DLS analysis is used to measure the NPs size in colloid solutions
according to the interaction between light and nanoparticles (Tom-
aszewska et al., 2013). Data represented in Figure 5 (A-C) showed that,
the average sizes were 75.16 nm (100% intensity) for Ag-NPs synthe-
sized by Bacillus cereus A1-5, while it was 82.01 nm (96.3% intensity)
and 5019 nm (3.7% intensity) for NPs synthesized by Streptomyces
noursei H1-1. On the other hand, the average particle size of Ag-NPs
synthesized by Rhizopus stolonifer A6-2 was 91.24nm (95.1% in-
tensity), and 4409 (4.9% intensity). According to the previous analysis
of XRD, TEM, and DLS, we can conclude that, NP sizes are differed by
8

each analysis. Generally, NPs size obtained from DLS were bigger than
those by XRD and TEM. This phenomenon can be attributed to that, DLS
measurements are affected by metallic core, coating, and stabilizer
substances which accumulate on NPs surface (Tomaszewska et al.,
2013). On the other hand, the non-homogenous distribution of particles
in the colloidal solution is due to the increased NPs size obtained by DLS
analysis (Singh et al., 2017).

The stability of biosynthesized NPs was detected according to par-
ticle surface charge which measured by zeta potential analysis (Fouda
et al., 2018). The high positive or negative zeta potential values (more
than �30 mV) remain particles far from each other and hence prevent
aggregations (Fouda and Shaheen, 2017; Mel�endrez et al., 2010). In



Figure 6. Antibacterial activity of different concentrations (10–100 ppm) of Ag-NPs synthesized by Bacillus cereus A1-5, Streptomyces noursei H1-1 and Rhizopus
stolonifer A6-2 against Gram-positive bacteria including: (A) Bacillus subtilis ATCC6633, (B) Staphylococcus aureus ATCC6538, and Gram-negative bacteria including:
(C) Salmonella typhimurium ATCC14028, (D) Pseudomonas aeruginosa ATCC9022, and (E) Escherichia coli ATCC8739.
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this study, zeta potential analysis revealed that, negative charge of
Ag-NPs synthesized by Bacillus cereus A1-5, Streptomyces noursei H1-1,
and Rhizopus stolonifer A6-2 were ‒17.5mV, ‒18.9mV and ‒15.6mV,
respectively. The stability of Ag-NPs and the potential biomedical ap-
plications are correlated with their size and zeta potential measure-
ments (Ge et al., 2014).

3.8. Properties of biosynthesized Ag-NPs

3.8.1. Antibacterial activity
The antibacterial activities of silver-based NPs synthesized by strains

A1-5, H1-1 and A6-2 were evaluated and compared. Biomass filtrate of
different microbial strains (as control) did not exhibit any antibacterial
9

activities indicating the absence of any active antimicrobial metabolites.
On the other hand, Ag-NPs have demonstrated a potent antibacterial
effect against representative Gram-negative and Gram-positive bacterial
human pathogens. The bactericidal effect was increased by increasing
NPs concentration (Figure 6). These results proved the potential use of
Ag-NPs as antibacterial agents with broad-spectrum activity. Our results
are consistent with that obtained by Fouda et al. (2017).

Among the examined bacteria, P. aeruginosa was the most sensitive
strain for Ag-NPs. This stronger activity of NPs on Gram-negative
bacteria is mainly attributed to the thicker peptidoglycan cell wall
(30 nm) of Gram-positive bacteria than Gram-negative cell wall (3–4
nm) (Chatterjee et al., 2015). Ag-NPs are possibly adhering to bacte-
rial cell walls and infiltrate into it causing physical damage, and
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consequently leakage of cellular constituents and bacterial death
(Khalandi et al., 2017). Besides, enhanced adhesion of NPs to cell
walls may have attributed to its positive surface charge, which is
electrostatically attracted to the negatively charged microbial cell
membrane. This would lead to some morphological changes charac-
terized by cytoplasmic shrinkage, membrane detachment and ulti-
mately cell wall rupture (Nalwade and Jadhav, 2013). Moreover, the
Agþ ions released from Ag-NPs might permeate into the bacterial cell,
prohibiting additional replication or formation of cellular components
such as protein, DNA and peptidoglycan (Chaloupka et al., 2010;
Morones et al., 2005).

At the lowest concentration (10 ppm), there was no activity of Ag-NPs
against any bacterial strains. Ag-NPs synthesized by R. stolonifer A6-2 is
more effective against Gram-positive bacteria than those synthesized by
A1-5 and H1-1. Meanwhile, B. subtilis was the most sensitive Gram-
positive bacteria for the three biogenic Ag-NPs. At 75 ppm, NPs synthe-
sized by strains A6-2 and H1-1 showed equal activities against
P. aeruginosa with clear zones of 19.3 mm. As well, NPs produced by
strains A6-2 and A1-5 have exhibited equal effectiveness against
S. typhimurium with clear zones of 15.3 mm. At 100 ppm, the Ag-NPs
fabricated by H1-1 has exhibited the maximum antibacterial activity
against P. aeruginosawith a clear zone of 23� 1.0 mm. At concentrations
greater than 25 ppm, Ag-NPs synthesized by H1-1 was the most active
against E. coli.

The strong activities of H1-1 nano-molecules against some tested
pathogenic bacteria may be due to its size which being smaller than those
produced by A6-2 and A1-5 (6–30, 6–40 and 6–50 nm, respectively).
Smaller sized nanoparticles have a larger surface area and their
agglomeration around the microbial cell wall lead to prevent their divi-
sion (Siddiqi et al., 2018). In line with our results Das et al. (2011) re-
ported the premium inhibitory effect of the small size Ag-NPs against
certain bacteria.

The MIC values (Figure 6) of biogenic Ag-NPs against prokaryotic
pathogens was low in the range of 15 and 25 ppm. While it increased to
50 ppm for NPs synthesized by strain H1-1 against the Gram-negative
S. aureus and S. typhimurium. The MIC for Ag-NPs/A6-2 against Gram-
positive and P. aeruginosa was 15ppm with inhibition zones ranging
from 9.5‒11.5 mm. However, the MIC for Ag-NPs/A6-2 against E. coli
and S. typhimurium was 25 ppm and recorded inhibition zones of 10.33
mm and 10.38 mm, respectively. Although the MIC for Ag-NPs/A1-5
against all pathogenic tested microbes was 25 ppm, it achieved inhibi-
tion zones ranged from 9.3‒10.6 mm. This value was reduced to 15 ppm
against P. aeruginosawith a 7.5 mm inhibition zone. The concentration of
25 ppm was considered as the MIC for Ag-NPs/H1-1 against B. subtilis,
E. coli and P. aeruginosa with corresponding inhibition zones at 9.3, 9.6
and 10.0mm, respectively. However, the MIC for Ag-NPs/H1-1 against
S. aureus and S. typhimuriumwas 50 ppmwith the inhibition zones of 10.6
and 9.3mm, respectively.

3.8.2. Cell viability and cytotoxicity effect
Application of chemical compounds as insecticides or drugs have

exhibited various cytotoxic mechanisms such as irreversible binding to
certain receptors, disrupting cell membranes and preventing protein
synthesis, etc. On the other hand, besides the premium antimicrobial
characteristics of Ag-NPs, they have vastly reached our daily lives for
producing antitumor drugs carriers, wound plasters, antimicrobial fab-
rics, health care, and cosmetic products. Recently, the inescapable human
exposure to these nanomaterials has appointed advanced concerns about
their possible risks to health, safety and eco-friendly (Liao et al., 2019)
especially that Ag-NPs could be assimilated by cells either through
phagocytosis, endocytosis or diffusion (Zhang et al., 2015). Therefore,
the cytotoxicity test is one of the most remarkable indicators of biological
assessment for safe application of biosynthesized NPs (Aslantürk, 2018).

In the current study, normal Vero cells and cancer cells (Caco-2) were
incubated with different concentrations of the biogenic silver-based
nanoparticles and the biogenic AgNO3 for 48 h. The cytotoxic effects
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were evaluated and compared usingMTT assay as shown in Figure (7). As
indicated, a dose-dependent (0.49–1000 μg/ml) cytotoxic effect was
observed on both cancer and normal cells. Interestingly, a significant
difference in the cytotoxicity was achieved between Ag-NPs and AgNO3
for all concentrations. AgNO3 and Ag-NPs synthesized by A1-5, H1-1 and
A6-2 exhibited IC50 at 304.8 � 21.3, 290.2 � 14.7, 511.7 � 68.5 and
259.0 � 6.4 μg/ml, respectively for normal cell line (Vero cell,
Figure 7A). Interestingly, they exhibited IC50 of 131.4 � 8.5, 8.9 � 0.5,
5.6 � 3.0, 11.2 � 0.5 μg/ml, respectively against Caco-2 cancer cells
(Figure 7B). Accordingly, the normal Vero cells are less susceptible to
nanoparticle treatments compared to the chemical silver nitrate. On the
other hand, Ag-NPs at low concentrations (5.6–11.2 μg/ml) have reduced
the mitochondrial function of cancer cells by 50 %. The viability of Caco-
2 cells was reduced when exposed to higher AgNO3 concentrations.

Previously, Paknejadi et al. (2018) assessed the efficacy of Ag-NPs on
normal human skin fibroblast cell lines and reported a significant time
and concentration-dependent mode in the reduction of cell viability.
Also, Ag-NPs proved cytotoxic effect against the cancer cell line (MCF-7)
while it was non-toxic towards the normal cell line (L-929 fibroblast
cells) (Khorrami et al., 2018). On the other hand Dziedzic et al. (2016),
reported the potency of Ag-NPs at 5.19 μg/ml to inhibit 50% of oral
squamous cancer cell line (SCC-25) growth, after two-day incubation.
Based on the results of the present study, silver nanoparticles have se-
lective toxicity against cancer cells. This feature can be used as an
effective cancer control strategy.

In the current study, TEM analysis proved the small size of the three
types of biogenic Ag-NPs, which may be one of the reasons for the
increased cytotoxicity of these molecules. Albers et al. (2013) and
co-authors examined the toxicity of three different sized Ag-NPs on
various cell lines and reported stronger cytotoxicity of the smaller par-
ticles on osteoblast. This might be due to the inverse relationship be-
tween the size and surface area of silver ions released from Ag-NPs
(Albers et al., 2013). After entering the cytoplasm, silver nanoparticles
themselves or silver ions can generate ROS, causing protein denaturation,
DNA damage and apoptosis (Akter et al., 2018; Chernousova and Epple,
2013). Other studies reported that the entry of Ag-NPs causes disturbance
of cytoplasmic membrane and leads to a generation of ROS and increased
leakage of lactate dehydrogenase boosting cytotoxicity of various human
cancerous cells (Park et al., 2017).

3.8.3. Insecticidal bioassay
Control of mosquitos have been established by various compounds

including essential oil (Amer and Mehlhorn, 2006), plant extract
(Maheswaran et al., 2008), pure plant-based compounds (Khanna et al.,
2011). Recently, biosynthesized Ag-NPs have attracted great interest as a
control agent. The larvicidal activities of Ag-NPs synthesized by strains
A1-5, H1-1, and A6-2 were investigated on the 3rd larval instar of Aedes
aegypti (Table 2).

Data analysis revealed that there is no significant difference in ac-
tivity between high NPs concentrations (75 and 100ppm) causing 100%
larval mortality (Table 2). At 50ppm, spherical Ag-NPs synthesized by
strains A1-5, H1-1 and A6-2 showed larval mortality percentages at 94.7
� 0.58, 92.7 � 1.52 and 91.0 � 2.0 %, respectively. At low NPs con-
centration (5ppm), the highest larval mortality was achieved by Ag-NPs
synthesized by Bacillus cereus A1-5 (40.0 � 1.0 %) followed by those
synthesized by Rhizopus stolonifer A6-2 (38.7 � 2.89 %) and Streptomyces
noursei H1-1 (31.7 � 1.16 %).

On the other hand, the highest pupal mortality was achieved using 20
ppm Ag-NPs synthesized by Streptomyces noursei H1-1. Generally, the
activities of spherical NPs synthesized by strain H1-1 on pupa at a
moderate concentration (20, 25 and 50ppm) were better than those
synthesized by other microbial strains. This phenomenon may be
attributed to the size of NPs synthesized by actinobacteria (Fouda et al.,
2019c).

To the best of our knowledge, there are a few articles follow the effect
of Ag-NPs on the adult mosquito. In this context, we can conclude that



Figure 7. MTT assay of AgNO3 and Ag-NPs synthesized by Bacillus cereus A1-5, Streptomyces noursei H1-1 and Rhizopus stolonifer A6-2. Against (A), normal Vero cell;
(B), cancer Caco-2 cell.

Table 2. Insecticidal efficacy for Ag-NPs synthesized using Bacillus cereus A1-5, Streptomyces noursei H1-1 and Rhizopus stolonifer AA6-2.

Ag-NPs
conc. (ppm)

Larval mortality (%) Pupal mortality (%) Adult emergency (%)

Bacillus
cereus A1-5

Streptomyces
noursei H1-1

Rhizopus
stolonifer A6-2

Bacillus
cereus A1-5

Streptomyces
noursei H1-1

Rhizopus
stolonifer A6-2

Bacillus
cereus A1-5

Streptomyces
noursei H1-1

Rhizopus
stolonifer A6-2

100 100 � 0.0a 100 � 0.0a 100 � 0.0a 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a 0.0 � 0.0a

75 100 � 0.0a 99.7 � 0.57a 99.0 � 1.0a 0.0 � 0.0a 0.3 � 0.57a 0.67 � 0.58a 0.0 � 0.0a 0.0 � 0.0a 0.3 � 0.58a

50 94.7 � 0.58a 92.7 � 1.52a 91.0 � 2.0a 1.7 � 0.56c 4.0 � 1.0a 2.3 � 0.58b 3.7 � 1.12b 3.3 � 1.53b 6.7 � 2.52a

25 90.7 � 1.16a 86.0 � 1.0b 86.7 � 1.53b 2.3 � 0.58b 4.0 � 0.0a 3.7 � 0.58a 7.0 � 1.0b 10.0 � 1.0a 9.7 � 2.08a

20 78.7 � 1.52a 74.7 � 1.53b 71.0 � 2.65c 4.0 � 1.0c 7.3 � 0.58a 5.7 � 0.58b 17.3 � 2.31b 18.0 � 1.73b 23.3 � 3.05a

15 60.0 � 1.0a 58.7 � 1.53a 59.0 � 2.64a 3.0 � 0.0c 4.0 � 1.0b 5.7 � 0.58a 37.0 � 1.0a 37.3 � 2.31a 36.7 � 0.58a

10 49.0 � 2.64a 45.3 � 1.53b 46.3 � 3.22ab 4.0 � 1.0a 4.3 � 0.58a 4.0 � 1.0a 47.0 � 3.46a 50.3 � 1.16a 49.7 � 3.22a

5 40.0 � 1.0a 31.7 � 1.16b 38.7 � 2.89a 5.3 � 1.5a 2.3 � 0.58b 2.7 � 0.58b 54.7 � 2.08c 66.0 � 1.0a 58.7 � 2.31b

For each experiment, values within each three column with different letters are significantly different (P � 0.05) by Tukey's test, values are mean � SD (n ¼ 3).
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larvae and pupa of Aedes aegypti are more sensitive for high NPs con-
centration and this sensitivity is reduced at low concentration, hence
adult mosquito is released. Data analysis showed that LC50 for Ag-NPs
synthesized by strains A1-5, H1-1 and A6-2 on 3rd larval instar were
12.5, 12.8 and 12.7 ppm, respectively.

Unfortunately, the larvicidal mechanisms of Ag-NPs are still un-
known, therefore, furture investigation are required to clarify the exact
mechanism. One explanation suggests that, the interaction of Ag-NPs
with cell molecules after penetrating through the larval membrane is
causing larvae death (Elfeky et al., 2020; Sundaravadivelan and Nalini,
2012). Moreover, penetration of Ag-NPs to epithelial midgut membranes
causing enzymes inactivation and hence peroxidase is released leading to
cell death (Raffi et al., 2008).

4. Conclusion

In this study, three different microbial strains (Bacillus cereus, Strep-
tomyces noursei, and Rhizopus stolonifer) were isolated from soil samples
and used separately for extracellular synthesis of Ag-NPs. Color changes
from colorless to yellowish-brown besides UV-Vis spectroscopy, FT-IR,
XRD, SEM-EDX, TEM, DLS and zeta potential analysis were used for
physicochemical characterization. These microbes have mediated the
biosynthesize of spherical Ag-NPs with varied sizes ranging from 6‒50
nm exhibiting maximum absorbance peaks at 420 nm, crystal-metallic in
nature, well dispersed and more stable with highly negative zeta po-
tential values. Nano-silver exhibits varied antibacterial activity against
pathogenic Gram-negative and Gram-positive bacteria. Besides this, the
biosynthesized Ag-NPs showed varied concentration dependent biolog-
ical activities including in-vitro cytotoxicity against Caco-2 cancer cell
line and larvicidal activity against dengue vectorAedes aegypti. This study
illustrated the importance and effect of metabolites secreted by specific
microbial strain on the fabrication and specific functional biological
properties of the biosynthesized NPs materials.
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