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Abstract: The current study focused on the synthesis of doped silver nanoparticles (doped AgNPs)
with yttrium (Y), gadolinium (Gd), and chromium (Cr) from pine needle leaf extract (PNLE). X-ray
diffraction (XRD) was performed to assess the phase formation, detecting 61.83% from Ag and 38.17%
for secondary phases of AgCl, AgO, Y, Cr-, and Gd phases. The size and shape of the NPs were
determined by transmission electron microscopy (TEM), showing a spherical shape with an average
particle size of 26.43 nm. X-ray photoelectron spectroscopy (XPS) detected the oxidation state of
the presented elements. The scanning electron microscope (SEM) and the energy-dispersive X-ray
analysis (EDX) determined the morphology and elemental composition of the NPs, respectively.
Fourier transform infrared spectroscopy (FTIR) determined the different functional groups indicating
the presence of Ag, Y, Gd, Cr, and other groups. Photoluminescence (PL) spectroscopy showed the
optical properties of the NPs. A vibrating sample magnetometer (VSM) revealed the ferromagnetic
behavior of the doped AgNPs. The antibacterial activity of the doped AgNPs was tested against
six uro-pathogenic bacteria (Staphylococcus aureus, Staphylococcus haemolyticus, Enterococcus faecalis,
Escherichia coli, Klebsiella pneumonia, and Pseudomonas aeruginosa) using the minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC) microdilution assays, agar
well diffusion assay, time—kill test, and antibiofilm screening assays, revealing significant activity,
with MICs ranging between 0.0625 and 0.5 mg/mL and antibiofilm activity between 40 and 85%.
The antioxidant activity was determined by the 1,1, diphenyl 1-2 picrylhydrazyl (DPPH) radical
scavenging assay with a potential of 61.3%. The docking studies showed that the doped AgNPs
had the potential to predict the inhibition of crucial enzymes such as penicillin-binding proteins,
LasR-binding proteins, carbapenemase, DNA gyrase, and dihydropteroate synthase. The results
suggest that the doped AgNPs can be applied in different medical domains.

Keywords: silver nanoparticles; doping; characterization; antibacterial; antioxidant; antibiofilm;
docking

1. Introduction

Antimicrobial resistance is now considered one of the biggest threats to global health,
with increasing awareness of this over the recent years [1,2]. The extensive use of antibiotics

Processes 2024, 12, 2590. https:/ /doi.org/10.3390/pr12112590

https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr12112590
https://doi.org/10.3390/pr12112590
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0009-0006-9685-8416
https://orcid.org/0000-0002-5312-4870
https://orcid.org/0000-0001-7629-4357
https://doi.org/10.3390/pr12112590
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr12112590?type=check_update&version=1

Processes 2024, 12, 2590

2 of 26

has increased the risk of developing drug-resistant bacteria [3]. It is estimated that within
the next three decades, drug-resistant microbes will cause 2.4 million deaths worldwide,
costing $3.5 billion a year. Furthermore, predictions suggest that by 2050, deaths from
antibiotic-resistant infections will become the leading cause of mortality worldwide [4].
These facts highlight an urgent need for more targeted and effective treatments against this
escalation in antibiotic resistance.

Nanotechnology has emerged as a significant strategy for finding alternatives for
treating bacterial infections. Over the last few decades, it has shown promise in vari-
ous fields, including biomedical sciences, nano-electronics, and consumer products [5].
Among the different nanomaterials, metallic nanoparticles (NPs) are notable due to their
unique properties, such as their high surface-to-volume ratio and small size, which en-
hance mobility and targeted drug delivery capability [6,7]. Among others, silver NPs
(AgNPs) are highly efficient, with a wide application range and broad-spectrum microbial
bioactivity [8-10]. Interestingly, doping NPs allow for adjustment while maintaining a large
surface area, thus improving their performance. Doping in cationic sites can significantly
improve the materials’ electrical, optical, magnetic, and chemical properties.

The global drive for eco-friendly NP production has led to the development of new
technologies and the exploration of different synthesis resources. Stabilizing methods
yielding stable, eco-friendly NPs are in high demand. This explains the high popularity of
green synthesis as it enables a “biological corona” formation around NPs, which stabilizes
them [11]. During synthesis, the corona layer forms around NPs. This is usually due to
the biological components of the synthesis medium. Corona does not only stabilize NPs
but also significantly impacts their properties and activities. This includes antibacterial
efficacy, catalytic performance, and cellular interactions. The composition and structure
of the corona are intimately tied to its proximate biological environment, which gives rise
to dynamic context-dependent effects on NP behavior. Optimizing their performance for
different uses and tailoring NP characteristics require proper comprehension of the role
played by biological corona [12,13].

This involves reducing metal salts using biomaterials and stabilizing the resulting
NPs, enhancing their biocompatibility and functional behavior [13]. The easiest route is
employing biological resources like microorganisms or plants since they can produce uni-
form and stable NPs extracellularly or intracellularly [12,13]. However, there are challenges
associated with microbial methods, such as specific growth conditions, energy-intensive
incubation, and complex purification processes involving centrifugation, washing, and,
sometimes, ultrasonication to collect intracellular NPs [14]. On the other hand, utilizing
plants could overcome green synthesis challenges since various species show efficiency in
rapidly producing simple yet eco-friendly NPs without requiring much energy [15]. Green
synthesis challenges can be overcome by utilizing plants. Various plant species efficiently
produce simple and eco-friendly NPs quickly, without energy-heavy methods [15]. Typi-
cally, plant-derived nanomaterials are produced within seconds to minutes, and stability,
biocompatibility, and uniformity, among other factors, are some of their distinguishing
features [15]. Medicinal plants are desirable due to their ability to enhance corona through
extracts, thus making them more effective for specific applications [12,14].

Nanotechnology finds application in the biomedical and material sciences, with a wide
range of uses, including drug delivery and cancer therapy. One particularly promising
strategy is doping metal oxide NPs with dopants such as gadolinium (Gd), yttrium (Y),
and chromium (Cr), thus enhancing their properties for further applications in biomedical
and environmental fields [16]. For instance, Y enhances antioxidant activity [17]. Gd
enhances NPs’ magnetic properties, making them suitable for magnetic resonance imaging
(MRI) [18]. On the other hand, the incorporation of Cr enhances the optical and electronic
functionalities of NPs, consequently enhancing their photocatalytic performance for envi-
ronmental needs, usefulness for cancer treatment, and activity as antioxidants [19]. Doped
nanoparticles are stable and can, therefore, be employed in many biomedical and environ-
mental fields. Gyawali et al. (2024) concentrated on synthetic silver nanoparticles doped
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with chromium, incorporating silver nanoparticles with renowned enhanced antibacterial
and catalytic activity. It was established that chromium doping increased membrane and
ROS production, thus enhancing antibacterial activity against both Gram-positive and
Gram-negative bacteria [20].

Y, Gd, and Cr are transition metals and rare-earth elements that hold great promise in
biological applications. Their unique chemical and physical characteristics contribute to
synthesized nanomaterials improved biological performance, instilling optimism and hope
for future applications. Yttrium plays a significant role as an antibacterial and antioxidant
agent [17]. Its antibacterial applications are diverse, with yttrium compounds and NPs
damaging cell walls, impeding cell division and growth, and causing intracellular oxidative
damage, ultimately leading to bacterial death. Additionally, its catalytic activities promote
specific biologically-mediated processes such as oxidative reactions. As an antioxidant,
yttrium neutralizes free radicals, reduces oxidation stress, and protects cells from damage,
thus enhancing cellular health and highlighting its potential in biomedical applications [21].
Gadolinium is particularly important as an antibacterial agent. Gadolinium NPs can
disrupt bacterial cell membranes and generate reactive oxygen species (ROS), leading to
oxidative stress and cell death. Furthermore, gadolinium ions can interfere with essential
enzymes that are involved in inhibiting bacterial growth [22]. Chromium NPs also possess
significant antimicrobial activity. This activity can enhance nanomaterials” antibacterial
efficacy, among other therapeutic uses [19].

To the best of our knowledge, this is the first study to describe the biosynthesis of
yttrium (Y)-, gadolinium (Gd)-, and chromium (Cr)-doped AgNPs using pine needle leaf
extract (PNLE). In this study, we aimed to synthesize doped AgNPs using PNLE. The
synthesized NPs were characterized through various methods, including X-ray diffrac-
tion (XRD), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM), Fourier transfer infrared spectroscopy (FTIR),
UV-visible spectrometry (UV-vis), photoluminescence (PL) spectroscopy, and a vibrat-
ing sample magnetometer (VSM) to evaluate their physicochemical properties. We also
assessed their antibacterial, antibiofilm, antioxidant, and docking capacities against Gram-
positive and Gram-negative bacteria.

2. Materials and Methods
2.1. Pine Needle Collection and Extract Preparation

Green pine needles were collected from Pinus pinea trees from the Aishiya pine forest in
Jezzine, South Lebanon. The needles were thoroughly washed several times with distilled
water to wash off the dust, rinsed until no water droplets were left on the surface, and
dried. Then, the needles were dried and cut into small portions. Next, 6 g of the needles
were used for extraction and added to 300 mL of distilled water. The mixture was heated to
60 °C with stirring at 120 rpm for 30 min. Finally, the prepared pine needle aqueous extract
was filtered under a vacuum until its temperature was lowered to room temperature, and
the sample was directly used to synthesize the NPs.

2.2. Biosynthesis of the Doped AgNPs

The doped AgNPs were synthesized using a biogenic method involving the PNLE.
Initially, 0.042 g of AgNOj3 along with 0.09 g of yttrium nitrate (YNO3), 0.11 g of gadolin-
ium nitrate (GANO3), and 0.1 g of chromium nitrate (CrNO3) were added separately to
250 mL of the PNLE and heated at 60 °C for 30 min. The biosynthesis of the doped
AgNPs began initially with the separate preparation of each NP type alone: silver (Ag-
NPs), yttrium (YNPs), gadolinium (GdNPs), and chromium (CrNPs), all synthesized using
the PNLE. After synthesis, each synthesized NP was centrifuged to separate the super-
natant, and the pellet of each NP was retained. The resulting pellets were re-suspended in
15 mL of distilled water. The NP suspensions (AgNPs, YNPs, GANPs, and CrNPs) were
combined into one beaker in equal volumes (15 mL each). The mixture, in a total volume of
60 mL, was continuously stirred for 90 min. A color change from yellowish to dark
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brown indicated the reduction and formation of the NPs. This mixture was centrifuged at
10,000 rpm for 10 min. After carefully removing the supernatant, the pellet was collected
and placed in an oven at 60 °C for 24 h to dry and form a powder, which was then weighed.

2.3. Characterization Techniques
2.3.1. X-Ray Diffraction (XRD)

XRD profiles of the doped AgNPs were recorded by a Bruker D8 Advance system
using Cu-K radiation (A = 1.54060 A) with a 20 scan speed of 0.02° /s in a step of 0.1°,
ranging between 20 and 80° 20. Then, the acquired XRD patterns were fitted with the
Rietveld method employed in MAUD software version 2.992. The refinement processes
identified the phases by inspecting the XRD patterns and comparing the data with the
corresponding CIF files downloaded using the Crystallography Open Database (COD).

2.3.2. Transmission Electron Microscopy (TEM)

The surface morphology and particle size distribution of the doped AgNPs were
investigated using a transmission electron microscope (TEM, JEOL JEM-100 CX microscope,
OH, USA) operating at 80 kV with a resolution of 0.1 nm. TEM images were captured
at a magnification of 100 nm and subsequently utilized for the particle size distribution
measurements through Image] software (version 1.54g).

2.3.3. X-Ray Photoelectron Spectroscopy (XPS)

The elemental composition and oxidation state of the doped AgNPs were investigated
using X-ray photoelectron spectroscopy (XPS). These measurements were carried out using
a K-alpha instrument from Thermo Fisher Scientific, OH, USA, Central Metallurgical
Research & Development Institute, Helwan, Egypt, with a micro-focused Al-Ky X-ray
source. XPS experiments were performed under pressures of 10~ mbar, using a pass
energy of 200 eV for the full-scan spectrum and 50 eV for high-resolution HR-XPS.

2.3.4. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-Ray (EDX)

The elemental composition of the prepared samples was confirmed by SEM and EDX
measurements that were carried out employing a JEOL JCM-6000PLUS coupled with an
EX-54450U1561 detector, OH, USA on various regions of the samples at 10 keV.

2.3.5. Fourier Transform Infrared Spectroscopy (FTIR)

The functional groups of the samples were analyzed using a Nicolet iS5 FTIR-8400S
spectrophotometer (Thermo Fisher Scientific, USA). The experiments were conducted
at room temperature in the 4000-400 cm~! spectral range. The samples for FTIR mea-
surements were prepared using 2 mg of each sample integrated with a 1:100 mixture of
potassium bromide (KBr), and the resulting mixture was pressed at 13,790 kPa to produce
disc-shaped samples.

2.3.6. UV-Visible Spectroscopy (UV-Vis)

A UV-vis spectrophotometer (V-670; Jasco, Tokyo, Japan) was used to evaluate the
optical properties of the samples at room temperature, covering the wavelength between
200 and 700 nm. After washing the NP samples, the supernatant was discarded. Samples
were evaporated over the addition of distilled water until a noticeable color change indi-
cating a stock solution was observed. Then, 400 uL of this solution was added to cuvettes,
and distilled water was brought to the required volume and used as a blank solution.

2.3.7. Photoluminescence (PL)

A photoluminescence (PL) spectrum was acquired using a JASCO-FP-8600 fluores-
cence spectrometer (Jasco, Japan) with a Xenon (Xe) laser. For this analysis, the same
sample as in the UV-visible measurements was employed, using an excitation wavelength
of 420 nm.
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2.3.8. Vibrating Sample Magnetometry (VSM)

The magnetic characteristics of the samples were investigated at room temperature
using a Lakeshore 7410 VSM (Lakeshore Cryotronics, OH, USA). The magnetic field applied
ranged from —20 to +20 kG.

2.4. Antibacterial Activity of the Doped AgNPs
2.4.1. Preparation of Bacterial Suspensions

The bacteria were clinically isolated from urine samples. After isolation, the sus-
pensions were prepared by inoculating a colony from an overnight cultivated culture
on nutrient agar (NA) into nutrient broth (NB) and adjusting the turbidity to 0.5 McFar-
land [23].

2.4.2. Broth Microdilution Assay for Detecting the Minimum Inhibitory Concentrations
(MICs) and Minimum Bactericidal Concentrations (MBCs) of the Doped AgNPs

The doped AgNPs were diluted using autoclaved distilled water to obtain solutions
of concentrations ranging between 0.0625 and 1 mg/mL. After adding 90 pL of NB and
10 pL of the bacterial suspensions, 100 puL of the prepared doped AgNPs and doxycycline
(Dox; reference antibiotic) were added to the wells. The plates were incubated at 37 °C for
24 h, and the optical density (O.D.) was measured at 595 nm using an ELISA microtiter
plate reader. The MICs were established as the lowest NP concentrations that prevented
the visible growth of bacteria. The MBCs were determined by adding 10 pL of the clear
wells on the Muller Hinton agar (MHA) and placing them in an incubator at 37 °C for 24 h.
The MBCs were described as the lowest concentrations that did not allow the growth of
bacteria [23]. All experiments were repeated at least three times.

2.4.3. Agar Well Diffusion for Detecting the Zones of Inhibition (ZOls) of the
Doped AgNPs

The test was conducted by distributing 100 uL of the prepared bacterial suspensions
on MHA plates. Five minutes later, wells were created by punching the agar with a sterile
cork borer of 6 mm in diameter. Then, 100 uL of the prepared solutions of the doped
AgNPs, with concentrations ranging between 0.0625 and 1 mg/mL, were introduced to the
wells. Dox was used as a reference antibiotic. The ZOI diameters were determined at 37 °C
after 24 h of incubation [23]. The experiments were carried out in triplicate.

2.4.4. Time—Kill Test for Detecting the Time Needed by the Doped AgNPs to Inhibit
Bacterial Growth

The test included the addition of 90 uL. NB and 10 pL of the previously prepared
bacterial suspensions, followed by adding 100 pL of the MICs of the doped AgNPs into
96-well microplates and incubating them at 37 °C for different intervals of time. The times
were determined by measuring the O.D. of bacterial growth at 595 nm within the time
interval (0-24 h) [24-27]. The experiment was repeated at least three times.

2.4.5. Anti-Biofilm Assay for the Detection of the Ability of the Doped AgNPs to Inhibit the
Formation of Biofilms and Eradicate Pre-Formed Biofilms

The test was performed by incubating 10 pL of the prepared bacterial suspensions
with 90 pL of NB in 96-well microplates. The plates were incubated at 37 °C for 3 h to attach
the cells of the biofilms. Then, 100 uL of the prepared doped AgNPs at concentrations
ranging between 0.0625 and 1 mg/mL were added to the wells. Dox was used as a reference
antibiotic, and a bacterial culture without treatment was used as a negative control. The
plates were incubated at 37 °C for 24 h. Following the incubation period, the wells were
washed, dried, stained with 100 pL of 1% crystal violet (CV), and incubated at room
temperature for 15 min. After washing, the biofilms appeared as purple rings around the
periphery of the wells. To de-stain the wells, 100 uL of 95% ethanol was added. An ELISA
microplate reader was used to detect the absorbance at 595 nm.



Processes 2024, 12, 2590 6 of 26

The following formula was employed to calculate the % inhibition of biofilm formation:

O.D.(negativecontrol) — O.D.(treatedsample)

OOI h 1H =
/o Inhibition O.D.(negativecontrol )

x 100 (1)

A similar experiment was performed for the pre-formed biofilm destruction. The same
steps were carried out with only one difference: the bacteria were incubated in NB for 24 h
before treatment [23]. All experiments were repeated at least three times.

2.5. 1,1, Diphenyl 1-2 Picrylhydrazyl (DPPH) Free Radical Scavenging Assay for Detecting the
Antioxidant Activity of the Doped AgNPs

The test was performed by mixing 1 mL of 0.3 M of 1,1, diphenyl 1-2 picrylhydrazyl
DPPH with 1 mL of the prepared doped AgNPs at different concentrations ranging between
0 and 200 ug/mL. Ascorbic acid was used as a reference positive control; 1 mL of each
DPPH and methanol (95%) served as a negative control (blank). The tubes were left in
the dark for 30 min, and the absorbance of each solution was recorded at 517 nm using a
spectrophotometer. All tests were carried out in triplicate [28]. The percentage of the DPPH
scavenging activity was calculated using the following equation:

Ac — As
—_— X

e 100 )

DPPH radical scavenging activity (%) =

Ac: absorbance of the control, As: absorbance of the sample.

2.6. Molecular Docking Simulation

Bacterial protein receptors were sourced from the Protein Data Bank (Table S1) to
encompass a wide bacterial spectrum. Each structure underwent preparation by excluding
ions, water molecules, and existing ligands. Hydrogen atoms were then incorporated into
the receptor using Autodock Vina 1.2.5, with AgNPs in pdb format serving as the docking
simulation input. Before docking, polar hydrogen atoms were introduced to the target, and
Gasteiger charges were computed through Autodock tools. Subsequently, ligand-centered
maps were created using the AutoGrid program with grid dimensions of 90 A x 90 A x
90 A. Analysis of the 2-D hydrogen-bond interactions within the target ligand structure
was carried out using Discovery Studio 4.5.

2.7. Statistical Analysis

The statistical analyses were performed in Excel software, the graphs were drawn in
Origin software (64-bit edition, 2018), and the statistical significance was determined by
t-tests.

3. Results and Discussion
3.1. Characterization of the Doped AgNPs
3.1.1. X-Ray Diffraction (XRD)

The XRD pattern validated the crystalline structure of the biosynthesized NPs pro-
duced using the PNLE, as shown in Figure 1. XRD patterns confirmed that the doped
AgNPs synthesized with the aforementioned extract exhibited crystallinity. Specifically,
the sample showed a clear, face-centered, cubic (FCC) structure observed in the biogenic
AgNPs. This sample aligned with the (111), (200), (220), and (311) planes of the Ag phase,
as documented in multiple studies [29]. Additionally, the sample featured eight clear
and distinct peaks corresponding to the (111), (200), (220), (311), (222), (400), (331), and
(420) planes of the face-centered, cubic structure of silver chloride (AgCl) as a secondary
phase [30]. This pattern indicated the formation of Ag” nano-species alongside AgCl,
likely due to the decomposition of AgCl under UV light irradiation [31]. Using MAUD
software, the doped AgNPs’ composition was determined as follows: 61.83% for the Ag
phase, 35.88% for AgCl, 1.31% for AgO, 0.16% for the Y phase, 0.10% for the Gd phase,
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and 0.72% for the Cr phase. The lattice constant for the doped AgNPs was found to be
4.085 A, comparable to that achieved with Sargassum algae [32] yet surpassing that obtained
using Terminalia arjuna leaf extract, which was 4.07 A [33]. Furthermore, as determined
using MAUD software, the average crystallite size of the biosynthesized doped AgNPs
was 8.29 nm. This size was notably consistent with those of AgNPs synthesized using the
green method with Flacourtia jangomas fruit extract, which also had a size of 8.29 nm [34].
However, this measurement was smaller when compared to that obtained through green
synthesis with Chlorella vulgaris, which yielded a larger size of 18.94 nm [35]. This result
showed that as dopants were introduced to the sample, the size of the crystallites (D)
observed decreased, which may have affected the material’s optical, electronic, and mag-
netic properties. This occurred because dopants could disturb the regular arrangement
of atoms within the crystal lattice, leading to decreased crystallinity. Additionally, the
average crystallite size of the biosynthesized silver chloride (AgCl) NPs was found to be
20.13 nm, smaller than the 28.6 nm size observed with Pulicaria vulgaris Gaertn [30]. The
doped AgNPs had micro-strain values of 0.011, indicating that they had a higher level
of micro-strain compared to those produced through Pedalium murex leaf extract green
synthesis, which had a micro-strain of 0.003 [36]. This implied that doping led to a decrease
in the crystallite size and an increase in the micro-strain of the doped NPs [37].

1000.0

%0 ¢ ©(200) #

so(111) *

5000

Intensity [Count]

200 400 60.0
2-Theta [degrees]

Figure 1. Doped AgNP refinement on MAUD software.

3.1.2. Transmission Electron Microscopic (TEM) Analysis

Morphological analysis of the biosynthesized doped NPs was carried out at a res-
olution of 100 nm using transmission electron microscopy (TEM). Figure 2a showcases
TEM images of the doped AgNPs synthesized using the PNLE. Most of these NPs were
spherical, though some exhibited irregular forms and were slightly agglomerated. This
was consistent with a previous study on AgNPs with root extract of Rubus ellipticus [38].
This variation in size among the biosynthesized NPs may be attributable to the variety
of reducing agents in the aqueous PNLE obtained from different parts of the pine needle
leaves. The capacity of organic compounds to reduce Ag ions significantly affects NP size
and distribution [39]. The dimensions of the synthesized NPs measured using Image]
software presented in Figure 2b show that the average size of the doped AgNPs was
26.43 nm, greater than the size of 18 nm that was achieved with M. oleifera leaf extract.
Interestingly, the sizes derived from TEM analyses of the biosynthesized NPs were larger
than those obtained through X-ray diffraction (XRD) [40]. The discrepancy between XRD
and TEM measurements indicated the difference between the crystallite and particle sizes.
This difference may refer to the role of proteins, carbohydrates, flavonoids, and phenols in
the capping and reduction of NPs, facilitating their size regulation [41].
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(a)

(b)

doped AgNPs

30
Particle size (nm)

Figure 2. (a) TEM image and (b) particle size distribution graph of the doped AgNPs.

3.1.3. X-Ray Photoelectron Spectroscopy (XPS)

The X-ray photoelectron spectroscopy (XPS) method was employed to analyze the
electronic structure, elemental composition, and chemical state of the synthesized NPs. The
XPS survey spectrum of the doped AgNPs is shown in Figure 3a. The doped AgNP sample
revealed the presence of Ag, oxygen (O), carbon (C), chlorine (Cl), nitrogen (N), yttrium
(Y), gadolinium (Gd), and chromium (Cr), as shown in Table 1. Core-level spectra were
taken for the sample to perform a detailed analysis of their binding environments. The
HR-XPS spectra for Ag-3d of the doped AgNP sample, as shown in Figure 3b, showed
the splitting of Ag-3d;/, and Ag-3ds,, peak pairs into two peaks at 374.08/376.06 eV and
368.01/370.10 eV, respectively, where the peaks at 374.08 and 368.01 eV were indicative of
metallic Ag [42]. Regarding Ag-3d, the spin energy separation was aligned to the metallicity
properties of metallic Ag as a doublet split separated by an energy difference of about
6.0 eV [43]. Furthermore, the HR-XPS spectrum of O-1s for the doped AgNPs, shown in
Figure 3c, unveiled three principal peaks at energies of 531 eV, 532 eV, and 535 eV. The peak
around 531 eV was the primary reason for the adsorbed O. However, the various peaks
in this energy range showed the significant role of metal-oxygen bonds. Moreover, an
important feature was the peak detected at 532 eV, which was attributed to oxygen species
linked to the carboxylic group (C=0). Furthermore, the peak at 535 eV corresponded to
residual H,O within the NPs observed in the doped samples [44]. The HR-XPS analysis
of Y-3d for the doped sample showed two peaks, the Y-3d5,, peak at 157.82 eV and the
Y-3d3,, peak at 159.77 €V, as illustrated in Figure 3d [45]. The presence of Y-3d with a
binding energy of about 160 eV in the doped AgNPs was notably detected, indicating the
existence of Y ions. This finding is consistent with previous studies using the leaf extract of
the Liriope platyphylla plant as a reducing agent [46]. In addition, the HR-XPS spectrum for
Gd-4d is displayed in Figure 3e. Two prominent peaks were detected at binding energies of
141.8 eV and 147.97 eV, which corresponded to Gd-4ds,, and Gd-4d3 ,, respectively, signi-
fying the presence of the oxidized Gd** state [14], which aligns well with recent values [47].
Additional peaks were observed at 144.5 and 153.2 eV. The splitting into different energy
levels may have been due to electrostatic interaction between a partially filled core and 4f
levels. Furthermore, Figure 3f presents the HR-XPS spectra for Cr-2p in the doped sample.
For instance, the binding energies for the Cr-2p3,, and Cr-2p;,, peaks were at 572.7 eV
and 583.9 eV, respectively, corresponding to the Cr-N state [41,42]. Additionally, the Cr-O
states occurred at the binding energies for the Cr-2p3,, and Cr-2p; /, peaks at 576.6 eV and
586.3 eV, respectively [48]. The differences in elemental composition for the doped AgNP
samples were primarily composed of Ag (5.96%), O (70.27%), Gd (3.38%), Cr (3.15%), N
(13.06%), and Cl (4.17%). The presence of chloride in the sample was consistent with the
formed AgCl phase. These changes in the elemental composition are consistent with the
literature, suggesting that doping improves the stability of AgNPs through modification of
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the surface chemistry. The introduction of dopants such as Gd, Cr, and Y has been reported
to enhance their antibacterial and catalytic activity, among other functions in applications.

@) — (b) —&3 (c) = =

Intensity (a.u.)
Ag-3p12
Cr2-p3 with Ag-3p 32

Intensity (a.u.)
Intensity (a.u.)

1400 1200 1000 800 600 400 200 0O 376 374 a2 a0 368 366
Binding energy (eV) Binding energy (eV)

(d) _

(f)

—_
o
-

Intensity (a.u.)
Intensity (a.u.)
Intensiy (a.u.)
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Figure 3. XPS spectrum of the doped AgNPs. (a) Survey spectrum, (b) HR- XPS of Ag-3d,
(c) HR-XPS of O-1s, (d) HR-XPS of Y-3d, (e) HR-XPS of Gd-4d, and (f) HR-XPS of Cr-2p.The squares in
(b—e,f) refer to the experimental data, the purple solid line refers to the envelope, the yellow solid line
refers to the background, the blue, red, green, black, and cyan solid lines refer to different spectral

lines indicated in the figure.

Table 1. Elements in the doped AgNPs and their atomic percentage.

Elements Atomic Percentage
Ag-3d 5.96
O-1s 70.27
Gd-4d 3.38
Cr-2p3 3.15
N-1s 13.06
Cl-2p 417

3.1.4. Scanning Electron Microscopy (SEM) with Energy-Dispersive X-Ray (EDX)
Spectroscopy Analysis

The SEM micrograph in Figure 4a shows the spherical morphology of the particles
synthesized by the green method. The EDX spectrum shown in Figure 4b revealed the
presence of silver (Ag), yttrium (Y), gadolinium (Gd), chromium (Cr), oxygen (O), chlorine
(C1), and carbon (C) elements. The atomic % of the presented elements is listed in the
inset of Figure 4b. The EDX spectrum exhibited elemental signals of silver atoms in the
biosynthesized doped AgNP samples at around 3 keV. According to earlier observations,
Ag-NPs frequently exhibit an absorption peak of almost 3 keV in their EDX pattern. Due
to the synthesis of nanoparticles using biomaterials and green plants, carbon and oxy-
gen elements are possible [49]. However, the highest percentage of a silver element was
shown in the EDX analysis, indicating that Ag nanoparticles made up the majority of
the product [49]. Apart from the Ag peaks, there were weaker signals of O (0.52 keV), C
(0.28 keV), and ClI (2.62 keV). These weaker signals were probably due to X-ray emission
from enzymes or proteins in the extract. Moreover, the presence of C, O, and Cr peaks
in the EDX spectra supported chromium reduction from the precursor [50]. In addition,
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C traces may have originated from the C tape utilized in sample preparation [17]. More-
over, the presence of Y due to doping silver with yttrium, gadolinium, and chromium
nanoparticles affected their optical and structural properties [51]. Gd had a characteristic
X-ray peak at 6.056 keV in the EDX analysis. These findings could be explained by the
proteins and flavonoids in the pine needle leaf extract used in the green synthesis process,
which may have helped cap the silver nanoparticles. This result aligns with previous re-
search findings demonstrating that silver nanoparticles synthesized using seed extract from
Alpinia katsumadai validate the role of plant constituents, including proteins and flavonoid
compounds, in capping silver nanoparticles and preventing their aggregation.

(b)
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Figure 4. (a) SEM image and (b) EDX spectrum for green synthesized doped AgNPs, with insets of
atomic % and selected scanning area.

3.1.5. Fourier Transform Infrared (FTIR) Analysis

The synthesized doped AgNPs were analyzed by Fourier transform infrared (FTIR)
spectroscopy in the spectral range of 4000400 cm ™! at room temperature for the qual-
itative assessment of chemical bonding through infrared light scanning. This identifi-
cation was essential for understanding the functional groups required in NP synthesis
and the wavelength absorbance of specific functional groups such as ketones, alkanes,
and amines. It aided in biomolecule identification [52]. As shown in Figure 5, the O-H
stretching observed at 3377.74 cm ! for the doped AgNPs indicated the possible influence
of alcoholic or phenolic stretching and highlighted the importance of the polyphenolic
extract components in NP stabilization [34]. The peak at 2921.79 cm~! was caused by
the C-H stretching of alkenes. Also, the peak at 2366.62 cm~! aligned carbonyl bond
(O=C=0) stretching, indicating carbonyl-containing groups’ role in Ag ion bio-reduction.
The intense band at 2366.62 cm ™! highlighted N-H stretching, showcasing the subtle dif-
ferences in chemical bonding. Moreover, the doped AgNP samples exhibited bands at
1643.84 cm !, suggesting the presence of carbonyl groups from green synthesis reducing
agents, thus supporting the role of organic compounds in NP stabilization [8]. On the other
hand, the bands at 1535.39 cm ™! indicated nitro molecule (N-O) stretching. The bands at
1410.49 cm~! were linked with O-H in carboxylic acids [53]. Additionally, smaller bands
were observed near 1235.96 cm ! attributed to the C-N stretching of amines [54]. The peak
at 1077.32 cm~! corresponded to C-O stretching from different organic compounds [55].
Correspondingly, metal-oxygen (M-O) stretching vibrations existed in the range of
500-700 cm™~!; specifically, Y-O stretching was observed at 695.83 cm™! for the doped
AgNPs. These vibrations indicated a complicated interaction of hydroxide and nitrate
with yttrium ions, alongside probable Ag-O vibrations at 541.99 cm ™!, representing the
complex chemical dynamics involved during nanoparticle synthesis [56]. Thus, organic
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phytochemicals identified through XPS analysis confirmed the FTIR data collected during
the characterization studies.
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Figure 5. FTIR spectrum for green synthesized doped AgNPs.

3.1.6. Visual Observation and UV-Vis Spectroscopy Analysis

The optical absorption spectra of the samples obtained were analyzed using UV-vis
spectrum analysis within the 200-700 nm wavelength range to assess the initial presence
of metal NPs in the plant-based aqueous medium. As illustrated in Figure 6a, the doped
AgNPs showed two absorption peaks at 283 nm and 414 nm, with a strong SPR band at
414 nm caused by the excitation of the metal’s free electrons during NP formation [57].
Additionally, the absorption band in the UV region was suggestive of certain plant polyphe-
nols and flavonoids, exclusive of other phytochemicals in the extract itself [58]. Notably,
the UV absorption spectrum showed a distinct peak at about 283 nm, which likely corre-
sponded to the presence of doped elements, aligning with previous research on rare earth
oxides [59]. Additionally, the direct band gap (Eg) value for the green synthesized doped
AgNPs was obtained from the absorbance spectrum using the Tauc’s plot method, which
is a theoretical correlation between the absorption coefficient («) and the photon energy
(hv) [17]:
(ahv)" = B(hv — Ey) (3)

The absorption coefficient (x) was calculated using the measured absorbance (A):

a = 2.303 <‘?) @)
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Figure 6. (a) UV-visible spectrum, (b) band gap energy calculations and the dashed line represent
the extrapolation for the linear fit, and (c) Urbach energy plot of green synthesized doped AgNPs.

In the equations, ¢ denotes the path length, B is a constant, and n is an exponent
with a value of 2 for the direct bandgap transition, as illustrated in Figure 6b [17]. The
direct bandgap was calculated from the Tauc’s plot, determined by extrapolating the linear
segment of the Tauc’s plot curves (ahv)? versus the photon energy hv to y =0, as illustrated
in Figure 6b. The doped AgNPs demonstrated a direct bandgap value of 1.85 eV, which was
lower than the 3.39 eV observed in AgNPs synthesized using garlic leaf extract [60]. This
reduction in the energy gap with silver doping was attributed to the alteration in the grain
size of the sample due to doping [49]. Moreover, the presence of a tail further indicated
structural defects in the NPs. The Urbach energy (E,;) denotes the width of the band tails of
localized states. The slope of the linear portion of the plot of Inx against photon energy
(Figure 6¢) is used to calculate the Urbach energy according to Equation (5) [17]:

& = xpexp <Z:> )]

In the equation, &g represents a constant. Figure 6¢c depicts the change in Ina with
respect to hv. The values of E;, of the doped AgNP samples were derived from the reciprocal
slope of the linear segment in the tail region, which was equivalent to 1.32 eV.

3.1.7. Photoluminescence (PL) Studies

To investigate the optical properties of the doped AgNPs, the photoluminescence (PL)
spectrum was studied at room temperature under excitation of 420 nm. The PL emission
was visible from 450 to 700 nm and exhibited five different emission peaks at 456.83 nm,
476.44 nm, 513.15 nm, 575.51 nm, and 619.74 nm. This visible luminescence was attributed
to electron excitation from occupied d bands to states above the Fermi level [61]. Before
recombination, electron—-phonon and hole-phonon scattering resulted in energy loss that
affected the photoluminescent behavior [62]. To elucidate the broad emission observed, a
Voigt fitting analysis was used to deconvolute the photoluminescence (PL) curve of the
doped AgNPs into five different components, as shown in Figure 7. The samples showed
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two blue emissions at 456.83 nm and 476.44 nm due to the recombination of electrons in Ag
vacancies with valence band holes. These emissions were caused by interactions between
the NPs [63]. Furthermore, a green emission at 513.15 nm indicated the presence of O
vacancies. Additionally, the yellow emission (575.51 nm) suggested some defect states, such
as those created by O vacancies or impurities in dopants used during the synthesis process.
Finally, the red emission peak at 619.74 nm correlated with surface defects attributed to
the small sizes of the bio-synthesized doped AgNPs [64]. Furthermore, the introduction of
dopants created band levels that served as traps for charge carriers, effectively lowering
the recombination rate of electrons and holes and thereby improving the optical behavior
of the NPs [65].

100 -

O Experimental doped AgNPs
= overall

» 456.83

Intensity (a.u.)

T T T T T T T T
450 500 550 600 650 700
wavelength (nm)
Figure 7. PL spectrum for the green synthesized doped AgNPs. The dots represent the experimental

data, the dark cyan solid line represents the overall fitting of the spectra, the blue, green, yellow, and
red lines represent the deconvolution for the PL spectra referring to different transitions.

3.1.8. Vibrating Sample Magnetometer (VSM)

A vibrating sample magnetometer (VSM) was used to study the magnetic properties
of the doped AgNPs at room temperature in a magnetic field range from —20 to +20 kG
(Figure 8a). According to the hysteresis loops, doped AgNPs showed a weak ferromagnetic
tendency, which was also supported by a slight increase in magnetization with the applied
field. The weak ferromagnetic nature may have arisen due to different factors. The inter-
action between capping agents and the Ag surface appeared to play a role in generating
weak ferromagnetism [66]. A trace amount of O, indicative of a possible non-stoichiometric
oxide layer on the NPs, could also have contributed to their ferromagnetism. Additionally,
incorporating rare earth elements into the structure of the doped AgNPs was responsi-
ble for their improved ferromagnetic activity. A range of magnetic metrics such as the
magnetization at 20 kOe (Mygkoe), retentivity (M;), coercivity (H), and squareness ratio
(S =M;/Ms) were determined and are succinctly listed in Table 2. The squareness value was
less than 0.5, suggesting a multi-domain structure characterized by uniform magnetization
and isotropic particle distribution [67]. In addition, the saturation magnetization (Mg) was
calculated using the law of approach to saturation:

M:M5(1—£2> (6)

where b is a constant related to anisotropy.
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Figure 8. (a) Magnetization curve and (b) law of approach-to-saturation curve of the doped AgNPs.
Table 2. Magnetic parameters for the doped AgNPs.
Sample Mjpk0e (emu/g) M; (emu/g) M; x 10~3 (emu/g) H (G) S
Doped AgNPs 0.761 0.836 51.943 156.780 0.006

Myokoe: magnetization 20 KOe, M;: saturation magnetization, M,: retentivity, Hg: coercivity.

Moreover, as illustrated in Figure 8b, a linear regression of magnetization was denoted
against the inverse square of the applied magnetic field at higher field strengths, from
which the saturation magnetization (Mg) value was derived. The doped AgNPs yielded
a saturation magnetization of 0.761 emu/g. This finding is consistent with prior research
employing Y-doped iron oxide NPs, where it was found that increasing the doping concen-
tration increased magnetizations up to maximum values [68]. Notably, this magnetization
was higher than that of AgNPs prepared from Artocarpus heterophyllus leaf extract, recorded
at 0.085 emu/g [69]. The curve for the doped AgNPs showed a steeper ascent to saturation,
having higher saturation magnetization, implying that the dopant effectively enhanced the
magnetic moments within the particles.

3.2. Antibacterial Activity of the Doped AgNPs Against Uro-Pathogenic Bacteria
3.2.1. Minimum Inhibitory Concentrations (MICs) and Minimum Bactericidal
Concentrations (MBCs) of the Doped AgNPs

The results of the microwell dilution method show that the doped AgNPs responded
to the bacterial isolates by processing a bactericidal effect. They exerted bactericidal activity
against all isolates (MBCs ranging between 0.25 and 0.5 mg/mL), except E. faecalis and
K. pneumonia, where they exerted a bacteriostatic effect (MICs ranging between 0.5 and
1 mg/mL). The MIC and MBC results are presented in Table 3 and Figures 9 and S1;
it is reported that a ratio of MBC/MIC less than 4 showed a bactericidal effect of the
antimicrobial agent [70]. This confirmed the bactericidal action of the doped AgNPs against
all bacterial isolates. The results show that the doped AgNPs inhibited bacterial growth
at moderate concentrations. This could be attributed to the agglomeration of the doped
AgNPs shown by the TEM results. However, the bactericidal effect showed that doping did
not decrease the antibacterial activity. In addition, E. coli was the most resistant bacterium
to the doped AgNPs, indicating that the NPs exhibited a better inhibitory activity against
Gram-positive bacteria. This result is consistent with previous studies reporting that
Gram-negative bacteria are more resistant to antibacterial agents due to the presence of
a lipopolysaccharide layer in addition to the peptidoglycan layer [24-27]. Furthermore,
the antibacterial activity depended on the structure of the NPs and their interaction with
bacterial cells. The small size of the NPs shown by TEM analysis (26.43 nm) and their
crystalline structure favored their penetration into bacteria. This confirmed the significant
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activity of the doped AgNPs. In addition, their functional groups, as demonstrated by
the FTIR results, could interact with the different components in the cell, leading to cell
lysis. Similar results were shown by previous studies reporting the antimicrobial activity of
AgNPs against bacteria. For example, significant antibacterial activity of AgNPs derived
from the stem bark of Terminalia arjuna against E. coli and S. aureus was reported. In
addition, a previous review showed that AgNPs inhibited the growth of a group of bacteria,
including E. coli, P. aeruginosa, S. typhimurium, and B. cereus, at MICs ranging between
50 and 200 ug/mL [71,72]. The shape of the NPs also played a vital role in the antibacterial
potential. The TEM results revealed a spherical shape of the doped AgNPs. Usually, sharp-
edged NPs displayed better antimicrobial activities than round-shaped NPs. However,
spherical NPs had a large surface area-to-volume ratio, indicating their efficiency in the
antibacterial processes [73]. When compared to undoped AgNPs, the previous literature
reported significant antibacterial activity of undoped AgNPs, especially against E. coli
and S. aureus. However, the MICs were relatively higher than those reported in this
study (approximately 434 mg/mL) [74]. This action was due to the Ag* ions that the
particles could release. These ions could potentially cause damage to bacterial cell walls,
distort proteins, and interfere with DNA replication. Such nanoparticles would be able
to specifically target multiple bacterial locations, increasing the difficulty in developing
bacterial resistance [47]. Undoped AgNPs, however, are not without their challenges:
agglomeration, instability, and even cytotoxicity at high concentrations have been reported.
However, the future looks promising for the potential to enhance the efficacy and reduce
the toxicity of doped Ag nanoparticles. Doping with metals, non-metals, and rare earth
elements has increased the antibacterial activity of AgNPs. This enhancement works by
mechanisms such as the enhanced generation of reactive oxygen species (ROS), which leads
to oxidative stress in bacterial cells. Further, the release of Ag™ ions may lead to better
bacterial membrane interactions because the charge distribution on the nanoparticle surface
may be changed, resulting in more stable membranes with improved release kinetics. Some
dopants, for example, yttrium or cerium, have antibacterial activity on their own and can
increase the antibacterial activity of nanoparticles [5]. Dox exerted bactericidal activity
against all bacterial isolates and was able to kill bacteria at a concentration of 1.25 ug/mL.
This efficiency was attributed to its ability to inhibit the 30S ribosomal subunit and, in turn,
inhibit protein synthesis, leading to cell death [23,75]. Overall, the doped AgNPs exerted
significant antibacterial potential against all bacterial isolates tested.

Table 3. MICs and MBCs of the doped AgNPs.

MICs and MBCs of the Doped AgNPs

Bacterial Isolates Doped AgNPs (mg/mL) Dox (ug/mL)

MIC MBC MBC/MIC MIC MBC MBC/MIC

S. aureus 0.25 0.5 2 ND 1.25 ND

S. haemolyticus 0.25 0.5 2 ND 1.25 ND

E. faecalis 1 >1 1 ND 1.25 ND

E. coli 0125 0.25 2 ND 1.25 ND

K. pneumonia 0.5 >1 0.5 ND 1.25 ND

P. aeruginosa 0.25 0.5 2 ND 1.25 ND

MIC: minimum inhibitory concentration, MBC: minimum bactericidal concentration, AgNPs: silver nanoparticles,
Dox: Doxycycline, ND: not determined.
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3.2.2. Inhibition of Bacterial Growth Induced by the Doped AgNPs Shown by the Zones of
Inhibition (ZOIs) Through Agar Well Diffusion

The agar well diffusion (AWD) results confirmed the MIC and MBC microdilution
assay results. The significant ZOls ranged between 7 and 18 mm. The agar well diffusion
results are presented in Table 4 and Figure 10. The best activity of the doped AgNPs was
observed against S. aureus and P. aeruginosa (ZOI = 12 mm) and the worst was observed
against S. haemolyticus, E. coli, and K. pneumonia (ZOI = 8.3 mm), thus confirming their better
activity against Gram-positive bacteria. The results were attributed to the structure and
interaction between the NPs and the bacterial cells. As reported in the previous literature,
the antibacterial activity of NPs relies on many unelucidated mechanisms. These include
the penetration of the cell wall, generation of reactive oxygen species (ROS), alteration of the
production of specific secondary metabolites that aid in the protection against antibacterial
agents, induction of oxidative stress in the bacterial cells, and interruption of the internal
electron flow, thus leading to membrane damage and, eventually, cell death [24-27,73].
For Dox, the ZOlIs ranged between 15 and 30 mm. Based on the Clinical and Laboratory
Standards Institute (CLSI), all bacteria are considered sensitive to Dox in this range [76].
However, the most sensitive bacterium was S. haemolyticus, explaining the fact that Gram-
positive bacteria are more sensitive to antibacterial drugs due to the absence of an outer
protective membrane [77]. Overall, the AWD results confirmed the use of the doped AgNPs
as potential antibacterial agents against uro-pathogenic bacteria.

Table 4. ZOIs of the doped AgNPs against the bacterial isolates.

Bacterial Isolates

NPs Gram-Positive Gram-Negative
S. aureus S. haemolyticus E. faecalis E. coli K. pneumonia P. aeruginosa
Sample Concentration ZOI + SEM (mm)
0.0625 7.3 £0.27 8.0 £0.00 7.0 +0.00 0.0 £0.00 0.0 £+ 0.00 9.3 +0.27
p-value <0.001 0.002 <0.001 0.001 <0.001 0.003
Significance s *% s EEEd R *%
0.125 8.3 £0.27 8.0 £0.00 73+£0.27 0.0 £0.00 7.0 = 0.00 9.3 £0.27
p-value <0.001 0.002 <0.001 0.001 0.001 0.003
Signlflcance A *% A L A %
Doped AgNPs 0.25 9.3 +0.27 8.3 +£0.27 8.0 £ 0.00 8.0 £0.00 7.3£027 10.3 + 0.00
(mg/mL) p-value 0.001 <0.001 <0.001 0.003 <0.001 0.005
Significance *% *ok *% *% Ead *%
0.5 11.3 £0.27 8.3 £0.27 10.3 £ 0.27 8.3 £0.27 73 +0.27 11.0 £ 0.00
p-value 0.001 <0.001 <0.001 0.001 <0.001 0.02
Significance s L b L b *
1 12.0 £ 0.00 8.3 +0.27 12.0 & 0.00 8.3 +0.27 8.3 £0.27 12.0 +0.00
p-value 0.006 <0.001 0.001 0.001 <0.001 0.03
Sigl’llflcance % %% A %% A *
1.25 19.0 £ 0.47 20.0 £ 0.47 30 +£ 047 18 + 0.47 20 +0.47 15 £+ 0.47
Dox (ng/mL) p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Sigl’llflCanCe bt *%F bt b *% b

AgNPs: silver nanoparticles, ZOI: zone of inhibition, SEM: standard error of the mean, Dox: Doxycycline; p-values
were calculated as follows: * p < 0.05, ** p < 0.01, ** p < 0.001.
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Figure 10. Agar well diffusion results of the doped AgNPs at different concentrations
(0.0625-1 mg/mL) against the bacterial isolates.

3.2.3. Time—Kill Results of the Doped AgNPs Against Bacterial Isolates

The time—kill results in Table 5 and Figure S2 reveal that the doped AgNPs needed
about 3 h to inhibit bacterial growth at MICs. All bacterial isolates took 3 h to be inhibited.
The bacteria usually need this time to adapt to their medium and start duplicating [78].
This suggests that the NPs limited the adaptation and duplication of bacteria. A probable
mechanism reported previously includes limiting nutrient uptake by the bacterium from
the medium due to the interaction of the NPs with the bacterial components [78,79]. This
leads to changes in the bacterial conformation, which prevents their adaptation, decreases
their metabolic reactions, and, eventually, leads to bacterial cell lysis. Regarding Dox, it
exerted its bactericidal effect after 2 h of its incubation with the bacterial isolates. This result
was similar to that of the doped AgNPs, meaning that Dox worked in a similar way to the
NPs by preventing the attachment of the bacteria by preventing nutrient uptake from the
medium, in addition to the inhibition of protein synthesis.

Table 5. Time of inhibition of bacterial growth marked by the doped AgNPs.

. Time of Inhibition of Bacterial Growth (h)
Bacterial Isolates

Doped AgNPs Dox
S. aureus 3 2
S. haemolyticus 3 2
E. faecalis 3 2
E. coli 3 2
K. pneumonia 3 2
P. aeruginosa 3 2

AgNPs: silver nanoparticles, Dox: Doxycycline.

3.2.4. Inhibition of Biofilm Formation and Eradication of Pre-Formed Biofilms by the
Doped AgNPs

Inhibition of Bacterial Biofilm Formation by the Doped AgNPs

An antibiofilm formation assay was performed to reveal the ability of the doped
AgNPs to prevent the formation of bacterial biofilms. Inhibitory percentages above 10%
were considered effective, and negative percentages showed the enhancement of biofilm
formation [80]. The results presented in Figure 11a show that the doped AgNPs inhib-
ited the formation of all bacterial biofilms at concentrations ranging between 0.5 and
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1 mg/mL, with the best effect against E. faecalis (75.6% inhibition) and the worst effect
against K. pneumonia (43.9% inhibition). The impact on biofilms was less than that on the
bacterial isolates. This was attributed to the ability of biofilms to secrete particular proteins
and exopolysaccharides, which increased their resistance to antibiofilm agents [24,78,80].
The antibiofilm action depended on the constituents of the NPs and their interaction with
bacteria inside the biofilm. The previous literature reported that the primary chemical
reaction taking place between NPs and biofilms is the interaction with the secreted proteins,
preventing the attachment of the cells to the surface, known as the first stage of biofilm
formation [24,78-81]. Overall, the doped AgNPs exerted significant antibiofilm activities,
making them effective against infectious biofilms, especially in the urinary tract.
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Figure 11. Inhibition of biofilm formation by the (a) doped AgNPs and (b) Dox and destruction of
the pre-formed bacterial biofilms by the (c) doped AgNPs and (d) Dox.

Destruction of Pre-Formed Bacterial Biofilms by the Undoped and Doped AgNPs

Similar to the inhibition of biofilm formation results, the doped AgNPs significantly
inhibited pre-formed biofilms. The results presented in Figure 11b report that the doped Ag-
NPs caused the destruction of all biofilms at concentrations ranging between
0.125 and 1 mg/mL, with the best action against E. coli, with 84.4% of biofilm destruction,
and the lowest action against S. aureus, with 42.3% of biofilm destruction. This indicated
a better effect of the doped AgNPs against Gram-negative biofilms. The action observed
can be explained by the ability of the NPs, due to their small size, to penetrate the biofilm
cells and prevent their attachment, enhancing their dispersion. This led to morphological
changes in the cells of the biofilms, causing complete lysis, thus destroying the pre-formed
biofilms [24,27,28,78]. It is worth mentioning that the antibiofilm effects were concentration-
independent, meaning that the inhibitory and destructive concentrations were different
from the MICs of the doped AgNPs. This could be attributed to the absorbance and enumer-
ation of cells [23,81]. When a biofilm was formed, the number of attached cells increased.
This means that higher concentrations than the MICs were needed to destroy the formed
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biofilms. Thus, the absorbance and cell enumeration were different from those of single
isolates. For Dox, the bacterial biofilms were neither inhibited nor destroyed. This result is
normal since antibiotics are still not classified as biofilm treaters. None of the antibacterial
drugs presented up to now could cope with the biofilms.

3.3. Antioxidant Activity of the Doped AgNPs Against DPPH by Radical Scavenging Assay

The antioxidant results show that the doped AgNPs exerted significant activity, with
a scavenging percentage reaching 61.3% (Figure 12). The reported results are consistent
with those of the previous literature [82]. For example, Bedlovicova et al. demonstrated the
antioxidant action of AgNPs, which reached 64.5%, similar to our results [82]. The antioxi-
dant action was attributed to the presence of phytochemicals, particularly polyphenols and
flavonoids, that acted as catalysts for the antioxidant reactions. In addition, the adsorption
of bioactive compounds played a vital role in the antioxidant activity. The NPs acted as
oxygen quenchers, hydrogen donors, and reducing agents, which increased the antioxidant
potential. Another antioxidant mechanism relied on hydrogen peroxide in the NPs, which
induced ROS, leading to increased toxicity, thus enhancing the antioxidant activity [82].
The doped AgNPs could be classified as effective antioxidant agents.
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Figure 12. Antioxidant activity of the doped AgNPs and ascorbic acid against DPPH.

3.4. Molecular Docking of Doped AgNPs with Antibacterial Target Proteins

DNA gyrase serves as a pivotal enzyme involved in replication and repair. The
findings from the docking outcomes (Table 6) indicate that the doped AgNPs exhibited
an affinity interaction of —9.80 kcal/mol. The doped AgNPs formed two hydrogen bonds
with Ser73 and Glu42. Additionally, hydrophobic connections with the doped AgNPs
comprised six metal-acceptor bonds with Glu42, Met166, Ser70, Asp73, Glu42, and GIn143,
along with a Pi-Sigma bond with Phe169 (Figure 13A-C). These results align with those of
Siddique et al. (2024), who utilized molecular docking simulations against DNA gyrase to
elucidate the mechanism underpinning the observed antibacterial properties [83]. Also,
in silico molecular docking investigations revealed that AgNP nanostructures had strong
antibacterial action against DNA gyrase E. coli [17].

Penicillin-binding proteins (PBPs) represent a group of enzymes discovered in E. fae-
calis that hold significance in the construction of cell walls. The doped AgNPs unveiled
affinity interactions amounting to —10.22 kcal/mol. Notably, the doped AgNPs established
three hydrogen linkages with Ile516, Thr519, and Ile547. In addition, hydrophobic associa-
tions with the doped AgNPs encompassed a carbon-hydrogen bond with Ser367, alongside
nine metal-acceptor bonds with Thr651, GIn551, Ser367, Tyr420, Thr418, Val369, Leu650,
I1e550, and Val382 (Figure 13D-F). These discoveries resonated with the research conducted
by Ikram et al. (2024) [84], who utilized in silico docking to demonstrate the potential of
synthesized nanomaterials in impeding PBP, crucial for cell wall synthesis [84].
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Table 6. Molecular interactions of the doped AgNPs with amino acids of the antibacterial protein

targets.
-g Hydrophilic Interactions Hydrophobic Contacts No. of Affinity
b No. of
= 3D Structure Residue ] H-Bonds Total kceal
,g (H-Bond) Length Residue (Bond Type) Length Bonds mol-1
Glu42 (Metal-Acceptor) 2.62
Met166 (Metal-Acceptor) 2.09
= Ser70 (Metal-Acceptor) 321
1 8 é‘frﬁ (g%oni) igg Asp73 (Metal-Acceptor) 236 2 9 —9.80
- u42 (H-Bond) ’ Glu42 (Metal-Acceptor) 1.18
GIn143 (Metal-Acceptor) 2.95
Phel69 (Pi-Sigma) 3.90
Ser367 (C-H-Bond) 2.11
Thr651 (Metal-Acceptor) 3.10
GIn551 (Metal-Acceptor) 4.25
é’ Tle516 (H-Bond) 322 Ser367 (Metal-Acceptor) 1.95
2 8 Thr519 (H-Bond) 261  1yr420 (Metal-Acceptor) 244 3 13 ~1022
=
= Tle547 (H-Bond) 3.00 Thr418 (Metal-Acceptor) 3.15
M Val369 (Metal-Acceptor) 4.80
Leu650 (Metal-Acceptor) 2.11
11e550 (Metal-Acceptor) 2.00
Val382, (Metal-Acceptor) 3.50
Leul48 (Metal-Acceptor) 3.26
Met152 (Metal-Acceptor) 3.34
-2 Tyr247(Metal-Acceptor) 2.87
g Thr235 (Metal-Acceptor) 2.11
3 3 - - Gly232 (Metal-Acceptor) 2.85 0 9 —10.20
g Argl6l (Metal-Acceptor) 2.90
N Thr180 (Metal-Acceptor) 3.12
Asp157 (Metal-Acceptor) 2.54
Phe66 (Metal-Acceptor) 3.26
< Phe51 (Metal-Acceptor) 2.23
g Gly38 (Metal-Acceptor) 1.30
4 §0 Lys34 (H-Bond) 2.11 Ser129 (Metal-Acceptor) 2.11 5 8 ~11.90
S Gly126 (H-Bond) 3.22 Lys34 (Metal-Acceptor) 1.79
:. Gly126 (Metal-Acceptor) 2.48
Pro117 (Metal-Acceptor) 3.08
1le170 (Metal-Acceptor) 3.30
Val49 (Metal-Acceptor) 2.77
Leu197 (Metal-Acceptor) 1.30
GIn105 (Metal-Acceptor) 2.75
§ Thr200 (Metal-Acceptor) 2.86
= Thr227 (Metal-Acceptor) 3.32
5 §, ) ) Arg239 (Metal—Acce};tor) 212 0 12 —11.00
» Leu198 (Metal-Acceptor) 1.65
Asp45 (Metal-Acceptor) 3.36
Ala237 (Metal-Acceptor) 1.52
Val49 (Metal-Acceptor) 3.39
Val196 (Metal-Acceptor) 291
Gly29 (C-H bond) 2.22
- Asp90 (Metal-Acceptor) 2.20
3 Asp48 (Metal-Acceptor) 2.01
= Asp46 (Metal-Acceptor) 1.98
6 ¢ fgggg ((IZIIBBSL‘QT)’ fgg Trp26 (Metal-Acceptor) 1.56 2 11 ~950
§ ’ Aspl153 (Metal-Acceptor) 291
I Asp46 (Metal-Acceptor) 3.01
11e91 (Metal-Acceptor) 1.54
Leu89 (Metal-Acceptor) 3.26

Ala: alanine, Arg: arginine, Asp: aspartic acid, Glu: glutamic acid, Gln: glutamine, Gly: glycine, Ile: isoleucine,
Leu: leucine, Lys: lysine, Met: methionine, Phe: phenylalanine, Pro: proline, Ser: serine, Thr: threonine, Trp:
tryptophan, Tyr: tyrosine, Val: Valine.
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Figure 13. Three-dimensional complex of doped AgNP conformations at the binding pocket. The left
side shows feature interactions between residues and doped AgNPs; the right side shows chemical
structures of doped AgNPs and interacting amino acid residues according to their type: (A-C) DNA
gyrase of E.coli, (D-F) penicillin-binding proteins of E. faecalis, (G-I) KPC-2 carbapenemase of
K. pneumoniae, (J-L) LASR-binding domain of P. aeruginosa, (M—O) dihydropteroate synthase of
S. aureus (PDB: ID 1AD4), and (P-R) lincosamide adenylyl transferase of S. haemolyticus.
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The KPC-2 carbapenemase enzyme is a significant factor contributing to antibiotic
resistance in K. pneumoniae. Classified under class A of beta-lactamases, KPC-2 plays a
crucial role in this resistance mechanism. According to the docking results, the doped Ag-
NPs exhibited affinity interactions measuring —10.20 kcal/mol. Interestingly, no hydrogen
bonds were formed with the doped AgNPs. Instead, the interactions were characterized
by nine metal-acceptor bonds involving Leu148, Met152, Tyr247, Thr235, Gly232, Arglél,
Thr180, Asp157, and Phe66, showcasing hydrophobic connections with the doped AgNPs
(Figure 13G-I).

The LasR-binding protein, produced by P. aeruginosa, contributes to the pathogenicity.
The estimated binding energies revealed strong affinity interactions of —11.90 kcal/mol.
Notably, the doped AgNPs formed two hydrogen bonds with Lys34 and Gly126. Further-
more, the hydrophobic interactions with the doped AgNPs involved six metal-acceptor
bonds with Phe51, Gly38, Ser129, Lys34, Gly126, and Pro117 (Figure 13]-L). These findings
are in line with the research conducted by El-Sayed et al. (2024), who utilized computational
tools to elucidate how synthesized Cu-doped ZnO could potentially serve as inhibitors of
the LasR-binding protein, shedding light on their inhibitory effects [73].

DHPS plays a crucial role in folate biosynthesis within S. aureus, acting as a key
enzyme in nucleotide synthesis and essential cellular functions. Docking results revealed
that doped AgNPs demonstrated an affinity of —11.00 kcal/mol. The doped AgNPs did
not engage in hydrogen bonding. Instead, the interactions were characterized by twelve
metal-acceptor bonds involving Ile170, Val49, Leul97, GIn105, Thr200, Thr227, Arg239,
Leul98, Asp45, Ala237, Val49, and Val196, constituting the hydrophobic interactions with
the doped AgNPs (Figure 13M-0).

Finally, the lincosamide adenylyl transferase enzyme, produced by S. haemolyticus,
is responsible for conferring resistance to lincosamide antibiotics. The doped AgNPs
exhibited an affinity of —9.50 kcal/mol. Notably, they formed two hydrogen bonds with
Asp46 and Leu89. Also, the doped AgNPs established a carbon-hydrogen bond with Gly29
and five metal-acceptor bonds involving Asp90, Asp48, Asp46, Trp26, Asp153, 1le91, and
Leu89, contributing to the interactions with the enzyme (Figure 13P-R).

4. Conclusions

Our study focused on synthesizing doped AgNPs with Gd, Cr, and Y using the PNLE.
The XRD patterns revealed the crystallinity and purity of the NPs. The other characteriza-
tion techniques showed the spherical shape of the NPs, with particle sizes ranging between
18 and 26 nm, with different functional groups. Surface plasmon resonance with an intense
peak was observed at 283 nm and 414 nm by UV-vis spectrophotometric measurements
with the optimized values. In addition, visible photoluminescence emission was observed
within the 450-700 nm wavelength range, with peak emissions between 456 and 620 nm.
For the magnetization properties, the NPs were ferromagnetic with saturation magneti-
zation of 0.836 emu/g. Regarding the biological application, the doped AgNPs exerted
significant antibacterial and antibiofilm activities, with better actions against Gram-positive
bacteria in various concentrations. Furthermore, the doped AgNPs showed significant
antioxidant activity against DPPH. The findings from the docking studies suggest that
doped AgNPs can inhibit pivotal enzymes like DNA gyrase, penicillin-binding proteins,
carbapenemase, LasR-binding proteins, and dihydropteroate synthase. Moreover, the
antibacterial properties of these doped AgNPs are linked to their interference with critical
bacterial processes. Finally, this study opens an avenue to use the doped AgNPs prepared
from the PNLE in different medical domains, especially against urinary tract infections
caused by uro-pathogenic bacteria.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/pr12112590/s1: Figure S1: MIC results of the doped AgNPs
against the bacterial isolates. Figure S2: Time—kill results of the doped AgNPs against the bacterial
isolates. Table S1: List of targets, PDB IDs, resolutions, and active site coordinates.
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