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Abstract: In this study, the technique of pulsed laser ablation in liquid PLAL media was successfully
used to synthesize Palladium structures in nanoscale for antibacterial activity. The synthesized
palladium nanoparticles (Pd NPs) were confirmed using Fourier-transform infrared spectroscopy (FI-
IR), X-ray diffraction (XRD), Transmission electron microscopy (TEM), and UV-Visible spectroscopy
analysis. The crystalline nature of Pd NPs with face-centered cubic structure is revealed by XRD
analysis. The TEM images clearly demonstrated the spherical shape, with average particle sizes
ranging from a few nanometers to several tens of nanometers. UV-vis absorption spectroscopy
revealed that the absorbance intensity of the prepared Pd NPs increased as the laser fluences increased.
Palladium nanoparticles were tested for antibacterial activity against two bacterial strains: Gram-
negative (Escherichia coli) and Gram-positive (Staphylococcus aureus). The agar well diffusion method
results revealed that Pd NPs prepared at 10.2 J/ m? had a higher antibacterial activity for both bacterial
strains due to the higher concentration. Furthermore, the effect of Pd NPs was stronger against
Gram-negative bacteria than Gram-positive.

Keywords: palladium nanoparticles; antibacterial; pulsed laser ablation in liquid PLAL; green
synthesis; noble metal nanoparticles; Staphylococcus aureus; Escherichia coli

1. Introduction

One of the most serious issues confronting state health systems today is the resistance
of microorganisms that cause infection when exposed to a drug that would usually kill
them or stop their growth, also known as antimicrobial resistance. Among all pathogens,
Escherichia coli (E. coli) and Staphylococcus aureus are the most common (S. aureus). The most
common strain of Gram-negative bacteria is E. coli. It is found in the lower intestine of
warm-blooded organisms and can survive without oxygen. It is a rod-shaped bacterium
that is motile but does not form spores. E. coli grows best at 37 °C and is found in the
human gastrointestinal tract. E. coli strains are generally not harmful; however, some can
cause dangerous food poisoning in humans. S. aureus is a strain of Gram-positive bacteria
with diameters ranging from 0.5 to 1.5 m and is distinguished by individual cocci that
divide in more than one plane to form grape-like clusters. Furthermore, these bacteria
do not form spores and are not mobile. S. epidermidis and S. aureus are the most studied
Staphylococci strains. S. aureus can grow at temperatures ranging from 15 to 45 °C. In
most cases, these bacteria are found in the human body’s skin and nasopharynx. S. aureus
can cause non-life-threatening skin infections, nose infections, and gastrointestinal tract
infections. To diversify treatments and avoid the development of resistances as much as
possible, new approaches are focusing on noble metal nanoparticles.

In general, nanotechnology science is a multidisciplinary frontier research area. One
of the emerging fields in material science is the environmentally friendly synthesis of
noble metal nanoparticles. The platinum group includes the transition metals Ag, Au, Pt,
and Pd [1]. Among all nanoparticles, Palladium nanostructure (Pd NP) materials have
recently become a new player in the sectors of nanomedicine and optoelectronics due to
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their biocompatibility, adaptability to the environment, and physicochemical properties
such as high thermal stability, good chemical stability, remarkable photocatalytic activity,
electronic properties, and optical properties [2,3] that vary depending on size and shape, as
well as their large surface area [4]. Palladium nanoparticles (Pd NPs) have recently demon-
strated a significant potential for the development of antimicrobials and wound healing
techniques, and antioxidant and anticancer properties [5]. There have been numerous
reports demonstrating the superior properties of noble metals. However, very few studies
have been conducted to investigate the benefits of Pd NPs in biomedical applications. For
instance, Adams et al. [6] reported an anti-microbial effect of palladium nanoparticles on
Gram-negative Escherichia coli and Gram-positive Staphylococcus aureus bacterial cultures,
with a greater inhibition in the latter strain, which may be due to the stronger resistance
of the cell wall of negative bacteria compared with positive bacteria. Surprisingly, the
anti-bacterial activity varied depending on the NP size and time periods studied. Palla-
dium nanoparticles” antibacterial properties were later confirmed on E. coli and S. aureus
cultures [7], as well as on the novel multidrug-resistant Cronobacter sakazakii strain, in
which NPs were able to eradicate biofilm bacterial growth, which was responsible for
their multidrug resistance [8]. In this regard, this report and studies include the synthesis,
characterization, and applications of antimicrobial palladium nanoparticles.

There are different methods for the synthesis of palladium nanoparticles which can
be classified into chemical and physical groups. Chemical reduction typically employs
reducing agents to produce nanoparticles of varying sizes and compositions; for example,
Nguyen et al. [9] synthesized Pd NPs of varying sizes and shapes using the polyol method.
The hydrothermal method is a simple and low-cost method for producing nanoparticles that
allows the crystal structure of the resultant particles to be changed by adjusting parameters
such as temperature, precursor concentration, and pressure. Chang et al. [10] used a
hydrothermal method to obtain ZnO modified with varying amounts of Pd NPs. However,
many of these techniques use hazardous solvents or hazardous reducing or stabilizing
agents, or generate toxic pollutants and by-products [11], in addition to the nanoparticles’
low uniformity and dispersivity. There are also physical methods, such as ball milling,
electric arc discharge, flame pyrolysis, and laser ablation, which are used to synthesize
nanoparticles [12]. Although these methods do not use toxic chemicals, they frequently
require expensive instruments as well as high temperatures and pressures, which require
a tremendous amount of energy [13]. As a result, various techniques for the synthesis of
various nanoparticles under ambient conditions using nontoxic reagents and solvents are
urgently needed [14].

Among a wide spectrum range of physical approaches, the pulsed laser ablation in
liquid medium technique (PLAL) has emerged in recent years, and has been demonstrated
to be a promising and efficient technique for altering the particle sizes of manufactured
nanostructured materials because of the primary benefits of obtaining stable and dispersed
NPs and nano-colloids, as well as the absence of contaminants. Pulsed laser ablation in
liquid (PLAL) was introduced as a manufacturing technique and tested for a variety of
nanoparticle compositions, including metals, semiconductors, carbon-based nanomaterials,
and alloys. This technology is based on applying high-intensity pulses on a liquid material’s
surface. Nanoparticles are produced through near-field ablation, coulomb explosions,
and photothermal ablation [15-21]. The resulting nanoparticles are then subjected to the
secondary effects of laser pulses, such as liquid shock waves. Typically, cavitation bubbles
are generated by LAL fragment particles separated from the bulk material. Furthermore,
the particles may agglomerate repeatedly to form homogeneous nanoparticles of varying
sizes [22]. The same processes might be used with several types of materials to create
nanostructures in a variety of forms and sizes. As a result, this method may be described
as a straightforward, efficient, and inexpensive technique for creating a variety of high-
purity materials that are sought. Furthermore, as with other synthetic processes, when
nanostructured materials are synthesized inside the liquid route, contaminant generation
that could be harmful to the environment is avoided. This method is frequently used to
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examine the impact of its effective parameters on particle sizes due to all of these factors.
Laser parameters such as flux, laser wavelength, and the duration of irradiation are used
to precisely control the size of particles released by the material [23-28]. Marzun et al.
investigated the effect of different salts on the size of palladium nanoparticles produced by
pulsed laser ablation in liquid [29]. Pd ablation in deionized water produces a bimodal size
distribution with large NPs causing colloidal instability. Mendivil et al. [30] investigated
the effect of ablation fluence variation on the size of Pd NPs formed in different liquids.
They found that in distilled water, the average size of NPs increased as ablation fluence
decreased, whereas the opposite effect was observed on the other solutions. Furthermore,
palladium nanoparticles were created in an aqueous solution by Cristoforetti G. et al. [31]
using an Nd:YAG pulsed laser with fluence of 21 J/ cm? (with and without the addition of
SDS). Kim J. et al. [32] produced homogeneous spherical palladium nanoparticles with a
limited size distribution by using pulsed laser ablation on a solid Pd foil target suspended
in deionized water, and they established that shorter wavelengths and lower laser fluence
are more suited for producing tiny NPs. Additionally, Boutinguiza et al. [33] observed that
employing a CW laser helps to better manage the nanoparticles’ size distribution while
manufacturing Pd NPs in comparison with pulsed Nd:YAG lasers. A few studies have
been published on the production of palladium nanoparticles via laser ablation in liquid.
However, no research has been conducted on the use of such Pd NPs produced in water by
laser ablation as an antimicrobial against two bacterial strains. So far, no work has been
done to compare two bacterial strains, Gram-positive and Gram-negative, which is the aim
of this study.

The goal of this study is to use the easy and effective pulsed laser ablation in liquid
(PLAL) technique to prepare nanometallic palladium (Pd) nanoparticles and assess their
antibacterial activity against the various strains of tested microbes (Streptococcus aureus,
and Escherichia coli).

2. Materials and Methods
2.1. Preparation of Palladium Nnanoparticles (Pd NPs)

To obtain palladium nanoparticles, a palladium target (Pd, diameter of 1 cm and
thickness of 3 mm, purity of 99.91%) immersed in 3 mL of Deionized water (DIW) in a small
glass vessel, was ablated, using a nanosecond Q-switched Nd:YAG pulsed laser emitting
radiation at wavelength 1064 nm, frequency 1 Hz, and pulse width 9 ns. The Nd:YAG laser
beam was focused by an 80 mm convex lens on the upper surface of the palladium target
with different laser fluences of (2.04, 4.08, 6.12, 8.16, and 10.2) J/ cm? at 100 pulses. The
concentration of palladium nanoparticles was prepared by weighing the target by using a
four digit-balance prior to the ablation process. The target was then dried by an air dryer
and weighed after ablation for each ablation process. The amount of the target mass that
was ablated (AM) could be determined from the following equation:

AM (Ag) =my — my @

where m; is the target mass before ablation and m; is the target mass after ablation.
The mass concentration was then determined by dividing the ablated mass (AM) by the
liquid volume:

Mass concentration (ug mL~1) = AM/ liquid volume.

2.2. Characterization Technigues

The functional group vibrations of the synthesized palladium nanoparticles were
analyzed using Fourier-transform infrared spectroscopy FT-IR (SPECTRUM TWO N spec-
trometer, PerkinElmer, Yokohama, Japan) by the KBr pellet technique in the range of
400-4000 cm . The crystalline structure of the produced Pd NPs was characterized us-
ing an X-ray diffractometer (PODWE XRD 2700AB, HAOYuan INSTRUMENT, Dandong,
China). XRD analysis was recorded by Cu Ka radiation with the wavelength of 1.54060 A
using a PANalytical X-PERTO PRO diffractometer system in the range from 10 to 80. The
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average crystalline size was calculated from the width of the XRD peaks using Scherrer’s
formula D = 0.94A/ Bcosf, where f3 is full width at half maximum (FWHM) of the diffraction
peak, A is the wavelength of X-ray, and 0 is the diffraction angle. The sample of X-ray
diffraction measurement was prepared by depositing palladium nanoparticles on a silicon
substrate via the drop-casting technique. Palladium nanoparticles synthesized were sub-
jected to HR-TEM analysis using a Philips/em?208 s (JEOL Ltd., Tokyo, Japan) instrument
with an accelerating voltage of 200 kV and a copper micro-grid mesh (gold-coated copper
grid 200 meshes) for sample preparation. The sample was prepared by depositing a drop
of palladium nanoparticles onto the mesh surface, which was then left to dry at room
temperature. UV-Visible spectroscopy was used to analyze the optical characteristic of the
synthesized palladium nanoparticles in the wavelength range of 200 to 500 nm using a
Shimadzu spectrophotometer (1900i, Shimadzu, Kyoto, Japan). These measurements were
performed using a quartzite cell with a 1 cm optical path at room temperature.

2.3. Antibacterial Study of Palladium Nanoparticles

The antibacterial activity of the palladium nanoparticle suspension was examined
against two types of bacteria: Escherichia coli (E. coli) and Streptococcus aureus (S. aureus).

The suspensions of bacteria were prepared by adjusting with 0.5 McFarland turbidity
standard (5 x 107 cell mL~') tubes. Each type of bacteria was a subculture on nutrient
broth. The stock cultures for these two bacterial isolates were placed into Mueller Hinton
agar medium, cultured overnight at 37 °C, and kept in the refrigerator at 4 °C for future
use. Mueller Hinton agar was used to reveal the antibacterial effectiveness. According to
the producer, it was synthesized by dissolving 3.8 g of powder in 100 mL of distilled water.
Then, it was dissolved via rising temperature using a heater with continuous shaking. The
Mueller Hinton agar was then sterilized in an autoclave at 121 °C for 15 min, cooled in cold
water at 47 °C, and resolidified in Petri dishes. These dishes were left for 15 min to cool
down to room temperature.

McFarland solution was prepared utilizing BaCl,-0.2H,O (0.05 mL, 1.175%) and H,SO4
(9.95 mL, 1%). The normal solution, containing up to 5 x 107 bacterial cells per milliliter,
was compared with the turbidity bacterial suspension. The two were then combined to
ensure suspension. The McFarland suspension was tightly closed to avoid evaporation and
wind and covered with aluminum foil to keep it away from light.

Antibacterial activity of Pd NPs against E. coli and S. aureus was measured by the well
diffusion method. The bacteria were separated at the surface of the Mueller Hinton agar
plates. Wells with diameters of about 6 mm were made at the surface of the agar media by
the tip of a micropipette, and then Pd NP suspensions with different concentrations were
added into the wells. These plates were kept in the incubator for 24 h. The inhibitory zone
was repeatedly measured using a ruler and various orientations to assess the antibacterial
effectiveness of the palladium nanoparticles [34].

3. Results & Discussion

Figure 1 displays the FTIR spectra of palladium nanoparticles prepared by 1064 nm
Nd:YAG laser ablation of the palladium target in distilled water with different laser fluences
(2.04,6.12, and 10.2) J/cm? at 100 pulses. The intensity of the FTIR spectrum varied with
laser fluence, whereas the width of the observed peaks remained relatively constant, owing
to the increased amount of ablated material produced from the target surface, which causes
scattering of laser light and increased absorption of solution, resulting in a decrease in
the transmission spectrum. The characteristic intense peak at 3438 cm~! is due to O—H
stretching of water molecules/—OH groups. The peak at 1623 cm ™! is because of the
H-O-H bending stretching mode. Further, the peak in the region of ~667 cm ™! may be due
to the presence of Pd nanoparticles [35,36].
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Figure 1. FTIR spectra of palladium nanoparticles (Pd NPs) synthesized via pulsed laser ablation of
palladium target in distilled water with different laser fluences at 100 pulses.

The diffraction patterns of palladium nanoparticles prepared by pulsed laser ablation
of the palladium target in distilled water with different laser fluences (2.04, 6.12, and
10.2) J/cm? for 100 pulses are shown in Figure 2. It shows that the palladium target’s
diffraction pattern is consistent with the typical face-centered cubic (FCC) structure of
metallic palladium (JCPDS-ICDD ref.00-005-0681), with a strong reflection peak at 46.842°
which, in contrast with the other reflections, may indicate the desired development track of
the nanocrystals [37-40]. The elemental nature of the Pd NPs synthesized was confirmed by
XRD analysis. All Pd NPs synthesized with different laser fluences are crystalline palladium
with characteristic diffraction peaks (111), (200) (JCPDS card no.00-001-1201) at 26 values of
40.585° and 46.842°, respectively, in the case of 2.04 ] /cm? laser fluence (Figure 2a), whereas
it was observed at 40.367° and 46.89° in the case of 6.12 J/cm? (Figure 2b); and it appeared
at 40.345° and 46.842° for the laser parameter of 10.2 J/cm? (Figure 2d).

Notable peaks at diffraction angles of 34.376° and 60.808° also appeared in Figure 2a
for the sample prepared at 2.04 J/cm?, corresponding to (101), (200) planes (JCPDS card
No. 002-1432) for the PdO phase which results from the interaction of palladium plasma
plume ablation products (palladium atoms or ions) with oxygen species from water decom-
position [5]. In the case of laser fluence of 6.12 J/cm?, however, additional peaks centered
at angles of 34.287° and 67.773° were observed, which correspond to (101), (220) planes for
the PdO and Pd phases, respectively. The XRD pattern of Pd NPs prepared at 10.2 J/cm?
also revealed peaks at diffraction angles of 34.259° and 60.242°, which correspond to the
(101), (103) planes for PdO (JCPDS card No. 002-1432). All these peaks confirm the crystal
structure of the as-prepared Pd NPs.

Table 1 contains all of the data obtained from the XRD results. The average particle
size of nanoparticles increased with decreasing laser energy fluence, which is consistent
with previous literature [30].

The morphology, size, and crystal structure of palladium nanoparticles prepared by
pulsed laser ablation of the palladium target in distilled water were investigated using
Transmission Electron Microscopy (TEM). Figures 3-5 depict TEM images of palladium
nanoparticles prepared with different laser fluences of the same laser pulses (100). The
TEM images revealed that laser fluences have a significant impact on particle size and
the size distribution. The TEM images showed that the Pd nanoparticles in the colloidal
had an almost spherical shape with a size range from few nanometers to several tens of
nanometers and an average diameter of ~45 nm for the sample prepared with 2.04 J/cm? at
100 pulses (Figure 3). Figures 4 and 5 are TEM images and size distributions for particles
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prepared with laser fluences of (6.12 and 10.2) J/cm? at a constant 100 pulses, respectively.
The NPs produced were nearly spherical in shape with average diameters of 9 and 11 nm,
respectively. The peaks of the size distribution of palladium nanoparticles Pd NPs prepared
with various fluences (2.04, 6.12, and 10.2) J/cm? became broader with increasing laser
fluence, indicating that particle size increases with increasing laser fluence [30]. It has been
found that as laser fluence increases, more energy is delivered to the target, causing melting
and removal of the material. Small metal droplets are fragmented by laser beam interaction,
followed by rapid quenching, resulting in the formation of larger nanoparticles with a
wide size distribution [41,42]. The laser fluence influences particle production rate as well.
Because of the high energy, a large portion of the Pd target can be ablated at a higher laser
fluence, resulting in large-scale production of Pd nanoparticles [41-43].
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Figure 2. XRD patterns of palladium nanoparticles (Pd NPs) prepared by pulsed laser ablation of
palladium target in distilled water with different laser fluences of (a) 2.04 J/ cm?, (b) 6.12J/cm?, and
(€)10.2J/cm?.
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Table 1. The crystalline size (CS) of palladium nanoparticles (Pd NPs) prepared by 1064 nm laser
ablation of palladium target in distilled water with different fluences 2.04 J/cm?, 6.12 J/cm?, and
10.2J/cm? at 100 pulses.

Laser Fluence (J/cm?) Theta (deg) FWHM (deg) dpig (nm) Orientation (hkl) Type CS (nm) Av. CS (nm)

40.585 1.221 0.2221 (111) Pd 14
46.842 0.836 0.19219 (200) Pd 10 2

204 34.376 0.785 0.26067 (101) PdO 10
60.808 1172 0.1522 (200) PdO 7 85
40.367 0.666 0.22325 (111) Pd 11

612 46.89 0.663 0.1936 (200) Pd 10 11
67.773 0.516 0.13815 (220) Pd 12
34.287 0.356 0.26132 (101) PdO 13 13
40.345 0.593 0.22337 (111) Pd 7

102 46.842 0.513 0.19379 (200) Pd 10 85
34.259 0.448 0.26153 (101) PdO 19
60.242 0.72 0.1535 (103) PdO 12 155
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Figure 3. (a) TEM image of palladium nanoparticles (Pd NPs) prepared by pulsed laser ablation of
palladium target in distilled water at 2.04 J/ cm?, (b) size distribution.
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Figure 4. (a) TEM image of palladium nanoparticles (Pd NPs) prepared by pulsed laser ablation of
palladium target in distilled water at 6.12 J/ cm?, (b) size distribution.
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Figure 5. (a) TEM image of palladium nanoparticles (Pd NPs) prepared by pulsed laser ablation of
palladium target in distilled water at 10.2 J/ cm?, (b) size distribution.

Figure 6 illustrates the UV visible spectra of palladium nanoparticles prepared by
pulsed laser ablation of a palladium target in distilled water with 100 pulses at different
laser fluences. The obtained UV-vis absorption spectra show broad absorption bands, which
correspond to typical inter-band transitions of metallic systems and are most likely due
to ionic Pd?* absorbance. The spectra clearly show that as the laser fluence increases, the
absorption edge shifts towards longer wavelengths (red shift). The shift in the maximum
absorption edge could be due to crystallite size increasing with laser fluence. This is
supported by the TEM and size distribution diagram analyses (Figures 3-5) [39,40,43].
Furthermore, the intensity of the absorbance varies dramatically with laser fluence. The
absorbance increases as laser fluences increase, which is due to an increase in the ratio of
the resulting ablation, which leads to an increase in the number of particles absorbed by
the delivering laser fluence and thus increases absorbance [30]. The particles synthesized
at a laser fluence of 10.2 mJ/cm? had the highest absorbance. This is because the electronic
energy levels in nanoparticles are not continuous, as they are in bulk materials. This can
result in sharp and intense absorption features corresponding to nanoparticle inter-band
transitions [43,44].

07 1 —— 204 J/cm?
— DB J‘.lfcm2
06 1 —— 612 Jjem?
—— 816 1fem?
0.5 - —_102 J,l'cm2

Absorbance (a.u)

200 250 300 350 400 450 500

wavelength {nm)

Figure 6. UV-vis absorbance spectra of palladium NPs colloidal prepared by pulsed laser ablation of
palladium target in DI water with different laser fluences.
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Figure 7 shows the antibacterial activity of palladium nanoparticles prepared by PLA
of a palladium target in DI water with various laser fluences against both E. coli and
S. aureus using the agar-well diffusion method.

Figure 7. The antibacterial activity of palladium nanoparticles (Pd NPs) prepared by pulsed laser
ablation of palladium target in DI water with different laser fluences against bacterial strains (a) E. coli
and (b) Staphylococcus aureus.

It is clearly seen that at the same concentrations and conditions, the inhibition zone in
E. coli is larger than that in S. aureus. The inhibition zone diameters for E. coli treated with
palladium nanoparticles were 13.66, 15.33, 18, 18.33, and 19.66 mm, whereas for S. aureus
they were 13, 14.66, 15.33, 15.66, and 17.66 mm (Table 2). According to these findings, E. coli
was more sensitive to palladium nanoparticles than S. aureus, as reported in Table 2.

Table 2. The antibacterial activity of palladium nanoparticles (Pd NPs) prepared by pulsed
laser ablation of palladium target in DI water with different laser fluences against E. coli and
Staphylococcus aureus bacterial strains.

Laser Fluences Mass Concentration Microorganisms

(J/em?) (ug/mL) E. coli S. aureus

Control Control 6£0 6£0
2.04 200 13.66 £+ 2.51 13+£1
4.08 300 15.33 £ 2.51 14.66 £+ 3.05
6.12 400 18 £0.57 15.33 £ 2.51
8.16 500 18.33 £ 1.52 15.66 £ 2.08
10.2 600 19.66 + 1.52 17.66 4+ 1.52

Furthermore, the antibacterial activity of palladium nanoparticles increased as the
laser fluences increased. The greater inhibitory effect at the high laser fluence of 10.2 J/cm?
is due to the higher palladium nanoparticle concentration produced at this fluence. The
concentration of the prepared nanoparticles increases as the laser fluence increases; this
was the main reason for this effect and this corresponds to the UV-vis results. Palladium
nanoparticles have a distinct antibacterial efficacy against both Gram-negative and Gram-
positive bacteria, as evidenced by palladium nanoparticles” ability to inhibit the growth of
S. aureus [37].

The laser fluence, and thus the amount of NPs, was the primary influence that affected
the antibacterial effect in the current study, rather than the size of NPs. The bactericidal
activity of palladium nanostructure materials includes a combination of physical and
chemical impacts. Palladium nanoparticles can cause structural and morphological damage
to bacterial cell membranes as a physical effect. Chemically, the interaction between



Metals 2023, 13, 273 10 of 12

palladium nanoparticles and the bacteria’s surface may result in the generation of reactive
oxygen species (ROS) [45]. The latter entails the production of HyO, and the release of Pd
ions in an environment containing bacteria, which allows bacteria to penetrate the cell wall
and exert their toxicity [46]. Palladium nanoparticles” effects on bacteria are summarized by
their direct interaction, which affects the permeability of the outer membrane, has the ability
to form a cavity on the surface of the bacterial cell membrane, causes intracellular oxidative
stress, inhibits cell development, and eventually leads to bacterial death [45,47,48].

4. Conclusions

In this study, we investigated the successful rapid production of crystalline Pd nanopar-
ticles by pulsed laser ablation of palladium target in DI water. Fourier-transform infrared
spectroscopy (FI-IR), X-ray diffraction (XRD), Transmission electron microscopy (TEM),
and UV-Visible spectroscopy were used to examine the palladium nanoparticles’ properties
such as composition, structure, morphology, and size distribution. The produced palladium
nanoparticles (Pd NPs) are almost spherical, with face-centered cubic structure and average
size in the range of few nm to several tens of nm depending on the laser fluence. Eco-
friendly Pd NPs demonstrated potent antibacterial activity in all tested strains, particularly
Gram-negative bacteria. Thus, this nanomaterial could be used as an alternative ingredient
in antimicrobial drugs.
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