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Abstract | Pseudomonas aeruginosa is considered as one of the most dangerous microorganisms to public health, 
causing considerable mortality rates due to its resistance to a range of antibiotics. It causes substantial tissue damage 
of varying degrees of severity. Its biofilm’s buildup leads to repeated infections that are resistant to conventional 
medications. As a result, alternate antimicrobial therapies are urgently required. Phage therapy has recently emerged 
as a promising treatment approach due to its potential to eradicate these bacterial infections. In this study, 35 
strains of P. aeruginosa were obtained from individuals suffering from different infections. These strains were 
identified using the automated Vitek 2 approach and confirmed by 16S rDNA sequencing. The ability of these 
strains to form biofilms and their resistance to antibiotics, both phenotypically and genotypically were studied. The 
Pseudomonas phage RM_Ps3 was isolated and characterized. The therapeutic efficacy of this phage was tested using 
in vitro antibacterial and antibiofilm activities. The obtained results revealed that P. aeruginosa clinical isolates had 
carbapenem resistance in their phenotype, confirmed genotypically by the presence of the blaNDM carbapenemase-
encoding gene in carbapenem-resistant P. aeruginosa Ps21. The isolates also had a high multiple antibiotic resistance 
(MAR) index and a strong potential to form biofilms. The isolated Pseudomonas phage had a podoviral morphology 
related to the Caudoviricetes class, with a short, rigid tail of around 17.8 nm and a capsid of 60 nm, as indicated 
by Transmission Electron Microscopy (TEM) inspection. The phage’s host range was fairly wide; it lysed 86% 
of clinical isolates studied. Phage RM_Ps3 demonstrated good stability over a range of pH from 3.0 to 11.0, in 
addition to its capacity to tolerate temperature ranges of up to 70°C. In vitro, the Pseudomonas phage RM_Ps3 
effectively inhibited and eliminated biofilm formation, and considerably limited the bacterial growth. Our findings 
display that a powerful phage could be a promising treatment for carbapenem- resistant P. aeruginosa infections.
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Introduction

Pseudomonas aeruginosa causes a wide variety of 
diseases, ranging from soft tissue infections 

to potentially lethal disorders such as pneumonia 
and bacteremia. Furthermore, P. aeruginosa DNA 
encodes adaptability and versatility, making it a global 
opportunistic pathogen and an important driver of 
nosocomial infections (Abdelghafar et al., 2023). 

Pseudomonas aeruginosa is resistant to many 
antibiotics, including aminoglycosides, β-lactams, 
and fluoroquinolones, in addition to disinfectants. 
This is due to both acquired and intrinsic resistance 
mechanisms that are present in this bacterium. 
Its intrinsic resistance is characterized by reduced 
membrane permeability, overexpression of efflux 
pumps that transport antibiotics out of the cell, 
and creation of enzymes that inhibit the action of 
antibiotics (Glen and Lamont, 2021). Another crucial 
virulence factor that has been linked to antibiotic 
resistance is the biofilms formation, which hinders 
drug penetration and protects the bacterium from the 
human immune system response (Chegini et al., 2020). 
Based on a 2019 World Health Organization (WHO) 
report, resistance to antibiotics leads to 1.27 million 
deaths globally, with six bacterial species, including P. 
aeruginosa, causing over 80% of these deaths (Ranjbar 
and Alam, 2023). The Centers for Disease Control 
and Prevention (CDC) classifies P. aeruginosa as a 
remarkable threat microorganism because of its high 
death rate (Kadri, 2020). Furthermore, in the Middle 
East region, Egypt has the highest infection rate for 
multi-drug resistant (MDR) P. aeruginosa (75.6%) 
(Al-Orphaly et al., 2021).

Missing the efficiency of treatment with antibiotics 
would be fatal, and we are rapidly getting closer to 
such a crisis so-called “post antibiotic era”. Numerous 
pharmaceutical corporations are no longer actively 
interested in the discovery of new antibiotics because 
it would take many years to create them and the newly 
marketed antibiotics would quickly acquire resistance, 
resulting in limited profits (Qin et al., 2022). As a result, 
the demand for alternate antibacterial treatments 
has emerged. Thus, bacteriophages could be a viable 
option. To treat bacterial infections, bacteriophages 
were employed as therapeutic agents 20 years ago 
prior to the first use of antibiotic medication in 
clinical settings (Ling et al., 2022). 

Bacteriophages (phages) are viruses that can invade 
and proliferate in bacterial cells. They are the most 
prevalent biological members on Earth, with almost 
1031 members globally (Abedon et al., 2017). Most 
phages comprise a protein head that contains genetic 
material (DNA) and a hollow tube tail, which permits 
their DNA to be injected into the host cells (Soliman 
et al., 2023). Phages are effectively treating the MDR 
challenge via their distinctive features, making them 
potent therapeutic options because they are safe and 
do not harm the natural flora. Furthermore, as being 
self-limiting and self-replicating, they continue to 
emerge and disseminate to deeper infection sites (Taati 
Moghadam et al., 2020; Zalewska-Piątek, 2023).

The Food and Drug Administration (FDA) announced 
that bacteriophages are generally harmless. They 
are already present in food and beverages on a daily 
basis. In the European Union, phages are classified 
as feed additives and/or processing assistance, while 
in the United States (US), they are controlled by 
Generally Recognized As Safe (GRAS) certification, 
just like other chemical compounds or protein-based 
preparations (Huang et al., 2022; Jordá et al., 2023). 
Numerous different nations, such as New Zealand, 
Australia, Canada, and Switzerland, have permitted 
the use of phages based on the US regulatory 
requirements (Singh et al., 2025).

The antibacterial effectiveness of bacteriophages 
against MDR P. aeruginosa was evaluated both in vitro 
and in vivo in several studies (Arumugam et al., 2022; 
Alqahtani, 2023; Ata-Vural et al., 2025; Mohamed 
et al., 2025). These investigations demonstrated that 
bacteriophages are highly effective at killing MDR P. 
aeruginosa. One of these studies, reported by Shokri 
et al. (2017), examined phage cocktails against P. 
aeruginosa that are resistant to colistin, and their 
results indicated that the phage cocktail completely 
eradicated the colistin-resistant P. aeruginosa l cells. 
In another study, Rezk et al. (2022) revealed that the 
phage ZCPA1 had strong lytic activity against MDR P. 
aeruginosa biofilms and planktonic forms. In addition, 
the rat model showed complete wound healing using 
phage ZCPA1. Furthermore, Mohamed et al. (2025) 
isolated phage vB_Ps_ZCPS13 as a promising 
therapeutic agent for pan-drug-resistant P. aeruginosa, 
particularly in biofilm-associated illnesses. In terms 
of suppressing and eliminating mature biofilms, 
the phage outperformed expectations, displaying 
significant lysis alongside 93% of the clinical isolates 
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examined. The objectives of this study were to isolate, 
characterize, and investigate the therapeutic efficacy 
of Pseudomonas phage RM_Ps3 against carbapenem-
resistant P. aeruginosa in vitro.
 
Materials and Methods

Collection and identification of the bacterial isolates
Over the duration of a year, from July 2023 to July 
2024, 47 clinical samples from different sources, 
including blood (13), wound (15), sputum (9), and 
urine (10) were collected from suspected P. aeruginosa 
patients that visited Abou Elazayem hospital in 
Cairo, Egypt. The collected samples were cultured in 
tryptic soya broth and streaked on tryptic soya agar 
plates. After incubation for 24 h at 37 °C, separated 
pure bacterial isolates were exposed to conventional 
identification steps, including Gram-staining 
technique, growth on MacConkey and cetrimide 
agar selective media (Oxoid, England). Biochemical 
identification of the bacterial isolates was checked 
using the Vitek-2 automated system (bioMérieux, 
Marcy l’Étoile, France) (El-Sherif et al., 2022). 
Following identification, the bacterial isolates were 
stored at -80°C in Tryptic Soy Broth (TSB) mixed 
with 20% glycerol (Barman et al., 2018).

Detection of the Phenotypic and genotypic resistance 
patterns of the bacterial isolates
The Vitek-2 AST system (BioMérieux, Marcy l’Etoile, 
France) was employed to evaluate the vulnerability 
of bacterial isolates to antimicrobial drugs using 
the Gram-negative bacteria (GNB) susceptibility 
testing cards and the 2.01 version software (Barman 
et al., 2018). 2 ml of each P. aeruginosa isolate 
suspension were used for the susceptibility assay, and 
automatically applied to the VITEK-2 AST system. 
The used antibiotic discs included: ciprofloxacin 
(5 µg/ml), amikacin (64 µg/ml), tobramycin (16 µg/
ml), gentamicin (16 µg/ml), imipenem (16  µg/
ml), meropenem (16 µg/ml), ceftazidime (64  µg/
ml), cefepime (64  µg/ml), piperacillin (128  µg/ml), 
piperacillin-tazobactam (128  µg/ml), ticarcillin 
(128 µg/ml), ticarcillin-clavulanate (128 µg/ml), and 
colistin (2  µg/ml). Antibiotic susceptibility testing’s 
were evaluated referring to the CLSI standards, 
which categorized antibiotic susceptibility patterns 
into three groups: mainly resistant, intermediate, and 
sensitive (Schuetz et al., 2025). In order to determine 
the multiple antibiotic resistance (MAR) index, 
divide the number of antimicrobial agents to which 

a bacterial isolate was not susceptible (either resistant 
or intermediately susceptible) by the total number 
of antimicrobial agents used (Krumperman, 1983). 
The Bio Fire Film Array was employed to explore 
the genotypic resistance features of the selected P. 
aeruginosa isolate. A sterile disposable sample transfer 
tool (Copan Flock Technologies, Brescia, Italy) was 
utilized to transfer 200 mL broth from a positive 
blood culture to a sample injection vial, and mixed 
with the sample buffer (Guanidinium chloride and 
Triton X-100) that was provided. Afterward, the 
solution (i.e., 200 μL of the positive blood broth 
culture were mixed with the provided sample buffer)
was injected into the Film Array pouch, which was 
inserted into the Film Array device. Within 2 h, the 
gadget performed nucleic acid extraction, multiplex 
PCR, and a DNA melting curve analysis to confirm 
and identify the existence of antibiotic resistance 
genes (El-Sherif et al., 2022). 

Detection of biofilm formation using the microtiter plate 
assay
A microplate reader was used to detect ability of the 
isolates to form biofilms. After preparing a bacterial 
suspension in TSB with 1% glucose, 200 μl of the P. 
aeruginosa (106 cfu/ml) were injected into on a sterile 
polystyrene microplate with 96-well flat bottom. 
All inoculated microplates were incubated at 37 oC 
for 48 h. After incubation, the planktonic cells were 
removed, and the wells were washed twice with 
distilled water. The plates were air dried to enable 
the biofilms to adhere directly to them. Following 
staining with 0.1% crystal violet (CV) solution 
(Solarbio, Beijing, China), 30% acetic acid was used 
to a de-stain. A microplate reader (BioTek, Synergy, 
USA) was used to determine the absorbance of each 
well at 595 nm (Tang et al., 2011). Blanks that served 
as negative controls were inoculated with sterile TSB 
only. Biofilms were generated by bacterial isolates 
that recorded optical density (OD) values higher than 
those of the blank well. OD measurements can be 
used to differentiate four types of biofilm formation: 
Non-producers were represented by ODs ≤ ODc, 
weak producers by ODc ≤ODs ≤2 ×ODc, moderate 
producers by 2 ×ODc ≤ODs ≤4 ×ODc, and strong 
producers by ODs >4 ×ODc. ODc was the OD of 
the negative control, while ODs were the OD of the 
tested samples (Stepanović et al., 2007).

Molecular identification of the selected bacterial isolate 
The selected P. aeruginosa isolate P21 was identified 
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molecularly by amplification and sequencing 
of the 16S rRNA gene using polymerase chain 
reaction (PCR). A thermal cycler (ABI 2720) was 
employed to amplify the gene using two primers; 
F: 5’-GGGGGATCTTCGGACCTCA-3’ and R: 
5’-TCCTTAGAGTGCCCACCCG-3’ (Tripathi 
et al., 2013). The genomic DNA was observed 
on an agarose gel at a concentration of 0.8%. The 
sequencing was carried out utilizing the Big Dye 
Terminator Cycle Sequencing Kit according to the 
manufacturer’s instructions, and the data was assessed 
using V. 3.1, Applied Biosystems analyzer. Finally, the 
16S rDNA sequencing for isolate P21 was submitted 
to the NCBI GenBank database and assigned an 
accession number (Kumar et al., 2016).

Phage enrichment, purification, and amplification
A phages was isolated from wastewater collected from 
Abo ELalazium Hospital, Cairo, Egypt. Initially, 
wastewater was mixed with culture of the Ps21 isolate 
and incubated at 37 C. .After 24 h of incubation, the 
sample was centrifuged at 4°C for 15 min at 5000 
rpm. Chloroform 1% was used to lyse the bacteria 
that contained the phages. Furthermore, to remove 
bacterial debris, the sample was filtered through 0.2 
μm syringe filters (Ismael et al., 2024). To determine 
the inhibition activity of the isolated phages against 
the selected bacterial host (Ps 21 strain), a spot assay 
was conducted on the lawn of the host strain. After 
incubation for 24 h, the phage’s lysis activity was 
assessed depending on its apparent clarity. To purify 
the phage, the clear lysis plaques were cut off from the 
agar using a micropipette tip and placed in sterile SM 
buffer (pH 7.5). The isolated phage was centrifuged at 
7000 rpm and 4°C for 15 min. Following performing 
a ten-fold serial dilution, the supernatant was spotted 
onto the new lawn of the host strain Ps 21. The 
purification methods were performed six times to 
verify high purity of the phage (Echeverría-Vega et 
al., 2019). Phage amplification was performed in a 
broth culture of TSB, followed by cold centrifugation 
at 5000 rpm for 15 min, and finally collection of the 
supernatant was performed. The phage quantity was 
determined by conducting a ten-fold serial dilution 
and applying 10 μL of every dilution on a new lawn of 
the host strain Ps 21. The isolated phage was preserved 
in SM buffer at pH 7.5 (Fayez et al., 2023).

Morphological characterization of the phage using 
transmission electron microscopy (TEM)
The morphology of the Seudomonas phage was studied 

via transmission electron microscopy (TEM) ( JOEL-
JEM- 1010 electron microscope operated at 80 KV, 
Japan) One drop of the isolated phage suspension 
(1010 pfu/ml) was placed on a copper grid coated with 
200 mesh carbons, and allowed for absorption for 
about 20 min. before an extra liquid was eliminated 
using a filter paper. The grid was stained with 2% 
uranyl acetate (pH 4.5) for 90 sec, allowed to dry, and 
analyzed using a JOEL-JEM-1010 TEM at 80 KV 
(Liu et al., 2022).

Host range determination
To assess the phage host range, 35 P. aeruginosa 
bacterial isolates were evaluated using the spot testing 
approach described by Kutter (2009). Briefly, 100 µl 
of freshly prepared bacterial culture were added to 
a tube containing 4 ml semi-solid tryptic soya agar 
medium. Tube contents were poured into a plate of 
tryptic soya agar medium. One drop (10 µl) of the 
phage was spotted onto the surface of bacterial lawns. 
Following an overnight incubation, the plates were 
studied, and the plaques were evaluated based on 
their apparent clarity. 

Relative efficiency of plating (EOP)
The efficiency-of-plating method (EOP) was applied 
to further assess phage efficacy against P. aeruginosa 
host strains. In brief, a phage stock was tenfold diluted 
(101 to 108). 10 µl of each dilution were spotted in 
triplicate on a new lawn of each sensitive bacterial 
isolate identified using the host range assay. Following 
an overnight incubation, each bacterial isolate’s 
average plaque-forming unit (PFU) was calculated 
(Kutter, 2009). The relative EOP was determined by 
dividing the average PFU count of the phage on each 
bacterial host by the highest PFU value measured. The 
EOP value was classed into four groups; mainly “Low 
production” if the ratio was between 0.001 and 0.1, 
“Medium production” if the EOP was 0.1 or higher 
but less than 0.5, and “High production” if the ratio 
was 0.5 or higher. An EOP equal to or less than 0.001 
was deemed inefficient (Mirzaei and Nilsson, 2015).

Optimal multiplicity of infection (MOI) assay 
Multiplicity of infection (MOI) is defined as the 
number of viral particles/ number of host cells. To 
calculate it, the total number of used infectious viral 
particles was divided by the total number of bacterial 
cells in a culture. P. aeruginosa was grown overnight in 
fresh TSB and mixed with the stock phage at various 
MOI ratios including 0.001, 0.01, 0.1, 1.0, 10, and 
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100. The mixtures were shaker incubated at 120 rpm 
for 5 h at 37 °C. After incubation, the phage samples 
were centrifuged at 6000 rpm for 20 min at 4 °C. The 
supernatants were filtered using 0.22 μm membranes. 
The phage titer in the resulting supernatant was 
determined with a double-layer agar plate technique. 
In this technique decimal dilutions of the phage lysate 
were performed using saline solution as diluent from 
10-1 to 10-10, then 100 µL of each dilution of phage 
were added to 100 µL of the host culture in a tube 
containing 4 ml of melted semi-solid tryptic soya 
agar. The mixture was poured onto a plate containing 
the base layer of TSA and incubated for 24 h at 37ºC. 
The presence of plaques was detected after incubation 
of the plates. Plaques were counted and titer of phage 
was recorded as plaque forming units/ ml (PFU/ml) 
as the following: Titer = number of plaques × dilution 
factor × 100)/ volume plated (µL) (Zaki et al., 2023). 
The optimal MOI was that yielded the highest final 
phage count (PFU/mL) (Liu et al., 2024).

Adsorption assay 
An adsorption assay was used to determine how long 
it took the Pseudomonas phage to cling to the bacterial 
host. In a tube, 10 ml of P. aeruginosa at MOI 0.01 were 
mixed with 100 µl of Pseudomonas phage solution. An 
aliquot (100 μL) was withdrawn at 0, 2, 3, 5, 7, 10, 
12, and 14 min intervals and centrifuged for 1 min. at 
10,000 rpm. Afterward, ten-fold serial dilutions were 
applied and the phage was detected on double-layer 
agar containing the host bacteria (Rombouts et al., 
2016).

One-step growth curve 
The phages’ burst sizes and latent periods were 
assessed using a one-step growth assay, as reported by 
Merabishvili et al. (2014), with slight modifications. 
At an MOI of 0.1, the phage and P. aeruginosa were 
incubated at 37 °C and shaken at 150 rpm. A sample 
(1 ml) was withdrawn every 5 min for more than 1 
h. Afterward, the mixture was titrated every 5 min 
using a double-layer agar plate. The latent period was 
evaluated as the duration of time after infection where 
additional phage progenies particles were developed. 
The relative burst size was estimated as the ratio of 
the titer of released virions at plateau to the initial 
virions titer (Zaki et al., 2023).

Phage physicochemical and storage stability 
The stability of the Pseudomonas phage was examined 
by subjecting the phage suspensions to various 

environmental conditions and evaluating residual 
phage titers via spotting on double-layer agar plates 
containing the host bacterium. First, the phage was 
exposed to different temperatures of 4, 25, 37, 40, 50, 
60, 70, 80, and 90 oC for 1 h each. Second, its stability 
was tested through subjecting it to a pH ranging 
from 3 to 12 for 1 h each. Finally, the phage was also 
subjected to UV radiation at durations of 0, 15, 30, 
45, and 60 min using a disinfectant UV lamp (~260 
nm) (Kropinski et al., 2009). For six months, RM_Ps3 
phage was stored at -20, 4, and 28 °C in SM buffer. 
When the phage was held at −20 °C, glycerol (30%) 
was added to the phage as a protectant. The double-
layer agar method was used to measure the phage titer 
each month (Xu et al., 2023). Three duplicate of each 
experiment were conducted.

In vitro antibacterial activity of Pseudomonas phage 
Pseudomonas phage at various MOIs (i.e., 0.001, 
0.001, 0.01, 0.1, 1, 10, and 100) was grown with 
the host bacterium (Ps 21) to determine the phage’s 
ability to eliminate bacterial growth in vitro. In a 
96-well microplate, 180 μl of bacterial suspension 
(106 CFU/mL) were combined with 20 μl of phage 
at different titers (104 to 109 PFU/mL) to obtain 
different MOIs of 0.001, 0.001, 0.01, 0.1, 1, 10, and 
100. The microplate was incubated at 37 °C, and data 
was collected using a microplate reader (FLUOstar 
Omega, BMG LABTECH, Ortenberg, Germany) 
at 600 nm every 30 min. for 9 h (Chen et al., 2018). 
Untreated bacterium was used as control. The 
percentage of OD600 reduction after 9 h of incubation 
was estimated using the following formula reported 
by Abdelrahman et al. (2025): 

Percentage (%) of in vitro reduction = ΔOD600 of treated 
sample/ the control ’s starting OD600 ×100

Bacteriophage potency against bacterial biofilm’s 
production
At various MOIs (i.e., 100, 10, 1, 0.1, 0.01, and 
0.001), the phage’s anti-biofilm activity was assessed 
for two distinct phenotypes: (i) biofilm formation 
inhibition and (ii) biofilm clearing. With a few minor 
adjustments, the 96-well microtiter plate was used 
for biofilm formation, staining, and quantification. 
Approximately, 180 μL of the bacterial strain Ps21 
suspension (106 CFU/mL) were inoculated into 
the plate. An untreated culture served as a negative 
control (Merritt et al., 2011).
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Biofilm formation inhibition assay
The antibiofilm ability of the phage was evaluated 
with various multiplicities of infections (0.001 to 
100) with a total volume of 20 μl of a phage. From the 
beginning of the experiment, a bacterial culture was 
exposed to phage infection. They further incubated 
for 48 h at 37°C without shaking before being stained 
with crystal violet. Every MOI was assessed in six 
replicate (Merritt et al., 2011). 

Biofilm clearance assay
The biofilm clearing process was the same procedure 
as the inhibition biofilm formation assay, with the 
difference of allowing all cultured bacteria to produce 
mature biofilms in the wells for 48 h. The different 
MOIs of the phage were subsequently introduced to 
the plate’s wells, which contained the bacterial culture, 
and incubated for another 24 h at 37°C. The culture 
medium and planktonic bacteria were disposed of and 
then the plate was washed with distilled water. After 
drying and dumping the plate, 150 μL of newly made 
0.1% crystal violet (CV) were used to dye the adhering 
biofilms. Plates were cleaned again and allowed to 
dry at room temperature, with any extra crystal violet 
disposed of. Then, 150 μL of 30% acetic acid solution 
were used to dissolve those pigmented biofilms. The 
optical density was determined by measuring the 
absorption of solubilized dyed biofilm formed at 595 
nm using the FLUOstar Omega Microplate reader 

(BMG LABTECH, Germany) (Zaki et al., 2023). 
The percentage (%) of inhibition and eradication 
was calculated according to the following equation 
(Kamer et al., 2023): 

Percentage of inhibition/ Eradication (%) = [(ODUntreated 
− ODTreated)/ ODUntreated] × 100 

Statistical analysis 
Three duplicate of each experiment were conducted, 
and the mean±standard deviation (SD) was used to 
express the results. The software GraphPad Prism 
10.5.0 was used for data analysis and graph generation 
using one-way ANOVA.

Results

Identification of the clinical isolates
This investigation comprised 35 P. aeruginosa isolates 
that were obtained from 47 different clinical samples, 
such as swabs from wound infections (14 isolates), 
blood (10 isolates), urine (7 isolates), and sputum (4 
isolates). The obtained clinical isolates displayed pink 
colonies on MacConkey agar as shown in Figure 
1A, and bright blue-green coloration on cetrimide 
agar (Figure 1B). The biochemical Vitek-2 method 
confirmed their identity as P. aeruginosa with 99% 
confidence.

Figure 1: Phenotypic morphology of P. aeruginosa isolates grown on (A) MacConkey agar; (B) Cetrimide agar after 
24 h of incubation at 37 oC.



December 2025 | Volume 9 | Issue 6 | Page 492

Novel Research in Microbiology Journal
Phenotypic and genotypic resistance patterns of P. 
aeruginosa isolates
A Vitek-2 device was utilized to assess the 
susceptibility profile of P. aeruginosa strains against 
several antibiotics. CLSI standards were followed 
for the interpretation of the results. Different drugs 
showed different sensitivity responses against 
P. aeruginosa isolates. The data indicated that 
meropenem, imipenem, and ticarcillin-clavulanate 
were inefficient (0% inhibition) over all tested 
isolates. However, the isolates showed resistance to 
tobramycin and ceftazidime (94% each), piperacillin-
tazobactam (86%), gentamicin and ticarcillin (80%), 
piperacillin (71%), ciprofloxacin (67%) cefepime 
(66%), amikacin (51%). On the other hand, all isolates 
of P. aeruginosa were sensitive to colistin (100%). 
The obtained results of bacterial susceptibility to 
various antibiotics (13 items) revealed that all isolates 
exhibited multiple-drugresistance (MDR). Individual 
bacterial isolates MDR calculations showed that P. 
aeruginosa Ps21 had the highest MDR value (0.94). 
The study area was categorized as a potentially 

health-risk environment revealed by obtaining MDR 
index values above 0.25, as shown in Figure 2. Hence, 
Ps21 isolate; a carbapenem-resistant representative 
isolate, was selected for resistance genes detection. 
The Biofire Film Array Panel was used to examine 
the clinical blood sample of isolate Ps21, allowing 
for quick detection of the of antimicrobial resistance 
genes. According to the obtained results, the selected 
P. aeruginosa isolate (Ps21) carried the blaNDM 
gene, which was considered as a sign of resistance to 
carbapenem antibiotic.

Evaluation of the biofilm development by isolates of P. 
aeruginosa
Pseudomonas aeruginosa isolates’ ability to form 
biofilms was evaluated spectrophotometrically using 
the crystal violet assay. According to their capacity 
to form biofilms, the isolated bacteria were divided 
into three groups (Figure 2): Strong biofilm-formers 
(60 %), moderate biofilm-formers (20 %), and weak 
biofilm-formers (20 %).

Figure 2: A heatmap of the antimicrobial profile of the P. aeruginosa isolates against 13 antibiotics; where resistant is 
indicated in red color, intermediate in light green, and sensitive in dark green. Biofilm formation are indicated (strong 
formation indicated in red, moderate in light green, and weak in dark green) and MAR index values. 
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Figure 3: Isolation of bacteriophage. (A) Clear lytic zones on bacterial lawn observed using spot test of phage lysate from 
sewage. (B) Plaque morphology of isolated phage using double layer agar plate. (C) Transmission electron microscope 
(TEM) images of RM_Ps3 phage (Phage particles were negatively stained with 2% phosphotungstic acid. Scale bar 
= 100 nm).

Molecular identification of the selected P. aeruginosa 
strain
The representative isolate (P. aeruginosa, Ps 21) was 
selected for further identification via 16 S rRNA 
gene amplification and sequencing. After PCR 
amplification, 2% agarose gel electrophoresis was 
performed which yielded a single, unique fragment 
with a molecular weight of 1166 bp. An accession 
number of PV094177 was assigned to the nucleotide 
sequences after being uploaded on the NCBI 
GenBank database in the United States. 

Phage morphological characterization by TEM
Using the spot assay, the P. aeruginosa phage RM_Ps3 
created a clear lytic zone on the bacterial lawn (Figure 
3A), and the double layer agar approach produced 1 
mm-diameter circular plaques (Figure 3B). According 
to the TEM image, the RM_Ps3 phage was closely 
linked to phages of the Podoviral morphotype in the 
order Caudovirales, with a short, non-contractile tail 
length of 17.8 nm, and an icosahedral head diameter 
of 60 nm (Figure 3C).

Estimating the phage host range and relative plating 
efficiency
Clear zones; a sign of bacterial lysis, were observed in 
the spotting region of Phage RM_Ps3 against various 
antibiotic-resistant bacterial strains. Of the 35 P. 
aeruginosa isolates that were examined, 30 were lysed 
by phage RM_Ps3. According to the obtained data, 
phage RM_Ps3 expressed lytic activity against 86% of 
the tested clinical isolates of P. aeruginosa, indicating 

a broad host range (Figure 4A). Relative EOP 
analysis was used to further assess the lytic capacity 
and pathogenicity of phage RM_Ps3 (Figure 4B). 
The indicator host used for determining the relative 
EOP was the selected bacterial isolate Ps21, since 
it produced the highest phage titer. 6 strains out of 
30 P. aeruginosa isolates that were antibiotic sensitive 
had high EOP, 19 isolates had medium EOP, and 5 
isolates had low EOP.

The one-step growth curve, adsorption rate, and optimal 
MOI
The ideal MOI test’s results, which involved infection 
with P. aeruginosa at different MOIs, indicated that 
the maximal phage titer (1010 PFU/mL) was achieved 
successfully at an MOI of 1. After that, phages 
with MOIs of 0.1, 0.01, and 0.001 exerted greater 
efficacy compared to those with MOIs of 10 and 100 
(Figure 5A). A line graph showing the percentage of 
unadsorbed phages over a certain period of time was 
created from the obtained results of the adsorption 
rate assay. The phages were completely adsorbed by P. 
aeruginosa around 10 min. after treatment, suggesting 
a rapid rate of adsorption (Figure 5B). The one-step 
growth test conducted at MOI 0.1 was used to measure 
the latent time and burst size. The latent period was 
around 15 min., according to the curve. It took 25 
min. to complete the process from adsorption to the 
release, because the preparation required 10 min. as 
well. Moreover, Figure 5C demonstrates that for 
every bacterial cell, the burst size was approximately 
300 phages.
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Figure 4: Heatmap of host range and EOP for different P. aeruginosa isolates tested against Pseudomonas phage 
(A) The host range results are represent by green for lysed bacteria and red for resistant bacteria. (B) The EOP values 
represented as green (≥ 1), red (≥ 0.001 and < 1), and orange (< 0.001).

Figure 5: The activity of a Pseudomonas RM_Ps3 phage against the host bacterium. (A): The phage titer after 5 h of 
incubation with different MOIs, (B): The adsorption curve demonstrating the adsorption percentage over time, and 
(C): The one-step growth curve of the phage.

Phage’s physical and storage stability
Through observation of the changes in phage titer 
during incubation at several temperatures, the thermal 
stability of RM_Ps3 was evaluated. According to 
the findings, the phage RM_Ps3 tolerated a broad 
range of temperatures. The isolated phage slightly 

decreased (P < 0.05) its titer at a temperature of 60 °C. 
However, Figure 6A illustrates that the phage titer was 
considerably reduced (P < 0.0001) when the RM_Ps3 
phage was incubated at higher temperatures such as 
70, 80, 90, and 100 °C. The ideal pH stability range 
for phage RM_Ps3 was 3.0–12.0, where it preserved 
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an outstanding activity without lowering the phage 
titer. But when subjected to severe pH value of 12.0, 
it stopped working (Figure 6B). When exposed to 
UV light, the phage titer progressively dropped (P < 
0.0001) over duration of 45 min. After 15 min, there 
was a 3 log10 PFU/mL drop, and after 30 min, there 
was another 3 log10 PFU/mL drop. Finally at 45 min, 
there was a total inactivation (P < 0.0001) (Figure 6C). 
For six month, the phage was kept at -20, 4, and 28 oC 
and its titer was checked each month. Phage titer that 
was kept in SM buffer at 4°C did not decrease over 
the course of six month, while these kept in glycerol 
30% at -20°C was slightly decreased. In contrast, phage 
titer kept in SM buffer at 28°C rapidly decreased with 
time demonstrating that 4oC was an appropriate 
temperature for RM_Ps3 phage storage (Figure 6D).

Antibacterial activity
The optical density (OD 600) of the untreated bacteria 

increased, while the phage RM_Ps3 was cultured 
coupled with its host over various MOIs (100, 10, 1, 
0.1, 0.01, and 0.001) within the first 7 h exhibited 
almost no change in OD value. Following this, the 
OD of the bacteria treated with different MOIs 
rose again, but more than that of the bacteria treated 
with a low MOI. The bacteria treated with MOI 100 
displayed the greatest rise, whereas those bacteria 
treated with MOI 1 expressed the least increase. This 
showed that the RM_Ps3 phage effectively controlled 
the growth of its host at various MOIs as shown in 
Figure 7A. The percentage of OD reduction after 9 h 
of incubation was calculated (Figure 7B). The results 
obtained showed that all MOIs considerably reduced 
(P < 0.0001) bacterial growth, compared to untreated 
bacteria. Phage with MOI values of 10, 1, 0.1, and 0.01 
represented the most effective MOI in preventing 
bacterial growth (i.e., no discernible turbidity) during 
the incubation period, as shown in Figure 7C.

Figure 6: Phage stability at different ranges of temperatures (A), pH (B), UV exposure (C), and storage stability 
of phages at -20, 4 and 28 °C within 6 month (D). PFU: Plaque forming unit. Data is displayed as mean ± SD. 
Statistically significant differences are marked by asterisks, where **indicates (P < 0.05), ****indicates (P < 0.0001), 
and ns indicates non-significant difference (P ≥ 0.05).
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Figure 7: Kinetics of the RM_Ps3 phage interaction against P. aeruginosa P21 at 37 °C. The bacterial growth (OD600) 
of untreated P. aeruginosa (control) and bacteria treated with phage RM_Ps3 at various MOIs (0.001, 0.01, 0.1, 1, 
10, and 100) over a 9-h period is displayed in (A) time-killing curve. (B) The percentage decrease in OD600 for bacteria 
treated with phage RM_Ps3 at various MOIs following 9 h of incubation. (C) The 96- well plate showing different 
MOIs that prevented the detection of bacterial growth, compared to the control. Data is displayed as mean ± SD. The 
data is statistically significant considering P < 0.0001 (****).

Figure 8: Antibiofilm activity of RM_Ps3 phage against P. aerugionosa P21. (A): Phage inhibition of biofilms 
formation at different MOIs after 48 h of incubation in 96-well plates. (B): Phage degradation of mature biofilms at 
different MOIs after 72 h of incubation in in 96-well plates. Data is displayed as mean ± SD.

Antibiofilm potential (inhibition and clearance) 
Phage RM_Ps3’s antibiofilm activity was evaluated 
via experiments carried out at a variety of MOIs. 
Evaluations were made of both, removal of a biofilm 
and inhibition of biofilm development. A calculation 
of the percentage (%) of inhibition revealed that the 
highest percentage (96%) was detected at an MOI of 
1, followed by 95% at an MOI of 0.1, 94% at an MOI 

of 0.01, 93% at an MOI of 0.001, and 92% at an MOI 
of 10. The lowest percentage of 87% was detected 
at an MOI of 100. Bacterial biofilm growth was 
appreciably reduced at all evaluated MOIs following 
48 h incubation, compared to the untreated culture 
(Figure 8A). The results of calculating the percentage 
(%) of eradication showed that the highest percentage 
(92%) was detected at an MOI of 1, followed by 90% 
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at an MOI of 0.1, 85% at an MOI of 0.01, 84% at an 
MOI of 0.001, and 82% at an MOI of 10. The lowest 
percentage (80%) was detected at an MOI of 100. 
At MOI 1, the strongest antibiofilm was detected. 
The efficacy of phage RM_Ps3’s invasion was 
demonstrated by evaluating its capacity to degrade 
mature biofilm. A mature biofilm treated with various 
MOIs was successfully broken up after 48 h for all 
treated cultures, as demonstrated by the fact that their 
ODs were much lower than those of the untreated 
mature biofilms (Figure 8B). The best antibiofilm 
potential was demonstrated by phage RM_Ps3 at 1 
MOI, where it destroyed the mature biofilms and 
prevented the formation of new biofilms. 

Discussion 

Pseudomonas aeruginosa; an antibiotic-resistant 
bacterium belonging to the ESKAPE group is a major 
threat to world health and is the causative agent of the 
majority of severe infections, including pneumonia, 
lung and urinary tract infections (Litwin et al., 2021). 
These were attributed to the widespread usage of 
antibiotics and the continuing rise of antibiotic 
resistance. Therefore, finding alternate antibacterial 
methods is crucial. Phage therapy is showing promise 
as a treatment option. Despite being utilized almost 
a century ago, phage therapy lost its attraction as 
treatments with antibiotics are widely available. 
However, phage therapy has regained international 
attention due to the present challenge of the rise in 
antibiotic resistance Pires et al. (2017).

Initially, P. aeruginosa isolates resistant to carbapenem 
were isolated to check for phage susceptibility. 
Finding MDR P. aeruginosa isolates was fortunately 
not difficult. Next, the RM_Ps3 phage was selected, 
described, and its lytic efficiency against P. aeruginosa 
isolates that were resistant to carbapenem was 
evaluated. Using the Vitek 2 approach, 31 isolates 
of P. aeruginosa were identified, which were collected 
from Egyptian hospitalized individuals. Following 
that, the Vitek 2 AST system was utilized to test for 
antibiotic sensitivity of these isolates using 13 distinct 
antibiotics. All the tested isolates showed phenotypic 
resistance to carbapenems. Compared to earlier studies 
conducted in Egypt by Khalifa et al. (2019), Abdelaziz 
et al. (2021), this rate was alarmingly higher. Since 
carbapenem is mostly used as a last resort to treat multi-
drug resistant infections; thus, resistance to antibiotics 
is a serious problem. These obtained results are in line 

with the results reported by Afify et al. (2024) who 
found that 98.2% of the examined isolates exhibited 
phenotypic resistance to carbapenems. With a MAR 
index > 0.62, each bacterial isolate displayed a highly 
resistant phenotype. According to the isolates’ MAR 
indices, they were collected from locations where 
resistant bacteria were highly prevalent, potentially 
because of antibiotic abuse. They displayed resistance 
to remarkable antibiotic classes in their antimicrobial 
profiles. Worldwide, nosocomial diseases were linked 
to P. aeruginosa which rapidly developed antibiotic 
resistance through several pathways (Davis and 
Brown, 2016). By employing a Bio fire film array, a 
genotypic screening for the genes that encode for 
carbapenemase was additionally conducted. The 
results obtained showed the presence of blaNDM 
gene. This result is consistent with a study conducted 
in Egypt by Basha et al. (2020), which revealed that 
the most common carbapenemase-encoding gene 
among the carbapenem resistant P. aeruginosa was 
blaNDM.

Additionally, biofilm are believed to have a key role 
in preventing patient’s recovery resulting in chronic 
infections. The prevention of chronic and persistent 
infections depends on the identification of biofilms 
formation and the assessment of therapeutic activity 
of the various medications (Kırmusaoğlu, 2016). 
The quantitative microtiter plate (MTP) method 
was employed in this study to detect the formation 
of biofilms, and the obtained results showed that 
all isolates generated biofilms with varying degrees. 
Strong biofilms were formed by about 60% of the 
analyzed P. aeruginosa isolates, moderate biofilms 
by 20%, and weak biofilms by 20%. These findings 
are consistent with those of Hemmati et al. (2024), 
who reported that 99.0% of P. aeruginosa isolates 
were found to be biofilm producers, where 46.2% 
of these isolates with MDR patterns were strong 
producers, while 34.9% and 17.9% had moderate and 
weak biofilm patterns, respectively. According to a 
previous study, biofilm formation is one of the factors 
contributing to P. aeruginosa infection recurrence, 
which may pose serious treatment difficulties for 
hospitalized patients (Qin et al., 2022). So, phage 
therapy is used as alternative therapeutic agent to 
treat these infections caused by carbapenem-resistant 
P. aeruginosa (Chegini et al., 2020). Ps21 isolate was 
selected for phage isolation and additional studies 
since it generated the strongest biofilms formation 
ability with the highest recorded MAR index value. 
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According to the antibiotic profile and biofilm 
formation, the representative isolate, Ps21, was 
further identified by amplifying and sequencing of its 
16S rRNA gene. The nucleotide sequence assigned an 
accession number of PV094177 to this isolate upon 
being uploaded to the NCBI GenBank database in 
the Unitd States.

Hence, phage therapy could represent a viable 
substitute approach to manage the problematic rise 
in P. aeruginosa antibiotic resistance. Bacteriophages 
are considered to be safer, better tolerated, and 
not harmful to mammalian cells, compared to the 
antibiotics (Kakasis and Panitsa, 2019). Additionally, 
there is no need to administer phage dosages 
repeatedly as the case with antibiotics. After just one 
dosage of phages, auto “dosing” causes a considerable 
rise in phage concentration at the infection site, 
leading to increased bacterial death (Abedon and 
Thomas-Abedon, 2010).

Numerous studies indicated that the best sites for 
phage isolation, which impact harmful bacteria are 
wastewater sources (Alharbi and Ziadi, 2021; Aghaee 
et al., 2021; Marashi et al., 2022). Finding the right 
locations for phage isolation will increase their cost-
effectiveness by decreasing time. In this investigation, 
particular phages of the host strain were isolated from 
the hospital wastewater source associated with the 
host strain.

In the present work, TEM results demonstrated 
that RM_Ps3 phage had a short, non-contractile 
tail and an icosahedral head. It belonged to the 
podoviral morphotype within the Caudovirales order. 
In accordance with our results, the podoviral and 
myoviral morphotype phages have been proven to 
be crucial and are strongly recommended for phage 
therapy (Alemayehu et al., 2012).

According to Fong et al. (2021), the host range and 
EOP evaluation outcomes are crucial factors that 
must be taken into consideration during the selection 
of bacteriophages for therapeutic applications. With 
a wide host range, the phage RM_Ps3 was able to 
lyse 30 of the tested 35 (86%) P. aeruginosa isolates 
Traditional antibiotics used to treat P. aeruginosa 
infections were not effective against the majority of 
these strains. However, broad host range phages are 
recognized as be more effective for biocontrol and 
preferred for therapeutic usage in phage therapy 

(Venkataraman et al., 2025).
 
Upon using phage therapy, the burst size and latent 
duration should be prioritized. Phages that have big 
burst sizes and short latent periods are frequently 
better for lysing bacteria (Zhu et al., 2025). In this 
study, RM_Ps3 showed both a short adsorption rate 
and a short latent duration. For each infected cell, 
the RM_Ps3 phage displayed a huge burst size of 
about 300 PFU. This is consistent with the findings 
obtained by Wannasrichan et al. (2022), which 
demonstrated that Phage JJ01 needed at least 10 min. 
for 90% of its particles to be adsorbed to the host cells 
and had a latent period of 30 min. inside the host 
cell for multiplication. The bursting size of JJ01 was 
comparatively large. According to this study analysis, 
the optimal MOI needed for phage amplification was 
1, in accordance with Wei et al. (2025) findings, which 
revealed that the maximum titer of phage HJ01 was 
released at a MOI of 1, suggesting that this was the 
optimum MOI for phage HJ01.

Phage RM_Ps3 also expressed greater stability 
throughout a broad range of pH, UV, and 
temperature. It is essential to evaluate the stability 
of a phage under different pH and temperature 
ranges to provide information about its application 
and storage. For therapeutic uses, phages should be 
strong in extreme environments to withstand the 
unfavorable environmental changes (Akremi et al. 
2022). The obtained results are in agreement with 
those of Zhang et al. (2024), who isolated two phages 
that show good resistance to temperature and acidic/
alkaline conditions, beneficial for their use and storage. 
Additionally, our study showed that the RM_Ps3 
phage when exposed to UV light gradually becomes 
inactive, reaching full inactivation within 45 minutes. 
These results are consistent with those of a prior study 
conducted by Mohamed et al. (2025), revealing that 
phage vB_Ps_ZCPS13 became totally inactive after 
45 minutes of UV exposure.

One of the most important factors in turning 
biopharmaceuticals into commercial medicinal 
products is long-term storage stability, because the 
company incurs more costs when phage products need 
to be refreshed frequently (Dini and de Urraza, 2013). 
This study demonstrated that RM_Ps3 phage in SM 
buffer maintained its titer without changing for 6 
month at 4 °C. These findings are consistent with 
those of Xu et al. (2023), who found that phage titers 
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varied between 1 × 1010 PFU/ml and 5 × 1010 PFU/
ml but did not decrease within 12 months when the 
phage was stored in SM buffer at 4 °C, suggesting 
that 4 °C was an appropriate temperature for phage 
storage. But within a year at 28 °C, the phage titers 
drastically decreased by more than eight orders of 
magnitude, making the phage useless.

The therapeutic efficacy of phage RM_Ps3 was 
assessed by incubating it with the host bacterium at 
various multiplicities of infections (MOIs). During 
the first 7 h of the experiment, all MOIs displayed 
greater effectiveness against the tested bacteria, 
compared to the untreated ones, which proliferated 
steadily. Beginning at the 7 h mark; however, a minor 
rise in OD was noted in the treated groups, where 
bacteria treated at MOI of 0.001 and 100 showed an 
increase in OD towards the end of the experiment. 
According to Caflisch and Patel (2019), a phage is the 
only antibacterial agent that can proliferate over time 
using a bacterial host, and low MOI causes a slight 
increase in bacterial growth in contrast to higher 
MOI. This is attributed to the fact that a phage with 
a high MOI can identify and eradicate the bacteria 
more quickly than one with a low MOI. In this study, 
the MOIs 0.01, 0.1, 1 and 10 eventually destroyed the 
bacteria more successfully than MOIs 0.001 and 100.

According to Tian et al. (2021), biofilms are crucial 
to bacterial pathogenesis and contribute to infection 
persistence and increased antibiotic resistance. 
Bacteriophages have shown promise in eliminating P. 
aeruginosa biofilms (Singh et al., 2025). According to the 
current results, RM_Ps3 exhibited strong antibiofilm 
activity against P. aeruginosa, demonstrating its possible 
use in the management of Pseudomonas infections. 
Bacteriophages may have antibiofilm function as they 
produce phage enzymes that break down extracellular 
matrix polymers like proteins and polysaccharides 
(Tian et al., 2021). Bacteriophages have the ability 
to encode polysaccharide depolymerase, selectively 
breaking down macromolecular carbohydrates on the 
bacterial membrane (Islam et al., 2024). Similar to this, 
bacteriophages generate endolysins that hydrolyze 
bacterial peptidoglycan, preventing the production 
of cell walls (Liu et al., 2023). Bacteriophages may 
also generate enzymes that prevent P. aeruginosa from 
sensing quorum, preventing the creation of biofilms. 
It’s interesting to note that lytic phages persist in 
their lytic activity against persister cells in biofilms, 
characterized by low metabolic activity (Chegini et 

al., 2020). By the end, it appears that bacteriophages 
are a good choice for combating persistent biofilms. 
The RM_Ps3 phage’s capacity to both stop the 
formation of biofilms and disintegrate those that have 
already been developed suggested that it may be used 
as a treatment to stop this kind of infection linked 
to biofilm formation. After an incubation period, 
bacterial biofilm development was remarkably lower at 
all assessed MOIs, compared to the untreated culture. 
These results are consistent with those of Mohamed 
et al. (2025), who found that phage vB_Ps_ZCPS13 
appreciably reduced biofilm development for all tested 
MOI doses. The antibiofilm activity of phage RM_
Ps3 is linked to a previous study, which revealed that 
phages can interfere with the initial stages of biofilm 
formation through interfering with bacterial adhesion 
or synthesis of enzymes that act on the extracellular 
matrix of a biofilm (Santiago and Donlan, 2020). 
This confirmed the successful application of RM_Ps3 
phage in management of biofilm infections caused by 
P. aeruginosa.

Conclusions and Recommendations

This work revealed that phage RM_Ps3 can 
potentially be used as antibacterial and antibiofilm 
agent for treatment of MDR P. aeruginosa, 
particularly those infections linked to biofilms 
formation. The phage showed strong lytic efficacy 
versus 86% of the pathogenic strains examined and 
displayed considerable effectiveness in preventing and 
eliminating biofilms. In vitro, this study exhibited 
strong phage therapeutic activity throughout a broad 
spectrum of MOIs, showing the greatest efficiency at 
lower MOIs. Additionally, the phage displayed strong 
stability to a range of unfavorable environmental 
conditions, where it retained its efficacy despite 
exposure to varying pH and temperature levels. 
These results revealed that RM_Ps3 can be applied 
as an alternative for other medication in controlling 
carbapenem resistant P. aeruginosa. We recommend 
conductance of more research studies on phage 
genome sequencing and cocktailing of this phage 
with other phages to achieve its successful treatment 
approaches on a wide-range of MDR- P. aeruginosa.
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