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Evaluating the New Nd: YAG Laser Method in Phytosynthesizing Silver
Nanoparticles and Assessing Their Medical Applications.

Abstract

Silver nanoparticles (AgNPs) were synthesized via an innovative green synthesis method using amygdalin
(Am) as a reducing agent and the Nd: YAG laser as a catalyst. We studied the properties of the
nanoparticles using X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), energy
dispersive X-ray spectroscopy (EDX), atomic force microscopy (AFM), ultraviolet-visible spectroscopy
(UV), and Fourier transform infrared spectroscopy (FTIR) techniques. All the results of the examination
demonstrate excellent structural and optical properties. In addition, the molecular docking of the complex
composed of amygdalin and AgNPs was tested on three proteins concerned with the virulence of
Pseudomonas aeruginosa and their resistance to antibiotics. These proteins, 4QU3, 7MQK, and 2UWJ had
-6.82,-6.64, and -6.41 binding affinity (kcal/mol), respectively. The antimicrobial activity was tested on
multi-drug-resistant (MDR) P. aeruginosa isolates from wounds and burns, confirming their potential as
effective antibacterial agents, with the inhibition rate reaching (20.73 mm) for wound isolations at a
concentration of (5 mM) for Am-AgNPs. A cytotoxicity test (MTT) was tested for (24 h) on human dermal
fibroblasts (HDFn) and human melanoma cells (A375). Compared to the normal cell line, the outcomes
against the cancer line were exceptional. The objective of this research is to rapidly produce AgNPs in an
environmentally favorable manner. The therapeutic efficacy of Am-AgNPs against MDR P, aeruginosa
isolated from wounds and burns, as well as the synthetic nanomaterial's efficacy against the skin cancer
line, creates new opportunities for the treatment of intractable diseases caused by bacteria that are
resistant to antibiotics, in addition to cancer.
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Abstract

Silver nanoparticles (AgNPs) were synthesized via an innovative green synthesis method using amygdalin (Am) as a
reducing agent and the Nd: YAG laser as a catalyst. We studied the properties of the nanoparticles using X-ray
diffraction (XRD), field emission scanning electron microscopy (FESEM), energy dispersive X-ray spectroscopy (EDX),
atomic force microscopy (AFM), ultraviolet-visible spectroscopy (UV), and Fourier transform infrared spectroscopy
(FTIR) techniques. All the results of the examination demonstrate excellent structural and optical properties. In addition,
the molecular docking of the complex composed of amygdalin and AgNPs was tested on three proteins concerned with
the virulence of Pseudomonas aeruginosa and their resistance to antibiotics. These proteins, 4QU3, 7MQK, and 2UW]J
had —6.82, —6.64, and —6.41 binding affinity (kcal/mol), respectively. The antimicrobial activity was tested on multi-
drug-resistant (MDR) P. aeruginosa isolates from wounds and burns, confirming their potential as effective antibacterial
agents, with the inhibition rate reaching (20.73 mm) for wound isolations at a concentration of (5 mM) for Am-AgNPs. A
cytotoxicity test (MTT) was tested for (24 h) on human dermal fibroblasts (HDFn) and human melanoma cells (A375).
Compared to the normal cell line, the outcomes against the cancer line were exceptional. The objective of this research is
to rapidly produce AgNPs in an environmentally favorable manner. The therapeutic efficacy of Am-AgNPs against MDR
P. aeruginosa isolated from wounds and burns, as well as the synthetic nanomaterial's efficacy against the skin cancer
line, creates new opportunities for the treatment of intractable diseases caused by bacteria that are resistant to antibiotics,
in addition to cancer.
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1. Introduction has exacerbated the mortality rate [3]. Contaminated
burn injuries are the dominant cause of death,
especially burns contaminated with MDR pathogens
such as Pseudomonas aeruginosa, methicillin-resistant
Staphylococcus aureus (MRSA). The presence of these
microorganisms in burn injuries is a critical marker
of failed healing [4]. It is common to isolate P. aeru-
ginosa, a Gram-negative bacterium, from various
sites in the human body, including wounds, burns,
urinary tract infections, middle ear infections, and
post-surgical infections [5]. It is highly susceptible
to genetic changes that lead to antibiotic resistance,
especially in immunocompromised individuals.

he skin serves as an ideal medium for the

proliferation of pathogenic bacteria which can
worsen the condition of wounds and burns due to
the inflammatory aspect caused by the settlement
and invasion of these bacteria [1]. Wounds, whether
post-surgical or due to trauma or accident [2], are
susceptible to contamination by pathogenic bacte-
ria, particularly those that are multi-drug-resistant
(MDR) pathogens. This contamination will result
in increased infection risk and impaired healing
due to the exacerbation of antibiotic failure, which
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Given the acquired and inherent nature, this bacte-
rium resists antibiotics. Thus, its eradication is
increasingly challenging [6]. As a result, there is an
increasing demand to provide and develop new al-
ternatives to combat pathogens. The occurrence of
resistance has been exacerbated by the imprudent
administration of antibiotics, particularly in devel-
oping countries, as a result of their dispensation
without a prescription, resulting in the emergence of
MDR strains more commonly [7,8]. In this context,
numerous studies in the field of nanotechnology
have documented the antibacterial activity of many
metallic nanoparticles, which are increasingly gain-
ing attention in medicine as new alternatives, with
particular efficacy against MDR strains [9,10].
Nanoparticles of a given metal exhibit unique
properties compared to their large-sized counter-
parts [11]. Nanomaterials, a unique class of materials
with dimensions ranging from (1 to 100 nm) possess
unique and distinctive properties and find extensive
applications in various fields. These particles interact
with vital organic components on the surface of
microorganism cells, resulting in structural degra-
dation [12]. Silver nanoparticles (AgNPs) are metallic
silver particles with a small size ranging from one to
one hundred nanometers. As a result, they have a
large surface area relative to their small size, which
increases their ability to interact with other elements
[13]. Ointments and dressings for burns, containing
silver nitrate or silver sulfadiazine, have utilized
silver's antibacterial properties [14,15]. Researchers
studied the antibacterial ability of AgNPs when
nanotechnology emerged. Simultaneously, it plays a
crucial role in the food packaging, electronics, and
agriculture industries. Due to the unique properties
of AgNPs, it is the most common and widely used
nanoparticle. AgNPs exhibit a variety of biological
activities, including antibacterial, antiviral, anti-
fungal, and anticancer effects [16]. Due to the variety
of readily available plants and their simple and safe
application, plant synthesis of AgNPs is a widely
used strategy. The green synthesis of nanoparticles
has effectively used many plant parts, including
leaves, extracts, fruits, and flowers. Plant extracts
contain a collection of bioactive compounds, such as
vitamins, enzymes, terpenoids, tannins, sugars,
phenolics, and flavonoids. The presence of these
functional biomolecules in plant extracts enhances
the stability and efficacy of the synthesis of bioactive
AgNPs using plants [17]. The green synthesis of Am-
AgNPs in this research utilized amygdalin, a
cyanogenic compound also known as bitter apricot,
laetrile, or almond. It belongs to the aromatic
cyanogenic glycoside group. Its molecular formula is
Cy0H27NOq; [18], and the seeds of apple, cranberry,

peach, and plum plants belonging to the Rosaceae
family widely distribute it, with the seeds of apricot
kernels being especially rich in it. Recent studies
have noted its effectiveness in treating tumors [19].
Many studies have proven its anti-asthma and anti-
ulcer effects. Moreover, its pharmacological effects
encompass inhibition of interstitial renal fibrosis,
prevention of pulmonary fibrosis, resistance to
hyperoxia-induced = immunosuppression, lung
injury, anti-tumor, anti-inflammatory, immunoreg-
ulation, and antiulcer properties [20,21]. Amygdalin's
property to destroy cancer cells by blocking their
sources of nutrients contributes to its effectiveness in
treating cancer. Many Western countries have found
it to reduce the incidence of prostate, colon, and
rectal cancers, and are currently incorporating it into
their treatment protocols for cancer patients [18].
The Nd: YAG laser provides controlled and precise
energy pulses that are used in the physical method
of creating nanoparticles, known as laser ablation,
where laser pulses are directed to the surface of any
metal immersed in a liquid to start the process of
surface ablation and produce nanoparticles [22].
The Nd: YAG laser represents a strong catalyst in
oxidation and reduction processes, so it was chosen
to stimulate the reaction and produce AgNPs [23].
This study aims to evaluate the green synthesis of
AgNPs using amygdalin extract and Nd: YAG
laser as a catalyst and then study its biological
activities, including antimicrobial and cytotoxic
activities. Additionally, it will study the molecular
docking and simulation of specific proteins.

1.1. Ethics approval

This study was conducted in compliance with
ethical principles. The study protocol, subject in-
formation, and consent form were approved by the
local ethics committee according to administrative
order No. THU00004 dated 10/17/2024.

2. Materials and methods
2.1. Nowvel green synthesis

In this method, we did not use heating or a
chemical catalyst, and the material was not left at
room temperature for (7 h) or even (24 h), but rather
an Nd: YAG laser was used, specifically with a
wavelength of (355 nm), and a repetition rate
(10 Hz), and an energy of (100 mJ). Thus, the pulses
of this laser were directed to this mixture of AgNO;
at a concentration of (5 mM) in a volume of (50 mL),
and (60 pL) of amygdalin at a concentration of (2 %)
was added to it. The laser pulse was distributed
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throughout the solution by rotating a rotor at a rate
of (30 rpm). After (600 pulses) of the Nd: YAG laser,
a color change occurred, and thus it was the first
sign of the formation of Am-AgNPs. The innovative
laser method for green synthesis of Am-AgNPs has
the advantage of requiring no time for the synthesis
process, with an estimated duration of 1 min,
whereas other methods require a duration ranging
from several hours to a whole day. The use of Nd:
YAG laser is environmentally friendly and does not
lead to the formation of toxic fumes, such as in the
hot or chemical method or produce harmful waste.
In this case, our innovative method does not require
time and is environmentally friendly.

2.2. Am-AgNPs characteristics

The structural and optical analyses of the pre-
pared Am-AgNPs were performed using XRD, and
the crystal volume was calculated according to the
Debye-Scherrer equation (1) [24].

D:KA/B cos(9). (1)

D is the crystallite size (in nanometers), K is the
shape factor (typically around 0.9), A is the wave-
length of the X-rays used (in nanometers), B is the
full width at half maximum (FWHM) of the diffrac-
tion peak (in radians), 6 is the Bragg angle of the
peak (in radians). Techniques such as FESEM, EDX,
AFM, UV-Visible spectroscopy, and FTIR are uti-
lized. These techniques provide accurate information
about the crystal structure, surface composition,
elemental composition, surface topography, and
optical and vibrational properties of the samples.

2.3. In silico molecular docking study

The molecular docking exploration was conducted
using the AutoDock Vina tool [25]. The crystallog-
raphy structures of three proteins (PDB ID: 4QUS3,
7MQK, and 2UW]) were obtained from the Protein
Data Bank (PDB) with resolutions of (1.40, 1.60, and
2.00 A) respectively, for docking at the Research
Collaboratory for Structural Bioinformatics http://
www.RCSB.org. The ChemSketch was used for
drawing the 3D (MOL format) chemical structure of
artificial ligands http://www.cambridgesoft.com/
software/overview.aspx. The PDB File (PDB format)
target structure has been prepared. The co-crystal-
lized ligands were identified and removed before
processing. Water molecules were detached; both
polar and nonpolar hydrogens were added. To analyze
interactions, we utilized the BIOVIA Discovery Studio
Visualizer (DSV) Client 2021 https://discover.3ds.com/

discovery-studio-visualizer-download for creating
two-dimensional (2D) and three-dimensional (3D)
interactions.

2.4. Antibacterial screening of Am-AgNPs

The isolates of MDR P. aeruginosa were obtained
from Tikrit Teaching Hospital after they were iso-
lated and diagnosed according to standard methods
from patients with wound and burn infections
admitted to the hospital [12]. The inhibitory activity
was assessed using the well diffusion agar method,
where Mueller Hinton plates were prepared. The
density of the bacterial suspension was calibrated to
0.5 McFarland. The bacteria were cultured on the
surface of the plate. Six wells, each with a diameter
of (5 mm), were then created on the surface of the
agar plates using a sterile cork borer, one of which
was for the control, then the Am-AgNPs solution
prepared at concentrations of (5, 4, 3, 2, and 1 mM)
was added, where it was added in a volume of 50 puL
for each well using a micropipette. The plates were
incubated at (37 °C) for (24 h), and the inhibition
zone was measured in millimeters using a standard
ruler [12].

2.5. Cytotoxicity effect of Am-AgNPs

The cytotoxicity of Am-AgNPs was detected by
MTT [3-(4-dimethylthiazol-2-yl)-2, 5- diphenylte-
trazolium bromide] assay, which was performed on
human dermal fibroblasts (HDFn) and human mel-
anoma cells (A375). Cells were cultured in DMEM
with 10 % FBS and 1 % penicillin-streptomycin at
37 °C with 5 % COz, and 95 % humidity. Cells
(1 x 10* were seeded in 96-well plates, incubated for
(24 h) and treated with Am-AgNPs at concentrations
ranging from (3.12 to 400 pg/ml) for an additional
(24 h). After treatment, MTT solution (0.5 mg/mL)
was added, and plates were incubated for (3-4 h).
Formazan crystals were dissolved in DMSO, and
absorbance was measured at (570 nm). Cell viability
was calculated relation to controls [18]. This meth-
odology is adapted from ISO 10993-5 for in vitro
cytotoxicity testing.

3. Results & discussion

3.1. Color change

The color change is the first sign of the formation
of Am-AgNPs, as mentioned in Ref. [26]. The color
changes in the mixture of (5 mM) AgNO; with 2 %
amygdalin were monitored in a glass beaker con-
taining the mixture under the pulse generator arm
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of the Nd: YAG laser device. The color transition
from semitransparent white to dark brown occurred
approximately 1 min after the application of 600
laser pulses when the Nd: YAG laser was employed,
as illustrated in Fig. 1.

3.2. UV analysis

UV spectroscopy is one of the most widely
used methods for identifying various chemicals,
including organic compounds, transition metal
ions, and biological molecules [27]. Fig. 2, which
depicts the clear contrast in the peaks of the curves
used to evaluate the absorbance of amygdalin
extract and (5 mM) AgNO; solution shows UV
spectroscopy of amygdalin extract produced a sin-
gle absorption peak at (270 nm). In contrast, the
silver nitrate solution showed an absorption peak at
(249 nm), while the absorption peak of Am-AgNPs
prepared by the green synthesis method was
(420 nm). This peak indicates that it matches the
optimal absorbance value for AgNPs [27].

Fig. 1. Color change (a) AgNO3, (b) Amygdalin, (c) Am-AgNPs.

2.0
\ == Am-AgNPS
8 \ = Amygdalin extract
e o =« AgNO,
g
£
2 10+
g
E
<
0.5+

0.0 1 1 I 1 1 1
200 300 400 500 600 700 800

Wave Length (nm)

Fig. 2. UV—Vis absorption spectra of Amygdalin, AgNO;, and Am-
AgNPs.

Moreover, the absorption intensity demonstrates
good homogeneity of the distribution of nano-
particles, and the presence of a larger quantity of
nanoparticles. Hence, such homogeneity is owing
to the quality of the interaction between the mate-
rials used during preparation [28]. The final con-
centration was prepared at (5 mM) and the
prepared solution was examined using an Atomic
Absorption Spectrometer revealing a concentration
of approximately (400 pg/mL), then it was titrated to
(400 pg/mL) by adding deionized water for use in
the cytotoxicity assay.

3.3. XRD analysis

Fig. 3 illustrates the XRD pattern peaks obtained
for the Am-AgNPs. They were prepared by the
innovative green method, Am-AgNPs correspond to
(Ag>O [00-041-1104]), which makes them match with
seven peaks (See Table 1).

Reference code: 00-041-1104
Silver Oxide: Ag,0

(200)

Intensity (%)

(110)
(111)
(211)

2 theta (degree)

Fig. 3. XRD patterns of Am-AgNPs prepared by innovative green
synthesis method. *Special description of the title. (dispensable).

Table 1. XRD results of Am-AgNPs prepared by innovative green
synthesis method.

Am-AgNPs prepared by innovative green synthesis

20(deg) hkl B (deg) d [A] D (nm)
26.943 110 0.18 3.34200 462
32.888 111 0.17 2.72900 51.33
38.014 200 0.13 2.36200 693
47.17 211 0.17 1.92910 53.30
55.15 220 0.2 1.67090 462
65.48 311 0.29 1.42500 32.23
68.89 222 0.24 1.36420 40.76

Crystal size average = 48.47 nm
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3.4. FESEM analysis

It is an important device for analyzing the size and
shape of nanoparticles. This microscope uses a
beam of electrons instead of light to form images. To
display Am-AgNPs, they are placed on a special
holder, usually a small copper disk (1 mm diameter)
coated with a thin layer of carbon [29]. We studied
the surface topology of the Am-AgNPs, already
synthesized by the innovative green method, using
scanning electron microscopy. The micrographs
presented in Fig. 4 illustrate that the synthesized
Am-AgNPs have spherical and cubic shapes. The
average size of Am-AgNPs is approximately
(45 nm). Based on the measurements, the standard
deviation of the nanoparticles was calculated as
(21.38) nm. Nanoscale dimensions of the particles
prepared by the innovative green synthesis method
are depicted in Fig. 5.

3.5. EDX analysis

The EDX spectrum of Am-AgNPs, which were
prepared using the innovative green synthesis
method, typically exhibited a high peak for silver at
approximately 3 keV, confirming the presence of
silver in the sample. This peak is a result of the
characteristic X-ray emission of silver atoms when

Fig. 4. SEM micrograph of Am-AgNPs prepared by innovative green
synthesis method at different magnifications and scale bars (a) 1 um
(1000x), (b) 500 nm (2000x), (c) 200 nm (6000x), (d) 100 nm (10000x).

Frequency

Diameter (nm)

Fig. 5. Nanoscale size distribution diagram of Am-AgNPs prepared by
the innovative green method.

excited by the electron beam in the EDX device. The
relative abundance of silver in the sample is 70%,
indicating that silver is the dominant element,
constituting 70 % of the detected elements.
Conversely, oxygen was 30 % at (0.4 keV), indicating
that the examined compound is silver oxide, which
is consistent with the XRD results, as shown in
Fig. 6.

3.6. AFM analysis

The results of AFM examinations detected the
topography of Am-AgNPs. This analysis was con-
ducted for Am-AgNPs prepared by the innovative
green manufacturing method as shown in Fig. 7 a,
through a 2D image, with a cross-sectional area of
(1200 nm) for the X-axis and (1200 nm) for the Y-
axis. By matching with the color scale on the side of
the shape, the surface size average (10-20) nm was
the most frequent. As for Fig. 7 b, through a 3D
image, with a cross-sectional area of (1000 nm) for
the X-axis and (1000 nm) for the Y-axis. By matching
with the color scale on the side of the shape, the
surface size average (10-20 nm) was the most

B Spectrum 10

Ag IS
o I
Weight % 70%

Fig. 6. EDX analysis of Am-AgNPs prepared by the innovative green
synthesis method.
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frequent. As for Fig. 7 c. In height histograms, it can
be observed that the vast majority had dimensions
less than (100 nm).

Based on the aforementioned, it is evident that the
laser utilized in the innovative preparation process
plays a critical and significant role in the reduction

a) "

1200

nm

Projected Area
[ smail

[ Medium

0 [ e

10

Number of particles

(e9zL)
(oet)

75

Maan diametar

Fig. 7. AFM analysis of Am-AgNPs prepared by the innovative green
synthesis method (a) 2D image, (b) 3D image, (c) Height histograms.

of nanoparticle sizes, which in turn enhances their
efficacy in applications.

3.7. FTIR analysis

Fig. 8 displays the FTIR results as follows: The FT-
IR spectrum of amygdalin (Am) extracted from
apricot seeds showed absorption bands at frequency
(3441) cm ™' due to the stretching of the hydroxyl
groups (OH) bonds. Hydroxyl bonds are present in
the glucose groups attached to amygdalin, which
explains the presence of these broad at distinctive
peaks. An absorption band at frequency (1635) cm
is the stretching of the C=C bond; this peak often
refers to (C=C) in the molecule as it could be part of
the structure of the organic compound. An absorp-
tion band at a frequency of 1394 cm ' refers to the
bending vibrations of the methylene group (-CHz)
or other similar groups, such as C-H bending. Ab-
sorption bands at frequency (543) cm ' are due to
the stretching of the (-CN) groups [30]. The FT-IR
spectrum of silver nitrate (AgNO;) showed absorp-
tion bands at (2351) cm™ and (2061) cm™. These
peaks are typically the result of impurities or surface
absorption that is unrelated to the parent compound
and may indicate the absorption of gases, such as
carbon dioxide (CO:2), from the atmosphere. The
range (1759) cm™! indicates the secondary decom-
position of silver nitrate leading to the appearance
of (NOz) groups. The range (1444) cm™ indicates the
vibrations of the nitrate group (NOs"), and (819) cm™?
and (736) cm™. Altogether, they represent the
bending vibrations of the nitrate group (NOs),
which are characteristic features of compounds
containing nitrates. The range (412) cm™ indicates
the vibrations of the bond between the oxygen

(1394)

(1635) 543
=
n 5
e E § ® = ®
- @ 2 I B
2 @2 % auy =g
L]

(1850)
(3471)

4000 3500 3000 2500 2000 1500 1000 500

‘Wave number (cm‘l)

Fig. 8. FTIR analysis (a) 2 % Amygdalin extract, () AgNO;, and (c) Am-
AgNPs prepared by the innovative green synthesis method.
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element and silver [31]. When examining (FT-IR) of
Am-AgNPs prepared by the innovative green syn-
thesis method, a range of a percentage (3471) cm™?
was observed, which indicates the presence of a
hydroxyl group (O-H) as a result of the presence of
water or surface moisture, as well as the range
(1650) cm™. This range signifies the existence of the
(C=0) group, a component of amygdalin, and
suggests a potential interaction between this group
and silver during the synthesis process. This peak
indicates a possible interaction between silver and
organic molecules. The presence of organic bonds
from compounds such as ethers or amines affixed to
the Am-AgNPs was indicated by a band at (1269)
cm. This peak is associated with (C-O) vibrations,
which support the notion that the nanoparticles
interact with the chemical components of amyg-
dalin. The band at (430) cm™ was shown; these
peaks indicate (Ag-O) vibrations [32], which reflect
the presence of bonds between silver and oxygen.
The spectrum indicates that the heat-free green
manufacturing method has the capability of pre-
paring Am-AgNPs.

3.8. Molecular docking

In this study, 7MQK, 4QU3, and 2UW]J were cho-
sen as target proteins because 7MQK acts as (AAC
(3)-IIIa, which is responsible for antibiotic resistance
in P. aeruginosa, especially aminoglycoside antibi-
otics, such as gentamicin. This enzyme helps add an
acetyl group to these antibiotics, thus neutralizing
their effect [33]. As for the protein 4QU3, which acts
as GES-2 ertapenem acyl-enzyme complex, this
protein neutralizes the action of beta-lactam antibi-
otics by breaking the beta-lactam ring. The action of
this protein is concentrated in the carbapenem
antibiotic group, especially ertapenem [34]. As for
the protein 2UW]J, which acts as the structure of the
heterotrimeric complex in P. aeruginosa, it is integral
to the regulation of type III secretion (T3SS) needle
formation. This system, which is common among
Gram negative pathogens, functions as a molecular
syringe, injecting bacterial effector proteins directly
into the host cell to disrupt its immune response and
cellular functions. This system enhances bacterial
virulence and survival within host tissues [35].
Accordingly, the choice of these proteins as targets
came because they play a fundamental role in MDR
strains. Therefore, neutralizing the action of these
proteins represents a critical goal for eradicating
these bacteria (See Table 2).

As shown in Fig. 9, the biologically active com-
pound amygdalin-AgNPs interacts with the 4QU3
protein by forming 2 carbon-hydrogen bonds with

Table 2. The binding affinity of prepared ligands with selected proteins.

Complex Binding Affinity (Kcal/mol)
4QU3-amygdalin-AgNP —6.82
7MQK-amygdalin-AgNP —6.64
2UW]J-amygdalin-AgNP —6.41

the amino acid SER64, and a carbon-hydrogen bond
with the amino acid THR232, in the active site of the
protein. In addition, there are 3 conventional
hydrogen bonds with the amino acid ASN127 and 3
conventional hydrogen bonds with GLU161,
ARG238, and SER125 amino acids, in the active site

SER
TRP -
b) Jiet A225
. THR
r A22 SRR
GLY .
A231 \? - S
ARG p &
A238 | —
© A /
< THR | Heg” fog, /
A230 o ! 8 0\‘,

Interactions

l:] van der Waals

- Conventional Hydrogen Bond

I:l Carbon Hydrogen Bond
:l Pi-Donor Hydrogen Bond

Fig. 9. The molecular docking of Amygdalin-Ag NP with 4QU3 as a
target protein of P. aeruginosa (a) 3D, (b) 2D.
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of the protein. The binding interactions suggest that
the amygdalin-silver complex has the ability to
modulate the function of GES-2, potentially inhib-
iting its carbapenem-degrading enzyme activity.
As shown in Fig. 10, the biologically active com-
pound amygdalin-AgNPs interacts with the 7MQK
protein by forming a carbon-hydrogen bond with
GLU123 amino acid in its active site. Additionally,
the protein's active site contains two conventional
hydrogen bonds with TYR64 and GLU123 amino
acids, a metal acceptor with GLU1102 amino acid,
Pi-Sigma with PRO215 amino acid, and Pi-Pi
stacked with PHE221 amino acid. The amygdalin-
Ag complex's ability to bind to the 7MQK protein

b)

TYR PHE i
A:213 R:221 GLY 2164
.

Interactions

l:l van der Waals

- Conventional Hydrogen Bond
l:l Carbon Hydrogen Bond

:I Metal-Acceptor
- Pi-Sigma
Pi-Pi Stacked

Fig. 10. The molecular docking of Amygdalin-Ag NP with 7MQK as a
target protein of P. aeruginosa (a) 3D, (b) 2D.

may inhibit the protein's function, thereby disrupt-
ing its role in antibiotic resistance. Specifically, the
Ag ion may possess additional antimicrobial prop-
erties, which could enhance the overall effectiveness
of the complex.

As shown in Fig. 11, the biologically active com-
pound amygdalin-AgNPs interacts with the 2UW]J
protein by forming 5 carbon-hydrogen bonds with
SER2, GLY1, SER13, GLY1, and GLU69 amino acids,
and 2 carbon-hydrogen bonds with GLU9 and
GLU69 amino acids, a Pi-Anion bond with GLU69
amino acid, and an alkyl bond with MET4 amino

GLU SER
Ea E13 I\EIEF
e
LY
g2 o
% 2
SER b
H
[ — J\_/ﬂ
',\‘ N H
Fi s
A /4
o _d
? GLN
o\ ] G:139

LEU E:63
E67 o
ASN j
F:58 (=13
GLN
E:66
Interactions
|:| van der Waals D Pi-Anion
- Conventional Hydrogen Bond D Alkyl

|:| Carbon Hydrogen Bond

Fig. 11. The molecular docking of Amygdalin-Ag NP with 2UW] as a
target protein of P. aeruginosa, (a) 3D, (b) 2D.
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acid in the active site of the protein. These in-
teractions suggest a strong binding affinity between
the amygdalin-Ag NP complex and the 2UW]J pro-
tein, potentially inhibiting its activity in forming the
T3SS needle. This inhibition could reduce the bac-
terium's virulence, as it would limit the pathogen's
ability to infect the host cells.

3.9. Screening antibacterial efficiency of Am-AgNPs

Using the agar well diffusion method, the effec-
tiveness of Am-AgNPs synthesized by innovative
green synthesis was tested in inhibiting the growth
of P. aeruginosa isolated from wounds and burns for
hospitalized patients and cultured on a Mueller-
Hinton agar medium at (37 °C) for (24 h). Figs. 12
and 13 show that the largest inhibition zone
occurred at a concentration of (5 mM) against P.
aeruginosa isolated from wounds with a diameter of
(20.73 mm), while it was at a diameter of (17.99 mm)
against P. aeruginosa isolated from burns. Next, we
classified the inhibition zones based on the

Fig. 12. Antibacterial activity of Am-AgNPs against the bacterial species
under study, (a) P. aeruginosa isolated from wounds, (b) P. aerugi-
nosa isolated from burns.

ImM
2mM
ImM

254 4mM

i

Inhibition Zone (mm)

p.a. from wound

p.a from burn
Type of Bacteria

Fig. 13. Chart to compare the activity of Am-AgNPs against P. aeru-
ginosa (p.a.) isolated from burns and wounds.

concentrations used against the studied bacterial
species. The inhibitory effectiveness of the control is
zero, so we do not notice an increase in the control
column in Fig. 13.

These results are in remarkable agreement with
those reported by Ref. [36], where 75 and 100 mM/
disc doses of biosynthesized AgNPs showed signif-
icant activity against P. aeruginosa strain, recording
inhibition zones of (14.68 and 17.15 mm), respec-
tively. They revealed the antibacterial properties of
these green nanoparticles, which were prepared
using ginger, onion, and jujube extracts, showing
inhibition zones of varying sizes ranging from (11 to
17 mm). Through the results we obtained in the
research, it was observed that the nanoparticles
synthesized by the innovative green method were
effective against bacterial isolates. Studying the
properties of the Am-AgNPs prepared in this
research revealed and clarified the smaller size of
the Am-AgNPs manufactured by the innovative
green method. For several reasons related to me-
chanics and biology, the small dimensions of
nanoparticles contribute to their antibacterial effec-
tiveness. First, the distinctive feature of these parti-
cles is their large surface area relative to their size,
which increases their area of influence on the bac-
terial cell's surface and allows them to penetrate the
bacterial membrane due to their small size. When
these particles enter the bacteria, they will interfere
with the internal cellular processes and functions,
such as bacterial metabolism, in addition to
affecting the formation of the bacterial cell wall [37].
The inhibitory activity improves with a reduction in
the size of the produced nanoparticles. AgNPs sus-
tained release of Ag™ ions is responsible for their
antimicrobial effect [38]. Due to the small size of
AgNPs, they will stick to the outer membrane of the
bacterial cell and interact with the phospholipids
and proteins within it, which leads to the disruption
of the osmotic system in the bacterial cell membrane
and thus the explosion and death of the bacterial
cells. This mechanism was demonstrated by
Ref. [39]. After the AgNPs penetrate the membrane,
they begin to affect the intracellular processes of the
bacteria, such as inhibiting enzymes necessary for
growth. The particles release silver ions that bind to
the thiol groups present in bacterial proteins and
enzymes, disrupting their vital functions and nega-
tively affecting the cell's metabolism [40]. This in-
dicates that AgNPs inhibit essential enzymes,
thereby hindering the growth and reproduction of
bacteria. Another mechanism is the generation of
reactive oxygen species (ROS), which is one of the
most important mechanisms of killing bacteria by
AgNPs. The particles stimulate the formation of
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reactive oxygen species such as hydrogen peroxide
and hydroxyl radicals, which cause significant
damage to DNA, proteins, and lipids inside the
bacterial cell, disrupting its basic functions. A study
by Ref. [41] showed that ROS generation is a major
factor in bacterial eradication by AgNPs.

3.10. Screening cytotoxicity study and anticancer of
Am-AgNPs

In Fig. 14, it is noted the effectiveness of Am-
AgNPs synthesized by innovative green synthesis
methods. The results of the current research show
the inhibition rate of nanoparticles at concentra-
tions (400, 200, 100, 50, 25, 12.5, 6.25, and 3.12 pg/ml)
respectively towards the cancer line A375, where it
was found that IC5y, = 113.0. It is also noted that the
viability decreases with increasing concentration,
as it was 96.065 at a concentration of (3.12 pg/ml),
and the viability decreased at a concentration of
(400 pg/ml) to 39.352 within (24 h) of the experi-
ment. The viability of the normal cell line HDFn
was not substantially impacted by the concentra-
tion increase. At a concentration of (400 pg/ml), it
was 68.48, while at a concentration of (3.12 ng/ml), it
was 96.53533. Within (24 h) of the experiment, the
IC50 was 151.7.

Am-AgNPs prepared using the innovative
method show significantly high efficacy. The
enhanced properties of the nanoparticles prepared
using the innovative method, such as reduced par-
ticle size [42], are responsible for this effect. This
effect is observed when the nanoparticles are stud-
ied to determine their ability to interact with cancer
cells. The utilization of innovative particle prepara-
tion techniques leads to the production of stable,
isomorphic particles, which enhances their capacity
to penetrate cell membranes and target cancer cells
with greater precision. This enhances the anti-
cancer effects by stimulating the apoptosis process.
AgNPs have proven effective in stopping the growth
of cancer cells through several mechanisms, most

100
-~ HDFn

= A375
IC5p=151.7

50

TR IC5=113.0

Viability%

1 1 T 1 1
100 200 300 400 500
Conc.(pg/ml)

Fig. 14. Effect of Am-AgNPs on HDFn and A375 cell lines.

notably inducing oxidative stress within these cells.
ROS cause damage to DNA, proteins, and lipids
within cancer cells, disrupt vital metabolic processes
and ultimately lead to cell death through the
mechanism of programmed death. This mechanism
has been confirmed by Ref. [43], who showed that
AgNPs significantly increased levels of ROS inside
cancer cells, inducing apoptosis. One of the primary
targets of AgNPs is mitochondria, the main source
of energy in cells. When these particles enter cells,
they affect mitochondrial functions by reducing
energy production (ATP) and disrupting cellular
respiration. The decrease in available energy leads
to a reduction in the ability of cancer cells to grow
and reproduce [44]. AgNPs also affect in another
way, by interacting with proteins that regulate the
cell cycle in cancer cells, such as P53, as AgNPs
disrupt this protein, which is necessary for regu-
lating the cycle of cancer cells during its role in
repairing their DNA, and thus will lead to genetic
damage in cancer cells and then their death, ac-
cording to a study by Ref. [45].

4. Conclusions

In this study, an innovative and novel eco-
friendly approach was developed to synthesizing
Am-AgNPs using a pure extract containing only
amygdalin and Nd: YAG laser as the reaction
activator, replacing conventional heat typically
used in green synthesis. The aim of using this laser
is to increase environmental sustainability to
ensure that no toxic fumes and gases are produced.
The synthesized nanoparticles had excellent di-
mensions. Molecular docking results showed
strong affinity for the 4QU3, 7MQK, and 2UW]J
proteins that are of great importance in the viru-
lence and antibiotic resistance of P. aeruginosa. This
strong affinity highlights the importance of Am-
AgNPs as a promising therapeutic agent targeting
MDR P. aeruginosa. Additionally, the results of the
inhibitory activity of Am-AgNPs showed that they
were very effective against MDR P. aeruginosa iso-
lated from wounds and burns, and they also
demonstrated a good cytotoxicity effect against the
skin cancer cell line A375 compared to the normal
cell line HDFn. Based on these findings, these
particles were highly effective in biological appli-
cations, which opens up prospects for their use in
producing new generations of drugs for treat many
incurable diseases.
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