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Introduction: Given the increasing frequency of drug-resistant bacteria and the limited progress in developing new antibiotics, it is 
necessary to explore new methods of combating microbial infections. Nanoparticles, particularly silver nanoparticles (Ag-NPs), have 
shown exceptional antibacterial characteristics; however, elevated concentrations of Ag-NPs can produce noticeable levels of toxicity 
in mammalian cells.
Aim: This study examined the potential synergistic effect of combining a low dosage of Ag-NPs and anti-pseudomonas drugs against 
Pseudomonas aeruginosa (ATCC strain) and eleven clinical isolates from cystic fibrosis patients.
Methods: The Ag-NPs were chemically produced by utilizing a seed extract from Peganum Harmala and characterized via 
ultraviolet-visible spectroscopy and scanning electron microscopy. The broth microdilution technique was utilized to investigate the 
minimum inhibitory concentration (MIC) of Ag-NPs and eight antibiotics (Piperacillin, Ciprofloxacin, Levofloxacin, Meropenem, 
Amikacin, Ceftazidime, Gentamicin, Aztreonam). The fractional inhibitory concentration index (FICI) was determined via the 
checkerboard method to evaluate the synergistic effects of Ag-NPs and various antibiotics.
Results: The biosynthesized Ag-NPs were uniformly spherical and measured around 15 nm in size. When combined with antibiotics, 
Ag-NP produced statistically significant reductions in the amount of antibiotics required to completely prevent P. aeruginosa growth 
for all strains. The findings revealed that the MIC of Ag-NPs was 15 ug/mL for all strains which decreased substantially when 
administered with antibiotics at a dose of 1.875–7.5 ug/mL. The majority of Ag-NP and antibiotic combinations exhibited a synergistic 
or partially synergistic impact. This was particularly noticeable in combinations containing Meropenem, Ciprofloxacin, and Aztreonam 
(in which the FIC index was less than or equal to 0.5).
Conclusion: The findings revealed that combining Ag-NPs with antibiotics was more effective than using Ag-NPs or antibiotics in 
isolation and that combinations of Ag-NPs and antimicrobial agents displayed synergistic activity against the majority of strains 
assessed.
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Introduction
The abundant Gram-negative bacteria Pseudomonas aeruginosa is part of the Pseudomonadaceae family and can survive 
in many different environments.1 Studies have identified P. aeruginosa as a common opportunistic pathogen associated 
with nosocomial infections and ventilator-associated pneumonia.2 Healthy people rarely contract this bacteria; however, 
it is associated with elevated mortality rates in patients with cystic fibrosis (CF) and individuals with compromised 
immune systems.3

CF is defined as a genetic disorder resulting from mutations in both copies of the gene-encoding cystic fibrosis 
transmembrane conductance regulator (CFTR) which results in the development of a thick layer of mucus on the surface 
of the airways in CF patients.4 This process prevents the body from performing mucociliary clearance, reduces 
bacterial internalization by epithelial cells in the lungs and inhibits the actions of antimicrobial peptides;5–7 therefore 
(in CF patients), the lungs serve as environments that promote bacterial growth and colonization. The prevalent cause of 
lung infections among CF patients is the pathogen P. aeruginosa which is resistant to existing antibiotics, reduces 
pulmonary function, and results in death for patients with the condition.7 Furthermore, P. aeruginosa is responsible for 
5% of infectious exacerbations in chronic obstructive pulmonary disease (COPD) patients.8 Globally, COPD is the third 
highest cause of death (3.23 million deaths in 2019) and research has revealed that P. aeruginosa may increase mortality 
rates in such individuals.9

Monotherapy and combination therapy form part of the empirical antibiotic therapy for P. aeruginosa and can reduce 
mortality in patients with severe infections. However, because P. aeruginosa is resistant to many existing antibiotics, 
treating these infections is becoming increasingly problematic. P. aeruginosa is resistant to quinolones, aminoglycosides, 
and β-lactam antibiotics and other similar drugs.10 Moreover, P. aeruginosa develops an adaptive resistance via the 
production of biofilm in the lungs of infected individuals.11 This biofilm acts as a diffusion barrier that prevents 
antibiotics from reaching the bacterial cells.12 Furthermore, the biofilm may give rise to multidrug-tolerant persister 
cells that can withstand antibiotic treatment and cause persistent and recurring infections in CF patients.13 Additionally, 
the overuse of antibiotics during treatment hastens the emergence of drug-resistant strains of P. aeruginosa and makes 
empirical antibiotic therapy unusable against this bacteria.10,14 Therefore, the development of innovative drugs or other 
therapeutic approaches is critical and urgently needed to treat infections caused by P. aeruginosa infections.

The current advancements in antimicrobial nanotechnologies possess the potential to eradicate resistant pathogens and 
inhibit the development of additional antibiotic-resistant strains.15 Nanoparticles (NPs) exhibit physiochemical properties 
which can be programmed to be bactericidal, antifouling, immunomodulating, and to accurately distribute antibacterial 
elements to the infection site.15,16 Additionally, NPs can negate antibiotic resistance via the utilization of unique 
bactericidal pathways which instigate the required antimicrobial activity.17 For example, Ag+ ions form the active 
component of antimicrobials based on silver nanoparticles (Ag-NPs) and can disrupt electron transport across the 
bacterial membrane and damage DNA.18 Contemporary research indicates that metal and metal oxide NPs (including 
zinc oxide, platinum, gold and Ag) exhibit beneficial antibacterial capabilities against numerous infections.19 Recently, 
the utilization of Ag-NPs has intensified and this can be attributed to two factors: cost effectiveness and their efficacy 
against numerous Gram-positive and -negative bacterial strains.20

Numerous studies have reported on the antimicrobial properties of Ag-NPs and noted their effectiveness against 
multidrug-resistant bacteria including Escherichia coli,21 P. aeruginosa22,23 and extended-spectrum β-lactam (ESBL) 
producing bacteria.24 Additionally, Ag-NPs are a cost-effective and efficient treatment for antibiotic-resistant Methicillin- 
resistant Staphylococcus aureus (MRSA).25 In concordance with Waseem, Naveed, Rehman, Makhdoom, Aziz, Alharbi, 
Alsahammari and Alasmari25 study which reported that Ag-NPs inhibit virulent genes of MRSA (such as Spa, LukD, 
FmhA, and hld), it has been noted that at an Ag-NP concentration of 7.5 µg/mL among P. aeruginosa clinical isolate from 
CF patients, the expression of the quorum-sensing genes were substantially reduced.20 These findings can be explained 
by the fact that these NPs are ultra-small and have an elevated surface-to-volume ratio which facilitates direct interaction 
at the molecular level.26

Previous research has demonstrated that Ag-NPs spontaneously generate reactive oxygen species (ROS), interact 
directly with biological membranes (causing them to rupture) and that the internalized NPs release silver ions (Ag+) to 
mediate their antimicrobial activity in a Trojan horse mechanism.27,28 Notably, earlier studies have reported that Ag-NPs 
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can eradicate Multidrug resistance (MDR) bacteria and negate resistance mechanisms such as biofilm formation and 
modulating microbial influx/efflux pumps formed by bacteria in response to antibiotics.29 A primary concern in the field 
of nanomedicine is that the benefit of employing NPs to demonstrate toxicity against MDR bacteria may be negated by 
its harmful effect on mammalian cells.28 To mitigate the cytotoxicity of metal NPs, several studies have noted that 
pairing metal NPs with traditional antimicrobials can reduce the toxicity of both substances to mammalian cells by 
lowering the need for high dosage schedules and improving the bactericidal effects.30 Therefore, combining these two 
treatment approaches could provide a viable strategy, particularly when treating MDR bacterial strains.

A wide range of physical and chemical methodologies have been employed for the creation of metal NPs. However, it 
is globally recognized that biological, synthetic processes are benign, uncomplicated, and non-toxic (when compared to 
chemical and physical processes which are costly, toxic, and hazardous).31,32 The challenges presented by chemical and 
physical production can be mitigated via biological synthesis32 involving bacteria, fungi, or plant extracts.33–35 Several 
plant-derived components (such as leaves, roots, fruits, stems, and seeds) have been used in the production of NPs35,36 

and these extracts can produce NPs of specific size, structure, and configuration. Additionally, these extracts contain 
numerous phytochemicals (such as flavones, phenolics, proteins, polysaccharides, terpenoids, alkaloids, enzymes, amino 
acids, and alcohols) which function as natural stabilizers and/or reducing agents for the production of NPs.36,37 The use 
of plant-derived NPs minimizes harmful side effects in humans (compared to chemically synthesized NPs) and possesses 
the biological potential to be applied in agriculture, food science and technology, bioengineering, cosmetic or nanome-
dicine, and human health protection.37,38 These factors have resulted in increasing levels of interest regarding the use of 
biogenic techniques for the ecological production of NPs.39,40

This research employed Peganum harmala as a reducing agent for the biosynthesis of Ag-NPs. P harmala is 
a glabrous, perennial which propagates in sandy soil located in semi-arid regions such as the desert regions in 
Jordan.41 It grows to between 0.2 and 0.9m in length, produces spherical seed capsules (each containing approximately 
forty seeds), and produces white blooms. In the Middle East, it is primarily employed for its antiseptic and disinfectant 
qualities (obtained by burning or boiling its seeds).41 Additionally, it has been employed in the treatment of several 
ailments such as lumbago, asthma, colic, and jaundice, and as an emmenagogue,42,43 and research indicates that it 
possesses antiviral, antibacterial, and antifungal properties.43,44

Previous research has examined Ag-NP-based combination therapy using different antimicrobial agents to test their 
effectiveness at treating a wide range of bacteria (ie, MDR bacteria).42 However, no studies have examined the 
combination of different anti-pseudomonal antibiotics with biosynthesized Ag NPs using different clinical strains of 
P. aeruginosa taken from the sputum of people with CF. Therefore, this research hypothesizes that Ag-NPs can reinforce 
(or strengthen) the antimicrobial efficacy of traditional antimicrobial agents when used against clinical P. aeruginosa 
isolates.

Methods
Ethical Approval
The Ethics Service Committee of Hashemite University and Prince Hamza Hospital has provided ethical permission for 
this study (reference number 7/10/2019-2020) and the tests were conducted in compliance with all applicable rules and 
legislation. The P. aeruginosa clinical isolates were collected from sputum samples of CF patients following the 
acquisition of informed consent. This study complies with the Declaration of Helsinki.

Green Synthesis of the Ag-NPs
Preparing the Aqueous Peganum harmala Seed Extract
The first researcher (H A-M) obtained complete P. harmala plants from their farm which is located in the Abbin region of 
the Ajloun Governorate in the Kingdom of Jordan. To confirm the identification of the P. harmala seeds, they were 
compared to a sample located in the Faculty of Agriculture at Jerash University (Jordan). The identification process was 
corroborated by an assistant professor in agriculture (Dr M. Bani-Hani) and a voucher sample (AM/2024/01/002) was 
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stored at the herbarium in the university’s Plant Protection Department. The P. harmala plants were harvested in line with 
national and international guidelines.

The seeds were dried at room temperature, washed with double-distilled water (Sigma-Aldrich), and pulverized into 
a coarse powder. 50 mL of double-distilled water and 5 g of powder were combined and left at 80 °C for 120 minutes 
following which they were filtered twice through Grade 2 Whatman filter paper. The process of microfiltration with 
a 0.22 μm syringe membrane filter produced a clear aqueous extract with a pH of 6.8 at 25 °C.

Measuring the Total Phenolic and Total Flavonoid Content of the P. harmala Extract
To determine the presence of phenolic compounds (ie, plant-based secondary metabolites that can scavenge radicals due 
to their redox potentials)43 in the P. Harmala extracts, this study employed the Folin-Ciocalteu approach.44 This process 
consists of phenolic moiety oxidation following the addition of Folin-Ciocalteu reagent (comprised of phosphomolybdic 
and phosphotungstic acids).45

This study employed a modified version of the method published by Singleton, Orthofer and Lamuela-Raventós:44 

100 μL Folin-Ciocalteu reagent was added to 20 μL P. harmala extract and after ten minutes, a 300 μL 25% sodium 
carbonate solution was added to the mixture and a wavelength of 765nm was employed to determine the solution’s 
absorbance. This experiment was performed in triplicate and the mean absorbance value was computed. Gallic acid 
solutions varying in strength from 0–500 mg/L were also applied to preduce the calibration curve. Data were presented as 
gallic acid equivalents (GAE) per 100 gm extract.

The level of flavonoids in the sample was determined by creating a flavonoid-aluminum complex46 with a wavelength 
of maximum absorption of 430 nm. Quercetin was used to create a calibration curve. P. harmala extract and a 2% 
aluminum chloride methanolic solution were combined in 1 mL, and the mixture was incubated for ten minutes at room 
temperature. At the aforementioned wavelength, the absorbance of the solution was measured and Quercetin equivalents 
(QE) per 100 grams of extract were employed to express the data.

Green Synthesis of Ag-NPs
For Ag-NP synthesis, a 50 mL of a 3 mM  silver nitrate (AgNO₃) solution was prepared by computing the necessary 
quantity for 50 mL at 3 mM, which equals 0.15 mM of AgNO₃, equating to 0.0255 g based on its molar mass of 169.88 
g/mol.

hen, a 50 mL solution of 3 mm AgNO3 was placed in a 100 mL foil-lined Erlenmeyer flask and stirred at 
1100 rpm at room temperature. During this, 5 mL of the aqueous P. harmala seed extract was added via 
micropipette at a rate of 40 µL/min with stirring until the colour changed from orange to dark brown. UV 
spectrophotometry, which measures the absorbance of a reaction medium in the 300–800 nm wavelength range, 
was used to monitor the reduction of pure Ag ions (which produce Ag-NPs). The synthesized Ag-NPs were 
centrifuged for 15 minutes at 10,000 rpm which enabled them to be purified. After allowing the particles to settle 
in the supernatant, centrifugation was conducted repeatedly with a cooled microfuge in a clean and dry container. 
This process produced a dry, pure product which facilitated the characterization of the Ag-NPs. To get the optimum 
size of the Ag-NP, the procedure was repeated using varying quantities of P. harmala seed extract and AgNO3 

concentrations at room temperature.

Fourier-Transform Infrared Spectroscopy (FT-IR)
An FT-IR analysis of the Ag-NPs and P. harmala seeds extract was conducted in the University of Hashemite’s chemistry 
department. This process was used to confirm the relationship between the functional groups of the P. harmala extract 
and the synthesized Ag-NPs existed within a wavenumber range of 3600–400 cm−1.

Characterizing Silver Nanoparticles
Ultraviolet-Visible Spectroscopy
To monitor the bio-reduction of the AgNO3 salt solution and examine the production of Ag-NPs using P. harmala seed 
aqueous extract, this study employed UV-visible (UV-Vis) spectroscopy (UV-1900, Shimadzu, Japan). Double-distilled 
water was used to create the control sample, a quartz cuvette containing a 1 cm path length was employed in all of the 
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spectrophotometric analyses, and a wavelength range of 800–200 nm was implemented to measure the surface plasmon 
resonance (SPR).

Scanning Electron Microscopy
A scanning electron microscope (SEM) was employed to measure the surface size and features of the biosynthesized Ag- 
NPs. The surfaces of the sample were coated with a 4 nm layer of gold, and a low vacuum of 50 Pa and 3 KV (with 
a working distance of 8–10 mm) was used to evaluate the samples.

X-Ray Diffraction
To determine the X-ray diffraction (XRD) spectra of the Ag-NPs, this study employed an X-ray diffractometer (XRD- 
6000, Shimadzu) (containing a copper K-α radiation source) and a 0.154 nm wavelength. The sample holder measured 
0.5mm by 2cm.

Particle Size Analysis
To measure the particle sizes, this study employed a Malvern Zetasizer Nano ZS90. Ag-NPs were diluted in distilled 
water and left for five minutes to reach 25 °C and ensure temperature homogeneity. Following this, three independent 
trials were conducted across a series of duplicate tests. The solution under consideration had a viscosity of 0.8872 cP and 
a refractive index of 1.59. The testing and investigations were conducted in the Nanotechnology Institute at the Jordan 
University of Science and Technology.

Identifying Bacterial Isolates
In this work, 11 P. aeruginosa clinical isolates (PA1–PA11) were employed alongside the reference strain identified as PA 
27853 (from the American Type Culture Collection (ATCC)).47 The clinical isolates of P. aeruginosa were obtained from 
adult patients with CF and were provided by Jordan University’s Microbiology Laboratory and the Microbiology 
Department at Jordan’s Prince Hamza Hospital. Sputum samples were obtained from CF patients and several tests 
were employed to identify P. aeruginosa bacteria (including the Gram-Stain test, Oxidase test, motility, growth on 
selective medium-cetrimide agar, formation of green pigments on nutrient agar, growth on MacConkey agar, and the 
ability to grow at 42°C). The VITEK2 (Bio Merière, Lyon, France) computerized automatic bacterium identification 
system was used for confirmation.

Culture Conditions
Pseudomonas Cetrimide Agar (Oxoid TM) medium was applied to isolate P. aeruginosa. To enrich the samples, a brain- 
heart infusion (BHI) broth medium (Oxoid TM) was used and the samples were cultured using Cetrimide Agar and 
the pour plate and streak plate methods. Pseudomonas Cetrimide Agar plates were cultivated at 37°C using single 
colonies of each strain as the starting point for subcultures and the samples were incubated aerobically in 5 mL of Luria- 
Bertani (LB) medium at 37 °C.

Antibacterial Agent
In this research, several pure-powdered antibiotics were employed including Piperacillin, Ciprofloxacin, Levofloxacin, 
Meropenem, Amikacin, Ceftazidime, Gentamicin, and Aztreonam (Sigma– Aldrich, St. Louis, USA). The powders were 
weighed and dissolved into corresponding diluents to produce the desired concentrations using the following equation:

Weight (mg) = Volume (mL)*Concentration (μg/mL)/Potency (μg/mg)
This process resulted in the creation of the following stock antibacterial solution: Piperacillin (256 μg/mL), 

Ciprofloxacin (4 μg/mL), Levofloxacin (8 μg/mL), Meropenem (16 μg/mL), Amikacin (128 μg/mL), Ceftazidime 
(64 μg/mL), Gentamicin (32 μg/mL), and Aztreonam(64 μg/mL).
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Preparing the Ag-NP Suspension
The Ag-NPs/water suspension was freshly prepared before the start of each experiment. Once the NPs were weighed and 
powdered, 24 milligrams of the powder were added to 100 mL of sterile distilled water (240 μg/mL). The resulting 
suspension was vortexed vigorously before each use.

Minimum Inhibitory Concentration (MIC)
The MIC of Ag-NPs and antibiotics for each bacterial sample was ascertained via the utilization of the broth micro-
dilution approach (Clinical Laboratory Standards Institute (CLSI 2006, M7-A7)). To initiate broth microdilution, the 
microtiter plate was prepared by adding 95 μL of MHB to each of the twelve columns (leaving the first column unfilled). 
Following this, 285 µL of the antibiotic stock solution and the Ag-NPs were applied to the well in the first column on the 
microtiter plate. A multichannel pipette was used to extract 95 µL from the first column and place it in the second (new 
tips were used for each dilution step) until the tenth column was reached.

At each stage, the mixing was performed independently via the use of the multichannel pipette. Finally, 10 µL of the 
bacterial suspension was added to each plate (except for column 12 which served as the negative control and only 
contained 100 µL MHB to ensure that the media remained sterile at all times). Column 11 served as the positive control 
to ensure that the growth conditions were optimal for the bacteria. To calculate the MIC, the test bacteria growth in the 
wells was compared with the positive and negative controls.

To ensure quality control in all of the experimental stages, this study used referential isolated strains PA ATCC 27853. 
This selection ensured that the reference strains had MIC values that fell within the acceptable range based on CLSI 
guidelines. Triphenyl tetrazolium chloride (TTC) served as an indicator in the experiments and MIC was established to 
be the lowest concentration preventing color change.48

Minimal Bactericidal Concentration (MBC) Test for Ag-NPs
The MBC is defined as the minimum bactericidal concentration required to guarantee the eradication of all microbes 
following contact with an antimicrobial. Following the establishment of the Ag-NP MICs, 50 µL aliquots were 
inoculated from any well not exhibiting any obvious bacterial growth. Each aliquot was placed on BHI agar plates 
and incubated at 37°C for 24 hours. The MBC endpoint was established via the eradication of 99.9% of bacteria by the 
minimal concentration of Ag-NPs.

Synergistic Impacts of Combining Ag-NP with Other Antimicrobial Agents
Using the checkerboard approach, the potential synergistic effects of Ag-NPs and the antimicrobial drugs were assessed 
against the clinical isolates and ATCC strain. The MIC values were employed to determine the tested concentrations in 
the checkerboard. Two concentrations above the MIC value were selected to account for the antagonistic effects, and the 
remaining concentrations accounted for the synergistic and indifference effects. There was 1*105 cfu/mL in the 
inoculum. In preparation for the tests, antimicrobial solutions were created and freshly diluted and each test was 
conducted in triplicate.

The methodology of the checkerboard assay is similar to the microdilution approach for calculating MIC values. To 
facilitate the intersection of concentrations, the antimicrobials and Ag-NPs were diluted in two different directions. 
The concentration of Ag-NPs and the antibiotics decline in the vertical and horizontal directions, respectively. 
Subsequently, the identical method was utilized to apply bacterial inoculum to the MIC plate and the untreated media 
or bacteria in the wells were employed as positive and negative controls.

The plates were incubated at 37°C for 24 hours and the growth of the test strain on the plates was monitored. The 
combination of the Ag-NPs and antimicrobial agents in which the growth is completely inhibited was considered to be an 
effective MIC. To confirm the results, bacterial growth was examined after incubation by streaking a loopful from each 
well in sterile nutrient agar plates.
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To interpret the findings of the tests, this research utilized the Fractional Inhibitory Concentration (FIC) index which 
is a mathematical model that can be applied to assess the effects of drug combinations and identify the existence of any 
synergistic effects.49

The following equation was used to calculate the ΣFICs (fractional inhibitory concentrations):
∑FIC=FIC A+FIC B
Here, FIC A denotes Drug A’s MIC (antibiotics such as ciprofloxacin) in the combination/MIC of Drug A (antibiotics 

eg, ciprofloxacin), while FIC B refers to the MIC of Drug B (Ag-NPs) in the combination/MIC of Drug B (Ag-NPs).
To be deemed synergistic, the ΣFIC of the combination must be ≤0.5. Meanwhile, a partial synergistic effect is 

achieved when the ΣFIC falls between >0.5 to <1. Finally, the effect is considered indifferent if the ΣFIC falls between 
>1 to <2, and antagonistic if the ΣFIC is ≥2.

Ag-NP Cytotoxicity Assay
The methyl tetrazolium (MTT) test was used to evaluate the cytotoxicity of Ag-NPs at varying concentrations (15–-
0.225 μg/mL) on the HT29-MTX cell line.50 Although HT29-MTX is derived from colon goblet cells, it secretes the 
mucin MUC5AC, which is specific to goblet cells in the respiratory system, as opposed to the MUC2 mucin that is 
specific to goblet cells in the colon. T75 flasks were used to culture the HT29-MTX cells with 10% CO2 at 37°C in 
12 mL Dulbecco's Modified Eagles Medium (DMEM, Sigma, UK). Subsequently, 10% FCS was added to the solution 
(Sigma, UK), as well as 50mg/mL streptomycin (Sigma, UK), 50mg/mL gentamicin (Lonza, USA), 50 µg/mL 
amphotericin B (Lonza, USA), and 50U/mL penicillin.

The Ag-NPs were added to the solution at concentrations of 7.5–0.225 µg/mL after the HT29 MTX cells had been 
stored for 24 hours in serum-free DMEM with 50U/mL penicillin, 50mg/mL gentamicin, 50 µg/mL amphotericin B, and 
50mg/mL streptomycin.

After removing the medium, the cells were rinsed with PBS, 25 milliliters of MTT solution (5 mg/mL) were added, 
and the wells were incubated for four hours. Following this, 100 mL of DMSO was added, and the mixture was gently 
stirred for 15 minutes. The enzyme-linked immunosorbent assay plate reader was utilized to determine the 570 nm 
absorbance and estimate the viable cell percentage for the Ag-NP-treated and control cells to evaluate the impacts that 
Ag-NPs have on cell viability. After computing the cell survival rates, the percentage viability was plotted using the 
relative absorbance equation:

Results
Quantification of Phenolic and Flavonoid Contents
The Folin-Ciocalteu technique quantified the total phenolic content of the samples as 9.31 ± 2.1 mg GAE/100 mg extract. 
The spectrophotometric examination, consisting of the colorimetric aluminum chloride test, revealed that the samples had 
a total flavonoid concentration of 0.81 ± 0.43 mg QE / 100 mg extract.

Fourier-Transform Infrared Spectroscopy (FT-IR)
To ascertain the interactions between Ag atoms and bioactive chemicals which affect the stability of Ag-NPs, this study 
employed FT-IR which revealed the existence of parallel FT-IR spectra peaks and a minor shift in the P. harmala extract 
(Figure 1) and the biosynthesized Ag-NPs (Figure 2) as shown in Table 1.

Ag-NPs Characterization
When synthesizing the NPs, the formation of Ag-NP instigates a color change in the reaction mixture from orange to 
dark brown which implies that there is a reduction in AgNO3 from SPR excitation in the Ag-NPs (Figure 3). A UV-Vis 
spectrophotometer with a wavelength ranging from 200–800 nm was utilized to measure the SPR of the Ag-NPs and 
revealed that the Ag-NPs SPR occurs between 450 and 500 nm. Figure 4 illustrates that the UV-Vis spectrum has 
a significant absorption peak of approximately 460 nm.
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SEM was used to evaluate the size and surface shape of the Ag-NPs (Figure 5A1-A3) and revealed that they are 
approximately 15 nm in diameter, uniformly spherical and do not aggregate. The Ag-NP size histograms (Figure 5B) 
indicate that the primary particle size for the Ag-NPs in the present research was 13.6 ± 2.6 nm.

Figure 1 FT-IR spectra of P. harmala extracts.

Figure 2 FT-IR spectra of biosynthesized AgNPs.
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To examine the crystalline formations of the Ag-NPs, the specimens were placed at an ambient temperature of 298 
Kelvin (24.85°C) and copper K-α radiation with a wavelength of 1.5406 Å in the (2θ) range was applied. As illustrated 
by Figure 6, the Ag-NPs displayed four peaks at the 2θ values of 38.2901, 44.5583, 64.8185, and 77.4383. These values 
(111, 200, 220, and 311, respectively) were taken to represent the Ag metal and the related Ag plane values for the HKL. 
The diffractogram (Figure 6) and the JCPDS standard power diffraction card (silver file No. 04–0783) were compared. 
The face-centered cubic structure of the Ag-NPs is confirmed by the diffraction resultant pattern. When calculated 
using the Scherrer equation,51 the Ag-NPs’ predicted particle size was found to be 15.9 nm.

After conducting the DLS analysis, the average particle sizes for the Ag-NPs were 21 nm (Figure 7). The electrical 
potential that develops at the solid-liquid interface as a reaction to the relative movements of the solvent and Ag-NPs is 
known as the zeta potential. The resultant A-NPs were dissolved in double-distilled water which facilitated an examina-
tion of the zeta potential. Ag-NP stability is contingent upon both surface charge and electrical potential. As the zeta 
potential rises, so does the surface potential of a charged particle. As illustrated by Figure 8, the prepared Ag-NPs have 
a zeta potential of −25.3 Mv.

Table 1 FTIR Peak Values of P. Harmala Seed Extract and Biosynthesized Ag-NPs with the Functional Groups of Their Active 
Components, Which are Identified Based on Peak Values

Peak 
Number

Absorption Peak of the 
Extract

Absorption Peak of the 
Ag-NP

Functional Group

1 3284.32 cm−1 3318.33 cm−1 OH-stretching of hydroxyl groups (alcohols, phenols, and the NH group 

of amines or amides)

2 1612.55 cm−1 1629.49 cm−1 The C=0 group of carboxylic acids

3 1574.77 cm−1 1400.00 cm−1 N-H bending vibration

4 1025.46 cm−1 888.70 cm−1 C=CH2

Figure 3 Green synthesis of Ag-NPs, a change in the color of reaction mixture from Orange to dark brown after addition of seedsextract into AgNO3 solution.
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MIC of Ag-NP
Following a 24-hour aerobic incubation period at 37°C with Ag-NPs at concentrations varying between 0.93–240 μg/mL, 
turbidity was observed in the samples containing between 0.93 to 7.5 µg/mL of Ag-NPs. With these Ag-NP concentra-
tions, bacteria were thriving (as evidenced by the turbidity); however, at doses between 15 and 240 µg/mL, no turbidity 
was visible, implying that bacterial growth had been suppressed.

Figure 4 Ag-NPs characterization using ultraviolet-visible spectroscopy.

Figure 5 SEM image (x 500(A1), x300(A2) and x200(A3) magnification) of Ag-NP morphology with histogram (B) of Ag-NPs particle size distribution.
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For 24 hours, BHI agar plates were inoculated with the suspensions (ranging from 15 to 240 µg/mL) and no bacterial 
growth was observed in any of the concentrations which confirms the bactericidal properties of the Ag-NPs (Figure 9). 
The results indicated a MIC and MBC of 15 µg/mL Ag-NPs for all P. aeruginosa strains.

MIC of the Selected Antibiotics Against P. aeruginosa Clinical Isolates and ATCC 2785 
Strains
In this research, the minimum inhibitory concentrations of eight antibiotics and Ag-NPs were compared with those of 11 
clinically isolated P. aeruginosa strains and the P. aeruginosa ATCC 2785 strain (Table 2). For seven isolated P. aeruginosa 

Figure 7 Dynamic light scattering (DLS) spectrum presenting the distribution of particle sizes in the Ag-NPs.

Figure 6 X-ray diffraction presenting crystalline phases of the synthesized Ag-NPs.
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strains (PA2, PA3, PA4, PA5, PA7, PA9 and PA10) and the ATCC, the MIC values of Piperacillin were identified as highly 
effective. Conversely, strains PA1, PA6, PA8 and PA11 were found to have intermediate sensitivity and exhibited a MIC 
value of 32 ug/mL with SD ± 0. Good sensitivity to Levofloxacin was evident for seven strains (ATCC, PA1, PA2, PA7, 
PA8, PA9 and PA11) and strains PA4 and PA6 had an intermediate sensitivity at a MIC of 2 ug/mL. Additionally, it should 
be noted that PA3, PA5 and PA10 were found to be resistant to Levofloxacin with a MIC of 4 ug/mL.

The strains PA3, PA4, PA5, PA6, and PA10 were found to be resistant to Ciprofloxacin and to have a MIC of 2 ug/mL. 
However, all of the strains under investigation (except for PA5 and PA11) exhibited sensitivity to Ceftazidime and 
Amikacin. The results also revealed that Aztreonam was effective against all strains except PA9 (intermediate) and PA10 
(resistance) and that three clinical strains were resistant to Meropenem (PAPA3, PA10 and PA11).

Impact of Antibiotic and Ag-NP Combinations on P. aeruginosa
When combined with Levofloxacin, Ceftazidime, and Piperacillin, Ag-NP produced statistically significant reductions (F 
(11, 48) = 32.85, P<0.0001) in the amount of antibiotics required to completely prevent P. aeruginosa growth for all 
strains examined by this research (Figure 10). This significant reduction in antibiotic concentration that completely 
inhibited the growth of the P. aeruginosa strain was also observed with other antibiotics for the majority of strains 
examined by this study.

In eight of the studied strains (ATCC, PA1, PA2, PA4, PA6–9), combining Meropenem with Ag-NPs did not cause 
a statistically significant reduction in the MIC of Meropenem. Additionally, Figure 10 demonstrates that the MIC of 
Amikacin combined with Ag-NPs was statistically significantly lower for the ATCC strain and clinical strains PA3, PA5- 
7, and PA10-11.

Figure 11 shows that the reduction in concentration of Ag-NPs required to prevent P. aeruginosa growth when used in 
combination with antibiotics was statistically significant. Additionally, these findings reveal that the MIC of Ag-NPs was 
15 ug/mL for all strains and decreased substantially when administered with antibiotics (at a dose of 1.875–7.5 ug/mL).

Figure 8 Zeta potential analysis of Ag-NPs.
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Fractional Inhibitory Concentration Index (FICI) of Ag NPs When Combined with 
Antibiotics
In the present study, the impacts of Ag-NPs when combined with selected antibiotics were evaluated via the checker-
board assay and the extent of the interactions between the Ag-NPs was examined to calculate the FIC index.

Table 3 demonstrates that some Ag-NP combinations exhibit either partial synergistic (0.5 < FICI < 1) or full 
synergistic (FIC ≤ 0.5) effects when employed against the tested bacteria. This was particularly noticeable in the 
combinations of Meropenem, Ciprofloxacin, and Aztreonam, in which the FIC index was less than or equal to 0.5 (in 
the majority of strains). Only the combination of Ceftazidime and Ag-NPs demonstrated indifferent effects on three 
strains of P. aeruginosa. The findings revealed that combining Ag-NPs with antibiotics was more effective than 
using Ag-NPs or antibiotics alone.

Cytotoxicity of Ag-NPs
To perform the initial screenings of Ag-NP cytotoxicity on the HT29-MTX cancer cell lines, MTT assays were 
employed. HT29-MTX cell lines were found to be resistant to Ag NPs with 1.8 ug/mL concentrations, and no statistically 
significant declines in cell viability could be identified (F (6, 14) = 0.2871, P=0.9334). However, as shown in Figure 12, 
there was a significant decrease in cell viability when the Ag-NP concentration exceeded 7.5 µg/mL.

Figure 9 P. aeruginosa bacterial colonies at different concentrations of Ag-NPs using spread plate technique. P.aeruginosa colonies were grown at concentration 3.75 µg/mL 
and 7.5 µg/mL while at concentration of more than 15 µg/ µg/mL, no bacterial growth were detected indicated that MBC for Ag-NPs of 15 µg/ µg/mL.
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Discussion
Antibiotic resistance is an acute global health concern that adversely impacts the efficacy of different medications.52 

Drug resistance compels the use of high doses of antibiotics which results in intolerable toxicity, the need for new 
antibiotic research, and time, labor, and financial investments.53,54 If current trends continue, by 2050, it is anticipated 
that antibiotic failure will cause ten million deaths per year.55

Table 2 MIC Value of the Eight Anti-Pseudomonas Antibiotic Used in This Research Against Eleven 
P. Aeruginosa Clinical Isolated Strains and an ATCC Strain. MIC Value Breakpoint for P. Aeruginosa: 
Piperacillin (S ≤16, I=32-64, R ≥128), Ciprofloxacin (S ≤0.5, I=1, R ≥2), Levofloxacin (S ≤1, I=2, R ≥4), 
Meropenem (S ≤2, I=4, R ≥8), Amikacin (S ≤16, I=32, R ≥64), Ceftazidime (S ≤8, I=16, R ≥32), 
Gentamicin (S ≤4, I=8, R ≥16), Aztreonam (S ≤8, I=16, R ≥32). Yellow Color Indicates Intermediate 
Sensitivity While Red Color Indicate Resistance to Antibiotic

ATCC PA1 PA2 PA3 PA4 PA5 PA6 PA7 PA8 PA9 PA10 PA11

Piperacillin 8 32 16 16 16 16 32 8 32 16 16 32

Levofloxacin 0.5 1 1 4 2 4 2 0.5 1 1 4 1

Ciprofloxacin 0.25 0.5 1 2 2 2 2 0.25 0.5 1 2 0.5

Amikacin 16 4 8 16 8 32 16 16 4 8 16 64

Gentamicin 2 4 8 8 4 16 8 2 4 8 4 16

Meropenem 1 2 2 8 2 4 2 1 2 2 8 8

Ceftazidime 4 2 8 8 4 8 8 4 2 8 8 2

Aztreonam 4 2 8 8 4 8 8 4 2 16 32 2

Figure 10 MIC of the eight anti-pseudomonal antibiotic in the presence of Ag-NPs. ****P<0.0001, ***P<0.0001, **P<0.001, *P<0.01, ns: not statistically significant.

https://doi.org/10.2147/IJN.S479937                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2024:19 12474

Al-Momani et al                                                                                                                                                      Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


The use of NPs is one of the most promising methods for combating microbial resistance.56 NP resistance requires 
numerous simultaneous gene alterations in a single microbial cell and this is unlikely to occur.57 This study presents new 
data regarding the effects of Ag-NP on clinical isolates of P. aeruginosa and how NPs interact with widely adminis-
tered antimicrobials to inhibit P. aeruginosa.

In this study, P. harmala seed extract was used to biosynthesize Ag-NPs via green synthesis. This process facilitates 
the cost-effective supply of capping and reducing agents which are employed to stabilize the generated NPs. It 

Figure 11 MIC of the Ag-NPs against P. aeruginosa strains in the presence of Ag-NPs.

Table 3 Fractional Inhibitory Concentration (FICI) for Combination of Ag-NPs with Antibiotics

Piperacillin Levofloxacin Amikacin Ciprofloxacin Gentamicin Meropenem Ceftazidime Aztreonam

ATCC 0.58±0.14 0.67±0.14 0.46±0.14 0.46±0.14 0.58±0.29 0.40±0.0 0.92±0.14 0.50±0.14

PA1 0.46±0.07 0.92±0.0 0.50±0.29 0.46±0.14 0.46±0.14 0.50±0.07 0.83±0.0 0.50±0.07

PA2 0.50±0.13 0.67±0.22 0.58±0.14 0.45±0.06 0.54±0.14 0.63±0.29 0.83±0.14 0.46±0.07

PA3 0.46±0.07 0.67±0.07 0.75±0.29 0.36±0.02 0.54±0.14 0.33±0.0 0.83±0.0 0.46±0.07

PA4 0.58±0.14 0.58±0.0 0.75±0.14 0.46±0.14 0.58±0.14 0.38±0.14 0.92±0.0 0.50±0.14

PA5 0.67±0.0 0.67±0.14 0.92±0.14 0.61±0.21 0.83±0.25 0.40±0.29 1.25±0.14 0.40±0.14

PA6 0.58±0.14 0.58±0.0 0.58±0.14 0.46±0.14 0.58±0.14 0.38±0.0 0.83±0.14 0.38±0.14

PA7 0.58±0.14 0.67±0.0 0.67±0.14 0.46±0.14 0.63±0.25 0.75±0.0 1.00±0.14 0.50±0.22

PA8 0.58±0.0 0.92±0.0 0.67±0.29 0.58±0.0 0.58±0.14 0.50±0.07 0.83±0.14 0.50±0.14

PA9 0.46±0.14 0.67±0.0 0.54±0.14 0.46±0.07 0.46±0.14 0.50±0.29 1.08±0.07 0.38±0.07

PA10 0.50±0.07 0.54±0.07 0.58±0.29 0.38±0.0 0.58±0.14 0.31±0.0 0.83±0.14 0.50±0.14

PA11 0.42±0.14 0.75±0.14 0.58±0.14 0.46±0.07 0.75±0.07 0.71±0.07 0.71±0.14 0.46±0.0
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also enabled the application of a green synthesis strategy that is ecologically friendly and minimizes hazardous 
byproducts and chemical waste materials.58,59

Phenolic compounds and flavonoids were found to be present in the P. harmala extract. Phenolic compounds are 
secondary metabolites that have redox potentials that enable them to scavenge radicals and perform antioxidant actions.43 

Consequently, they can be employed as reducing agents, singlet oxygen quenchers and hydrogen donors.60 This study 
demonstrated that P. harmala contains both phenolic and flavonoid content and previous studies revealed that the 
P. harmala extract contains flavonoids, saponins, tannins, compound reducers, volatile oils, anthraquinones, triterpenes, 
sterols, and alkaloids.61 Several of these chemical compounds have been linked to therapeutic effects.62,63 The variety of 
phytochemical components that plants contain reflects their almost limitless ability to produce aromatic molecules and 
their by-products. Many traditional healers have employed the P harmala due to its antiseptic and pain-relieving 
qualities, and its ability to combat bacterial infections.64

P harmala extract was used in this work to green-synthesize Ag-NPs, and it served as both a reducing and stabilizing 
agent.65 The color change (from bright orange to a reddish-brown) of the silver nitrate solution indicates the development 
of NPs and this finding aligns with those of previous studies.22,23 Furthermore, UV-visible spectroscopy was performed 
to confirm the production of NPs.66 The Ag-NP exhibited absorption peaks of approximately 460 which is relevant to the 
SPR of Ag-NPs. The findings are in line with those of Singh, Kim, Singh, Wang, Hwang, Farh and Yang67 and 
Pryshchepa, Pomastowski and Buszewski,68 who noted that Ag-NPs exhibited spectral bands in the range of 450 to 
500 nm. This research compared its findings with these earlier studies and found that both Ag-NPs were successfully 
created. There is a clear and robust correlation between the XRD peaks and the crystalline structure of Ag-NPs and the 
XRD findings in this study emphasize the purity of the Ag-NP production process. The positions of the diffraction peaks 
formed a pattern identical to that of the JCPDS.

The values of NPs’ zeta potential control their stability.69 These numbers indicate that the NPs’ surface is negatively 
charged which enables them to scatter in the medium with a high degree of stability. Tran, Pham, Luu, Nguyen and 
Nguyen70 state that particles with zeta potential values between +35 and −35 mV are categorized as stable suspensions 
which indicates that there was stability among the NPs in this study. By generating an electric repulsion force between 
molecules with similar negative charges, the presence of negative charges inhibits the agglomeration of particles.71 The 
particles in their colloidal solution are stabilized by this force.72 The generation of NPs and the confirmation of their 
roughly spherical form and consistent dimensions were corroborated by the SEM data.

The MIC values obtained during the broth microdilution indicate that the Ag-NPs created via this green synthesis 
methodology possess strong anti-bacterial effects. According to the findings revealed in this work, Ag-NPs were found to 
be biocidal and effective against all strains of P. aeruginosa at 15 ug/mL. Ag-NPs have been shown to exhibit potent 

Figure 12 Illustrates the effect of varying concentrations of Ag-NPs (0.225–15 µg/mL) on the survival of the human HT29-MTX cell line during a 24-hour incubation period. 
The cell viability was determined by comparing it to the control using the formula (tested/control *100). The experiment was performed 3 times in duplicate. ****P<0.0001.
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antibacterial activity in numerous studies.23,73,74 This is due to the small particle size producing a high surface-to-volume 
ratio that makes it easier for NPs to pass through membranes and disrupt bacterial metabolism and cell structure.75

It is recognized that Ag-NPs have significant antibacterial properties by penetrating the cell membrane, inducing 
oxidative stress, and harming proteins, carbohydrates, lipids, and DNA.76 Additionally, lipid peroxidation can alter the 
cell membrane which can ultimately interfere with essential cellular processes.77 Moreover, the Ag+ ions already present 
in Ag-NPs have the potential to breach the cell walls of microorganisms, disable the efflux pump, and leak cytoplasm 
into the intercellular space through the cell wall. As a result of these events, cell death and lysis occur.78

Ag-NPs possess enormous potential for use as antibacterial agents; however, there are uncertainties regarding their 
safety when administered to human subjects.79 Ag-NPs’ cytotoxic potential has made it difficult for them to become 
established as effective chemotherapeutic agents.79,80 Using the neutral red absorption assay, Siddique, Aslam, Imran, 
Ashraf, Nadeem, Hayat, Khurshid, Afzal, Malik and Shahzad81 investigated the hazardous potential of Ag-NPs against 
HeLa cell lines at different doses. Their findings indicated that these NPs were hazardous at certain concentrations (ie, 
between 15 and 120 μg/mL). Furthermore, research evaluating the effects of Ag-NPs on human cell culture in vitro 
indicates that the hazardous concentrations of Ag-NPs vary between 10 and 100 µg/mL.82–84 These findings are in line 
with this research which revealed that Ag-NP had significant potential to reduce viable cell numbers in the HT29-MTX 
cell line at a concentration of 7.5–15 μg/mL implying that the Ag-NPs may be safe if applied in low concentrations. It is 
possible to reduce the concentration of Ag-NPs to generate antimicrobial effects by combining Ag-NP with an antibiotic.

According to recent research, combining antibiotics with NPs not only improves the antibacterial qualities of the 
agents but minimizes their toxicity to human cells by reducing the concentrations required for effect.85 The results of the 
current research indicate that the capacity of antibiotics to eliminate drug-resistant bacteria is restored when they are 
combined with Ag-NPs. It has also been demonstrated that using NPs in conjunction with antibiotics increases the 
concentration of the antibiotics at the region of the antibiotic-bacterium interaction and assists the antibiotics in binding 
with bacteria.86

Several of the antibiotics studied in this work demonstrated superior potential when combined with Ag-NPs. The 
findings of this work indicate that combining antibiotics with Ag-NPs can have either a synergistic or partially synergistic 
effect. When Ag-NPs are present, antibiotic activity increases due to the inhibition of antibiotic efflux from the cell which 
results from the impact that Ag-NPs have on the MexAB-OprM efflux pumps in P. aeruginosa.87 This process activates 
the antibiotic uptake by stimulating the activity of the Omf protein membrane and causing a binding reaction between 
antibiotic agents and Ag-NPs stabilizing the antibiotic-Ag-NP complex.86,88 The presence of the Carboxyl and Fluore 
groups in some antibiotics (such as Ciprofloxacin) can facilitate this process and ciprofloxacin proved to be the most 
effective antibiotic to combine with the Ag-NPs. The Fluore group present in some antibiotics (including ciprofloxacin) 
may also interact with the chelating Ag atom which stabilizes the antibiotic-NP combination. Combining the Ag-NPs 
with an antibiotic may increase the production of the reactive oxygen species (ROS) which makes Gram-negative 
bacteria more permeable.89 Additionally, Ag-NPs can initiate reactions between oxygen and dehydrogenase enzymes 
which increases the antimicrobial activity of the antibiotics.90

Moreover, active groups of hydroxyl and amino groups are present in some antibiotic molecules (eg, Levofloxacin) 
and may react well with Ag-NPs to disrupt the processing of peptidoglycan in the cell wall. When combined with 
positively charged Ag-NPs, cell-wall inhibitors can disrupt or prevent cell-wall synthesis.91 Additionally, researchers 
have suggested that silver ions may penetrate the cell and intercalate between pyrimidine and purine which causes the 
DNA molecule to denature.92 Under the theory proposed by Mikhailova,92 NPs disrupt peptidoglycan in the cell wall by 
bonding with the cell wall inhibitors. They can damage the cell membrane and obstruct transport channels because they 
are positively charged and attack the negative charges in the transmembrane proteins.93 They can infiltrate the bacterium 
and interfere with cellular processes such as protein synthesis, transportation, and nucleic acid function.94

Agreles, Cavalcanti and Cavalcanti95 have reported on the synergistic potential of Ag-NP and how their small size 
may be critical in minimizing the antibiotic burden of patients with chronic conditions. The same study92 indicates that 
small citrate-capped Ag-NPs can improve the antimicrobial effects of aztreonam when used to combat P. aeruginosa 
synergistically. Additionally, when used to treat P. aeruginosa, E. coli, S. aureus, Klebsiella pneumoniae, Micrococcus 
luteus, and Bacillus spp, the synergistic effect of antibiotics (imipenem, ciprofloxacin, gentamicin, and vancomycin) used 
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in combination with biologically synthesized Ag-NPs was described.93 The results of the current research align with 
those of Birla, Tiwari, Gade, Ingle, Yadav and Rai96 who reported that Ag-NPs combined with antibiotics such as 
vancomycin, gentamicin, streptomycin, ampicillin, and kanamycin had increased efficacies in fighting E. coli, 
P. aeruginosa, and S. Aureus. The antibacterial properties of biologically synthesized Ag-NPs combined with ceftriaxone 
and ofloxacin were enhanced when used against several species of Salmonella.97

To conclude, an alternative methodology is urgently required to treat P. aeruginosa infections that are resistant to 
traditional antibiotics. The current research project aims to investigate the impacts of combining certain antibiotics and 
Ag-NPs to treat strains of P. aeruginosa ATCC 27853 and other clinically isolated bacterial strains. To the best of this 
author’s knowledge, the data regarding clinical isolates is unique and has not been reported previously. Ag-NPs and 
most anti-Pseudomonas drugs demonstrated a partial or partial synergistic effect which emphasizes the potential for the 
combined use of antibiotics and Ag-NPs as a substitute for maintaining and restoring bacterial susceptibility to these 
medications. According to this study, biosynthesized Ag-NPs may have the ability to work collaboratively with 
antibiotics to boost their antibacterial efficacy against P. aeruginosa. Additionally, these findings suggest that these 
combinations may be useful in reversing drug resistance in bacteria which is significant for two reasons: firstly, the 
concentration of Ag-NPs used to treat the infection can be reduced which limits their known cytotoxic effects and 
secondly, reducing the concentration of antibiotics required to effectively treat biofilm-bound microorganisms will reduce 
the development of additional antibiotic resistance. This study could generate new insights regarding the in vivo and 
in vitro antibacterial activities of antibiotics, which, when combined with metallic nanomaterials, can selectively treat 
MDR pathogens. These findings are extremely promising, particularly for treatment purposes; however, additional 
research is required to evaluate the specific mechanisms of action which may be critical in predicting undesirable 
interactions.
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