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Abstract: The inadequate therapeutic opportunities associated with carbapenem-resistant Pseudo-
monas aeruginosa (CRPA) clinical isolates impose a search for innovative strategies. Therefore, our 
study aimed to characterize and evaluate two locally isolated phages formulated in a hydrogel, both 
in vitro and in vivo, against CRPA clinical isolates. The two phages were characterized by genomic, 
microscopic, phenotypic characterization, genomic analysis, in vitro and in vivo analysis in a Pseu-
domonas aeruginosa-infected skin thermal injury rat model. The two siphoviruses belong to class 
Caudovirectes and were named vB_Pae_SMP1 and vB_Pae_SMP5. Each phage had an icosahedral 
head of 60 ± 5 nm and a flexible, non-contractile tail of 170 ± 5 nm long, while vB_Pae_SMP5 had an 
additional base plate containing a 35 nm fiber observed at the end of the tail. The hydrogel was 
prepared by mixing 5% w/v carboxymethylcellulose (CMC) into the CRPA propagated phage lysate 
containing phage titer 108 PFU/mL, pH of 7.7, and a spreadability coefficient of 25. The groups were 
treated with either Phage vB_Pae_SMP1, vB_Pae_SMP5, or a two-phage cocktail hydrogel cellular 
subepidermal granulation tissues with abundant records of fibroblastic activity and mixed inflam-
matory cell infiltrates and showed 17.2%, 25.8%, and 22.2% records of dermal mature collagen fi-
bers, respectively. In conclusion, phage vB_Pae_SMP1 or vB_Pae_SMP5, or the two-phage cocktails 
formulated as hydrogels, were able to manage the infection of CRPA in burn wounds, and pro-
moted healing at the injury site, as evidenced by the histopathological examination, as well as a 
decrease in animal mortality rate. Therefore, these phage formulae can be considered promising for 
clinical investigation in humans for the management of CRPA-associated skin infections. 
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1. Introduction 
Gram-negative bacterial infections present significant treatment challenges in clinical 

settings, imposing limited therapeutic options [1–3]. Although many Gram-negative bac-
teria are clinically significant, Pseudomonas (P.) aeruginosa is one of the most common 
healthcare-associated pathogens and is considered a major threat by the Centers for Dis-
ease Control [3]. Approximately 51,000 healthcare-associated infections (HAIs) were 
caused by the opportunistic pathogen P. aeruginosa each year in the United States (USA) 
from 2011 to 2014 [3]. P. aeruginosa ranked third among Gram-negative causes of selected 
HAIs reported to the National Healthcare Safety Network (NHSN) [1–3]. 
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P. aeruginosa infections are frequently associated with pneumonia, bloodstream, uri-
nary tract, and surgical site infections, as well as significant morbidity and mortality rates. 
They are often difficult to treat due to their intrinsic resistance to many commonly used 
antimicrobial drugs. Accordingly, carbapenems have emerged and have been widely used 
as crucial antimicrobial agents for the clinical treatment of severe P. aeruginosa infections. 
As a result, an increasing problem of carbapenem resistance has been reported, consider-
ing that carbapenem antibiotics are thought to be the final line of defense against ex-
tremely severe multidrug-resistant infections [3–7]. 

Carbapenem-resistant P. aeruginosa (CRPA) can contribute to an increase in mortal-
ity, prolonged hospital stays, and other issues, including rising medical expenditures [8]. 
In rare situations, the only antibiotic that is still effective is colistin. However, colistin’s 
therapeutic usage has been constrained by both nephrotoxicity and neurotoxicity [9], and 
that colistin-resistant strains have also been reported [9–11]. With treatment failures 
emerging in tandem with rising antibiotic resistance worldwide, interest in new treatment 
options against CRPA infections has been evoked. One of the most popular alternative 
treatment options in studies is bacteriophage therapy [12,13]. 

Phage therapy is known as the direct application of lytic phages to a patient, targeting 
a lysing bacterial pathogen causing a clinically relevant infection [14]. Lytic bacterio-
phages are used to treat infections such as upper respiratory tract, abscesses, burns, and 
wound infections [15]. In addition, bacteriophages offer several benefits, including the 
ability to combat bacterial biofilms and protect the natural microbiota. They are also non-
toxic, inexpensive, and easy to obtain, and hence, they are one of the most promising al-
ternative options in the treatment of such infections [16]. 

Although several studies have been carried out to test the lytic activity of various 
bacteriophages either alone as phage lysates or as cocktails against clinically relevant 
pathogens including P. aeruginosa, they are mostly limited to in vitro examination, and 
only a few studies have recently been conducted in vivo [17–21]. In addition, till now no 
studies were conducted for pharmaceutical preparation and in vivo evaluation of suitable 
topical preparations containing these biologically active phage lysates. Therefore, in this 
study, two newly isolated bacteriophages with lytic activity have been evaluated both in 
vitro and preclinically, either as lysates or as hydrogel formulae, against a CRPA clinical 
isolate that was recovered from severely burned infected patient and showed extensively 
resistant (XDR) phenotype. 

2. Materials and Methods 
2.1. Clinical Bacterial Isolates: Collection, Identification, and Antimicrobial Susceptibility 
Testing 

Three P. aeruginosa clinical isolates were recovered from discharged unidentified 
wound exudates of patients who had been admitted to the El-Demerdash Tertiary Care 
Hospital, Cairo, Egypt. Based on the hospital records, the respective samples were col-
lected from unidentified patients suffering from severe burn infections as a routine 
checkup for culture and sensitivity. The protocol of this study was approved by the Fac-
ulty of Pharmacy Ain Shams University Research Ethics Committee (Number, ACUC-FP-
ASU RHDIRB2020110301 REC# 41 in September 2021). Using Bergey’s manual of deter-
minative bacteriology, isolates were identified macroscopically, microscopically, and bio-
chemically [22]. In addition, bacterial identification was confirmed using the VITEK2 au-
tomated system [23]. The isolates were also assessed for their pattern of susceptibility to 
amikacin (AK), aztreonam (AT), ciprofloxacin (CIP), levofloxacin (LEV), imipenem (IMP), 
and meropenem (MRP) using the Kirby-Bauer disk diffusion according to CLSI guidelines 
[24]. The isolates exhibiting the multidrug-resistant (MDR) and XDR phenotypes were 
defined using previously reported international standard criteria [25]. The XDR isolates 
that showed a resistance pattern to any of the carbapenems tested were potentially 
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identified as carbapenem-resistant and were chosen to test their MIC against imipenem 
using the CLSI broth microdilution method according to CLSI guidelines, 2021 [24]. 

2.2. Phenotypic and Genotypic Detection of Carbapenemase Producers (CPs) 
The carbapenemase producer isolates were detected using different phenotypic tests, 

including the modified carbapenem inactivation method (mCIM), combined disk test 
(CDT), and blue-Carba test (BCT). The genomic DNA from the phenotypically confirmed 
XDR CP isolates was isolated using the genomic DNA purification kit (Thermo Fisher 
Scientific, Massachusetts, USA) and was utilized as a template for PCR to test for the five 
major carbapenemase genes, including blaKPC, gene coding for Klebsiella pneumoniae car-
bapenemases (KPC); blaNDM, a gene coded for New Delhi metallo-β-lactamase (NDM); 
imipenem-resistant Pseudomonas-type carbapenemases (IMP); blaVIM, a gene coded for Ve-
rona integron-encoded metallo-β-lactamase (VIM); and blaOXA-48, oxacillinase (OXA-48-
like) types as previously described [26]. 

2.3. Bacteriophage Recovery from Sewage Samples 
2.3.1. Isolation of P. aeruginosa-Specific Bacteriophages 

The samples were collected from the sewage sources of the specialized Ain Shams 
University Hospitals, in Cairo, Egypt. The sewage sources of the respective specimens 
were selected based on the probability of incorporating P. aeruginosa and, consequently, 
bacteriophages specific against it [27]. All samples were kept at 4 °C until processing and 
were handled based on their apparent clarity [19]. Samples that were visibly clear were 
used as-is, while Wetted cotton and filter paper were used to thoroughly filter turbid sam-
ples [19]. For further processing, only the clear supernatant was preserved. For the isola-
tion of bacteriophages, CRPA isolates served as the bacterial hosts. A loopful of each bac-
terial isolate cultivated on a nutrient agar plate was inoculated into tryptic soy broth (TSB) 
and incubated for 6–7 h in a 37 °C, 180 rpm shaking water bath. The suspension of each 
bacterial isolate was utilized when heavily turbid, with an optical density identical to a 
bacterial count of 109 CFU/mL [28]. For isolation of the phage, a double-strength broth 
(TSB) was prepared, with 50 µL of 1 M Ca and 25 µL of 0.5 M Mg added in particular [29]. 
A suspension containing the bacterial host inoculum, the environmental sample, and the 
isolation medium with a proportion of 1:1:10, respectively, was incubated overnight at 28 
°C and 180 rpm [30]. The following day, the co-culture was centrifuged for 20 min at 6000 
rpm. The supernatant was agitated vigorously for five minutes after the addition of chlo-
roform with a ratio of 1:10 [19]. The suspensions were allowed to separate for 4–6 h at 4 
°C, and the supernatant that formed on top of a plug-like sediment was collected and re-
centrifuged under the same circumstances. The collected lysates were stored at 4 °C [30]. 

2.3.2. Screening for Lytic Activity against CRPA in the Acquired Lysates 
A spot test was used to qualitatively screen for anti-CRPA bacteriophages in the fresh 

lysates. The procedure was carried out in accordance with Adams’ original description of 
the method [31]. The presence of phages active against CRPA was indicated by the pres-
ence of clear inhibition spots [31]. The quantitative plaque assay was next performed on 
the lysates that had positive spot test results using the standard double agar overlay 
(DAO) method [32]. Plaques were examined and counted the following day. The follow-
ing equation was used to calculate the phage titer [33]: 

Phage titer in plaque-forming unit per ml (PFU∕mL) = number of plaques∕volume of lysate infected × dilution factor 
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2.3.3. Phage Propagation 
The same isolation procedure was repeated three times, but each time an aliquot of 

the obtained crude phage lysate was used instead of the starting sewage sample. Essen-
tially, propagation was done frequently to maintain a sizable stock of high-titer phage 
suspensions [19,34]. 

2.4. Characterization of the Isolated Bacteriophages Showing Lytic Activities against CRPA 
2.4.1. Host Range 

The host range was determined as previously reported [35]. The selected lysates 
showing positive spot test results were tested for lytic activity against the remaining three 
CRPA isolates and some other clinically relevant pathogens, including three Klebsiella 
pneumoniae, six Acinetobacter baumannii, and two Escherichia coli clinical isolates that were 
previously collected and identified in our previous study [26]. 

2.4.2. Morphology of the Isolated Bacteriophages Showing Lytic Activities against CRPA 
For microscopical examination, a concentrated phage suspension of each of the cho-

sen lysates was centrifuged twice at 10,000 rpm for 25 min and was then filtered through 
a sterile syringe filter (0.22 mm). After that, 20-mL samples were prepared as instructed 
by Kalatzis et al. and examined via a transmission electron microscope (TEM; version 
JEOL_JEM_1400 Electron Microscope Nieuw-Vennep, Tokyo, Japan) performed at Cairo 
University Research Park, Faculty of Agriculture, Cairo, Egypt. 

2.4.3. Molecular Analysis of the Bacteriophage 
The bacteriophage lysate was sequenced in an Illumina MiSeq instrument (Illumina, 

La Jolla, CA, USA), and the library was prepared by the Nextera XT DNA Library prepa-
ration kit (San Diego, CA ,USA).   The sequence reads were uploaded into the PATRIC 
BRC [36] website (now renamed to BV-BRC, URL: https://www.bv-brc.org/, accessed on 
23 October 2022) and analyzed through the metagenomics binning pipeline, which uses 
the BV-BRC database for extraction and annotation of both bacterial and viral genomes 
from sequence reads [37]. Briefly, reads are assembled by the most optimal assembly tool 
on the BV-BRC server (either MetaSPAdes or MEGAHIT). The produced assembled con-
tigs are further annotated on PATRIC by the default RAST algorithm [38]. The phage ge-
nome was reannotated on the RAST server (https://rast.nmpdr.org, accessed on 23 Octo-
ber 2022) by the RASTtk pipeline, following the customized phage annotation pipeline 
[39]. The annotation of every protein-coding gene was further checked and confirmed by 
BLASTP searches against the NCBI NR database, filtered for viruses [40] then by PFAM 
searches in the case of hypothetical proteins. Curated annotations was generated from the 
consensus of RAST, PATRIC, and BLAST hits. The creation of the circular image and com-
parison with other reported similar plasmids were performed using the BLAST Ring Im-
age Generator (BRIG) tool v0.95 (https://sourceforge.net/projects/brig/, accessed on 25 Oc-
tober 2022) [41]. 

2.5. Formulation of Bacteriophage-Carboxymethyl Cellulose (CMC) Hydrogel 
The hydrogel was prepared by mixing 5% w/v CMC (El Nasr Pharmaceutical Chem-

icals Co. (ADWIC), Cairo, Egypt) in the CRPA propagated phage lysate containing phage 
titer 108 PFU/mL (tested hydrogel). To ensure the formation of a homogeneous hydrogel, 
CMC was added in portions by sprinkling CMC powder with constant stirring [18]. An-
other 5% w/v CMC in sterile distilled water was formulated as a negative control (control 
hydrogel). The hydrogel was prepared with a pH of 7.7 and a spreadability coefficient of 
25 measured, as previously reported [42]. 
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2.6. In Vitro Anti-CRPA Activity of the Tested Hydrogels 
The anti-CRPA activity of the tested hydrogels was evaluated with the cup-plate 

method using Mueller–Hinton agar plates. The CRPA isolate was seeded into a sterilized 
growth medium, which was then transferred aseptically into Mueller-Hinton agar plates 
to form a double-layer plate [43]. After complete solidification, a sterile cork-borer with a 
5 mm diameter was used to make the cups. After that, the prepared cups were filled with 
the same volume (about 200 µL) of each of the propagated phage lysates alone (positive 
control), tested hydrogels and control hydrogel (negative-control) separately, and then 
incubated at 37 °C for 24 h. The antimicrobial activity was determined by the presence or 
absence of a zone of inhibition around the cups [43]. 

2.7. Preclinical Evaluation of the Formulated Tested Hydrogels 
2.7.1. Laboratory Animals 

Throughout the experiment, female Wistar rats weighing approximately 110–120 g 
were used. All animals were housed in open cages and fed an antibiotic-free diet consist-
ing mainly of 20% protein, 6.5% ash, 5% fiber, and 3.5% fat, with free access to water. They 
were kept on an alternating 12 h light-dark cycle and a constant temperature of 25 °C 
adjusted by air conditioning. Animals were maintained in accordance with the Care and 
Use of Laboratory Animals recommendations and ARRIVE guidelines (https://ar-
riveguidelines.org) (accessed on 23 October 2022) after the study was approved by the 
Faculty of Pharmacy Ain Shams University Ethics Committee Number, ACUC-FP-ASU 
RHDIRB2020110301 REC# 41. 

2.7.2. Thermal Injury Model 
The thermal injury model was performed according to Sakr et al. [18] with a minor 

modification using a rectangular metal bar (2×2 cm and 1 mm thickness) to induce burns 
in the backs. The examined animal groups were divided into six control and three test 
groups, five rats each, as follows: 
Group I: Control, Burned, non-infected, untreated. 
Group II: Control, burned, infected, untreated. 
Group III: Control, Burned, infected, treated with vehicle (control hydrogel). 
Group IV: Burned, infected, treated with tested hydrogel-1 (phage vB_Pae_SMP1) 
Group V: Burned, infected, treated with tested hydrogel-2 (phage P5). 
Group VI: Burned, infected, treated with phage cocktail hydrogel (Phage vB_Pae_SMP1 + 
phage P5). 
Group VII: Positive Control, burned, infected, treated with Silver sulfadiazine 1% (Silvir-
burn®, MUP Co, Cairo, Egypt). 
Group VIII: Positive Control, burned, infected, treated with Collagenase 0.6 IU (Iruxol ®, 
Abbott Co., Wiesbaden, Germany). 
Group IX: Normal Control, intact, non-infected, untreated. 

2.7.3. Treatment 
The first application of the tested formulae to the burned skin was at 2 h post-infec-

tion. On the infected burn, a weight of approximately 1 g of hydrogel was applied topi-
cally. The administration of treatment was applied twice daily for 14 days. The survival 
rate of animals was recorded three days post-infection. Dead animals were eliminated 
from the groups and were only considered when calculating mortality rates. Before the 
surviving animals were sacrificed, blood was aseptically withdrawn from the retro-orbital 
plexus after lidocaine (4%) local anesthesia [44] and analyzed for bacterial counts, as de-
tailed below. The animals were euthanized by cervical dislocation, and the dorsal skin at 
the site of the wound was also removed immediately after the animals were sacrificed for 
histopathological examination [18]. 
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2.7.4. Histopathological Examination 
For histopathological examination, dorsal skin samples were flushed and fixed in 

10% neutral-buffered formalin for 72 h, dehydrated in serial ascending grades of ethanol, 
cleared in xylene, and then infiltrated with a synthetic paraplast tissue embedding me-
dium [45]. Using a rotatory microtome, 5µn thick tissue sections were made at the middle 
zones of various wound samples to show the different skin layers and then stained with 
hematoxylin and eosin using standard procedures. In a blind manner, tissues were exam-
ined for histopathological changes and, additionally, the content of collagen fibers was 
quantitatively analyzed by Assistant Professor Dr. Mohamed Abdelrazik, Cytology and 
Histology Department, Veterinary Medicine, Cairo University, using Masson’s trichrome 
stain. In this process, 6 non-overlapping fields were arbitrarily chosen and scanned from 
the dermal layers of each sample to determine the relative area percentage of collagen 
fibers in the Masson’s trichrome-stained sections in accordance with Almukainzi et al. 
[46]. All standard procedures for sample fixation and staining were carried out as previ-
ously reported [47]. 

2.8. Statistical Analysis 
To calculate p-values and standard deviation, data were analyzed using a one-way 

ANOVA test using GraphPad Instat-3 software (Graph Pad Software Inc., San Diego, Cal-
ifornia, USA). Results were displayed as corresponding average values ± Standard devia-
tion. 

3. Results 
3.1. Identification, Antimicrobial Susceptibility, Phenotypic and Genotypic Analysis of the 
Recovered P. aeruginosa Isolates 

The three isolates were identified as P. aeruginosa PA1, PA2, and PA3, respectively. 
As shown in Table 1, the susceptibility pattern demonstrated that all the isolates exhibited 
resistance to all the tested antimicrobial agents, including imipenem and meropenem; 
therefore, they were categorized as CRPA isolates. The MIC of the three CRPA isolates 
against imipenem, as well as the phenotypic tests and the detected carbapenemase genes, 
are shown in Table 1. 

Table 1. Summary for susceptibility pattern, MIC, phenotypic and genotypic detection of CPs P. 
aeruginosa isolates. 

Isolate 
Code 

Susceptibility Pattern MIC of IMP 
(μg /mL) 

Phenotypic Tests Carbapenemase 
Genes AK AT CIP LEV IMP MER CDT mCIM BCT 

CRPA1 R R R R R R >1024 - - + blaKPC 
CRPA2 R R R R R R >512 - + + blaOXA-48 
CRPA3 R R R R R R 32 - + + blaOXA-48 

Ak, amikacin; AT, aztreonam; CIP, ciprofloxacin; LEV, levofloxacin, IMP, imipenem; MER, mero-
penem; MIC, minimum inhibitory concentration; blaKPC, gene coded for Klebsiella pneumoniae 
carbapenemase (group A beta-lactamase); blaOXA-48, gene coded for oxacillinase (group D Beta-
lactamase), modified carbapenem inactivation method (mCIM), combined disk test (CDT), and 
blue-Carba test (BCT). 

3.2. Recovery of Bacteriophages and Screening for the Activity against CRPA 
Screening 15 sewage samples showed that only two samples (namely, vB_Pae_SMP1 

and P5) had a positive spot test against CRPA and, therefore, were chosen for further 
study. Plaque assay results showed that all lysates had relatively reproducible, high initial 
titers (>108 PFU∕mL) (Figure S1). The resulting plaques were clear, circular with regular 
edges, small (2–5 mm), and encircled by halos (Figure S2). 
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3.3. Characterization of the Isolated Bacteriophages Showing Lytic Activities against CRPA 
3.3.1. Host Range 

The vB_Pae_SMP1 lysate was relatively active against CRPA2 and CRPA3 isolates, 
and the vB_Pae_SMP5 lysate was active against CRPA1 and CRPA2 isolates (Table 2). The 
two lysates were chosen with isolate CRPA2 for further studies (Figure S3), while none of 
the two phage lysates showed lytic activity against any of the remaining 11 clinically rel-
evant Gram-negative pathogens. 

Table 2. Host range of the lytic properties of phages vB_Pae_SMP1 and vB_Pae_SMP5. 

Isolate Code Microorganism 
Spot Test 

Lysate 
vB_Pae_SMP1  

Lysate 
vB_Pae_SMP5  

CRPA1 P. aeruginosa - + 
CRPA2 P. aeruginosa + + 
CRPA3 P. aeruginosa + - 

3.3.2. Morphology of the Bacteriophages vB_Pae_SMP1 and vB_Pae_SMP5 as Presented 
by TEM 

Phage vB_Pae_SMP1 and vB_Pae_SMP5 each has an icosahedral head of 60 ± 5 nm 
and a flexible non-contractile tail of 170 ± 5 nm long, while vB_Pae_SMP5 has an addi-
tional base plate containing a 35 nm fiber observed at the end of the tail (Figure 1a,b). By 
matching these observations to the data on the “Viral Zone” website along with the guide-
lines provided by the International Committee on Virus Taxonomy (ICTV), it could be 
suggested that both phages vB_Pae_SMP1 and vB_Pae_SMP5 fall into the siphoviral mor-
photype (formerly family Siphoviridae) of the class Caudoviricetes (formerly order Cau-
dovirales); however, Phage vB_Pae_SMP5 has features of members of the genus Sep-
timatrevirus (currently a genus under Caudoviricetes, with no assigned family yet). 

 
(a) (b) 
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Figure 1. Electron micrograph of bacteriophages; (a) vB_Pae_SMP1, 60 ± 5 nm icosahedral head, 
flexible non-contractile tail 170 ± 5 nm long, (b) vB_Pae_SMP5, with an additional base plate con-
taining 35 nm fiber at the end of the tail. 

3.3.3. Phage Lysate Sequencing Results a Complete Genome of Phage vB_Pae_SMP5 
High-throughput sequencing of the lysate of phage vB_Pae_SMP5 using the Illumina 

MiSeq instrument yielded a consensus sequence of 43,070 bp (in one full contig) with 57 
protein-coding genes. The full description of putative functions of the resulting open read-
ing frames (ORFs) are shown in Table S1. BLASTN [40] alignment showed that the taxon-
omy of this phage was Viruses; Duplodnaviria; Heunggongvirae; Uroviricota; Caudoviri-
cetes; Septimatrevirus with an alignment score >200 and 98.0% identity. The genomic and 
phenotypic characteristics of phage vB_Pae_SMP5 are displayed in Table 3. The genomic 
analysis of phage vB_Pae_SMP1 is undergoing. The circular genome map of 
vB_Pae_SMP5 is depicted in Figure 2. The genomic sequence of phage vB_Pae_SMP5 has 
been deposited in the NIH-funded BV-BRC database, and the BV-BRC accession is 
2731619.92 (https://www.bv-brc.org/view/Genome/2731619.92; accessed on 10 December 
2022). 

Table 3. Genomic and phenotypic characterization of the phage vB_Pae_SMP5. 

Parameters Phage vB_Pae_SMP5 
Molecular type Genomic DNA 
Genomic size (bp) 43070 bp 
Proteins/ORFs 57 (46 coded by + frames and 11 coded by - frames) 
Isolation Source sewage 
Host XDR Pseudomonas aeruginosa clinical isolates CRPA1 and CRPA2 
Class Caudoviricetes 

Family 
Currently unassigned (formerly Siphoviridae, suggested Sep-
timatreviridae) 

Genus  Septimatrevirus 
Species unclassified 



Viruses 2022, 14, 2760 9 of 21 
 

 

 
Figure 2. Circular genome map of vB_Pae_SMP5 (Red ring). The BV-BRC accession is 2731619.92. 
The color coding of genes indicates the functional categories of putative proteins: phage and hypo-
thetical proteins (Black), terminase protein (orange); phage helicase (fuchsia); regulatory protein 
(purple); phage endolysin (olive); Phage polymerase (blue); exonuclease (Gray); blue ring is the ref-
erence phage Pseudomonas phage vB_PaeS_SCUT-S4 (NCBI nucleotide accession code MK165658.1). 
The creation of the circular image and comparison with other reported similar plasmids were per-
formed using the BLAST Ring Image Generator (BRIG) tool v0.95 (https://sourceforge.net/pro-
jects/brig/, accessed on 25 October 2022). 
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3.4. In Vitro Anti-CRPA Activity of the Tested Hydrogels 
Inhibition zones were observed around the cups containing either phage 

vB_Pae_SMP1 or vB_Pae_SMP5 lysate (positive control) and around the cups containing 
either the tested hydrogel of phage vB_Pae_SMP1 or phage vB_Pae_SMP5 (Figure S4), 
while no inhibition zone was detected around the cups containing the control hydrogel 
(negative control). 

3.5. In Vivo Anti-CRPA Activity of the Formulated Tested Hydrogels 
3.5.1. Survival Rate 

The survival rate of the tested rats for each of the examined groups, calculated until 
day 14, is tabulated in Table 4. 

Table 4. Percentage of Survival rate of the examined rats. 

Group Description Rats Survival % 
I Normal Control, intact, non-infected, untreated  100 
II Control, Burned, non-infected, untreated 80 
III Control, burned, infected, untreated 40 
IV Control, Burned, infected, treated with control hydrogel 60 
V Burned, infected, treated with Phage 1 hydrogel 100 
VI Burned, infected, treated with phage 5 hydrogel 100 

VII burned, infected, treated with phage cocktail hydrogel 
(vB_Pae_SMP1 + vB_Pae_SMP5) 

100 

VIII Positive Control, burned, infected, treated with Silverburn® 100 
IX Positive Control, burned, infected, treated with Iruxol® 100 

3.5.2. Histopathological Examination 
Microscopical examination for different skin samples demonstrated the following: 

group I revealed normal histological structures of different skin layers, including an ap-
parent intact thin epidermal layer with intact covering epithelium, as well as an intact 
dermal layer (Figure 3A,B). It also showed normally distributed collagen fibers (Figure 
3A) up to 32.1% of the mean area percentage of the dermal layer content, as shown in 
Masson’s trichrome-stained tissue sections of all the samples (Figure 4) (Figure 3A,B). The 
group II samples (burned, non-infected, untreated) showed a wide area of wound gap, 
covered with scabs from a necrotic tissue depress with a significant loss and necrosis of 
the underlying dermal layer, replaced with newly formed granulation tissue with abun-
dant inflammatory cell infiltrates, fibroblastic proliferation, as well as many congested 
subcutaneous blood vessels (BVs) (Figure 3C,D). This group also displayed minimal rec-
ords of mature collagen fibers (Figure 4B) up to 10.38% of the mean area percentage of the 
dermal layer content (Figure 5). Group III (burned, infected, untreated) demonstrated al-
most the same records as the group II samples, with even more severe records of mixed 
inflammatory cell infiltrates in dermal and subcutaneous tissue, as well as focal dermal 
hemorrhagic patches (Figure 3E,F). This group also showed more minimal records of ma-
ture collagen fibers (Figure 4C), up to 8.75% of the mean area percentage of the dermal 
layer content (Figure 5). Group IV (burned, infected, treated with control hydrogel) 
demonstrated almost the same records as group II (Figure 3G,H), also with minimal rec-
ords of mature collagen fibers (Figure 4D) up to 10.22% of the mean area percentage of 
the dermal layer content (Figure 5). Group V (burned, infected, treated with Phage 1 hy-
drogel) showed persistent records of ulcerated wound gap with epidermal loss and ne-
crotic tissue depression. However, highly cellular subepidermal granulation tissues were 
observed with abundant records of fibroblastic activity, and mixed inflammatory cell in-
filtrates (Figure 3I,J). The group also showed mildly higher records of dermal mature 
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collagen fibers (Figure 4E) up to 17.2% of the mean area percentage of the dermal layer 
content (almost twofold more when compared to Group III Control samples) (Figure 5). 

The group VI samples (burned, infected, treated with phage 5 hydrogel) showed per-
sistent records of an ulcerated wound gap with epidermal loss and a necrotic tissue de-
pression with moderate persistent records of inflammatory cell infiltrates in deep dermal 
and subcutaneous layers (Figure 3K,L). However, significant acceleration in dermal ma-
ture collagen fiber formation (Figure 4F) up to 25.8% of the mean area percentage of the 
dermal layer content was shown (almost threefold more when compared to the Group III 
Control samples) (Figure 5). The group VII samples (burned, infected, treated with phage 
cocktail hydrogel (vB_Pae_SMP1 + vB_Pae_SMP5) showed a significantly accelerated 
wound gap closure with a complete re-epithelialization with a thick hyperkeratotic epi-
dermal layer. In addition, there was a significant reduction in inflammatory cell infiltrates 
with a higher fibroblastic activity (Figure 3M,N) and a moderate maturation of dermal 
collagen fibers (Figure 4G) up to 22.2% of the mean area percentage of the dermal layer 
content (almost 2.5-fold higher when compared to Group III Control samples) (Figure 5) 
just like the positive control group VIII. 

However, the group VIII positive control samples (burned, infected, treated with Sil-
verburn®) showed almost the same records as the Group VII samples (Figure 3O,P) as well 
as a moderate maturation in dermal collagen fibers (Figure 4H) up to 22% of the mean 
area percentage of the dermal layer content (Figure 5). However, group IX, the positive 
control (burned, infected, treated with Iruxol®), showed persistent records of a narrow 
ulcerated wound gap covered with a scab of a necrotic tissue depress with occasional rec-
ords of subepidermal hemorrhagic patches and a significant reduction in inflammatory 
cell infiltrates in dermal and subcutaneous layers (Figure 3Q,R) with a moderate matura-
tion in dermal collagen fibers (Figure 4I) up to 20.6% of the mean area percentage of the 
dermal layer content (Figure 5). 

  
Figure 3. Demonstrating the light microscopic histopathological features of skin layers and wound 
healing process in different groups; (A,B): group I, (C,D): group II, (E,F): group III, (G,H): group IV, 
(I,J): group V, (K,L): group VI, (M,N): group VII (O,P): group VIII, (Q,R): group IX. Group codes 
are shown in Table 4. (H&E stain). Black arrow: Epidermal layer & wound gap. Star: intact skin 
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dermis. Red arrow: Inflammatory cell infiltrates. Red star: congested subcutaneous blood vessels. 
Blue arrow: Dermal mature collagen fibers. Yellow star: dermal hemorrhagic patches. 

 
Figure 4. Dermal collagen fibers of different experimental groups; (A), dermal collagen fibers of 
normal health tissue group I; (B), group II, (C), group III, (D): group IV, (E), group V, (F), group VI; 
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(G), group VII; (H), group VIII; (I), group IX, Group codes are shown in Table 4. (Masson’s Trichome 
stain). 

 
Figure 5. Mean area % of collagen fibers, data presented as mean positive or negative SE, n = 6. Star: 
significant difference. 

4. Discussion 
CRPA has emerged as a serious pathogen on a global scale due to its limited treat-

ment options and, therefore, is placed in the priority 1-critical category of the World 
Health Organization’s global priority pathogens for research and development of novel 
antimicrobials [48]. Accordingly, this situation has encouraged a reconsideration of bac-
teriophage therapy as a possible promising treatment option. In fact, several studies have 
reported a sporadic rise in the use of antibacterial phage therapy over the course of the 
past century [49–51]. Additionally, there are some advantages that make phage therapy 
stand out, including the high host specificity, specific reproduction at the site of infection, 
the eligibility of single or rare administration, and the benefit of being effective against 
other pan-drug resistant bacteria [52]. 

Despite studies demonstrating the clinical effectiveness of phages, further research is 
still needed in this field due to the information gap regarding the in vivo studies. As a 
result, our study aimed to test the lytic activity of two novel isolated bacteriophages for-
mulated as hydrogels to combat CRPA-infected burns using an appropriate skin animal 
model. This was accomplished by isolating three clinical P. aeruginosa from a third-degree 
burned patient who is experiencing severe complications and rejection in responding to 
several antimicrobial agents employed in treatment. The antibiogram analysis showed 
that the respective isolates had a high level of resistance to several antimicrobial agents, 
including carbapenems, in addition to the MIC of all isolates revealing that they are all 
carbapenem-resistant and hence classified as CR-XDR isolates [25]. Therefore, these iso-
lates can undoubtedly cause life-threatening conditions for patients as their colonization 
of a burn wound frequently results in a disseminated infection and occasionally septic 
shock and mortality. Accordingly, early disclosure of the widespread dissemination of 
CRPA with devastating effects within clinical settings is vital for the prompt implemen-
tation of infection control measures [53]. 

CRPA, a perturbing carbapenem-resistant pathogen, was selected as the bacterial 
host for the purpose of isolating phages active against carbapenem-resistant organisms 
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[12,13,53]. Three CRPA isolates were collected from different clinical specimens. They 
were resistant to all the antibiotics tested, including imipenem and meropenem. The iso-
lation of the bacteriophage was performed by incubating a freshly grown bacterial host 
with an environmental sample. Then the bacterial cells were removed, and the suspension 
was purified using centrifugation and chloroform treatment. For this purpose, 15 envi-
ronmental samples were collected from a hospital sewage source. Only two lysates con-
tinued to produce positive results, suggesting sewage was an outstanding source for 
phage isolation against P. aeruginosa [54,55]. 

Over the course of time, sewage was believed to be an important reservoir of bacte-
riophages infecting P. aeruginosa [54]. The plaque assay offers information on a specific 
lysate’s purity, as well as the count of viruses [32,56]. A single pure virus is present if it 
only manifests as one type of plaque with similar morphology, size, and shape, while the 
presence of multiple viruses is indicated if the plaque assay results in a variety of plaque 
forms with different characteristics. Additionally, the numbers for identical plaques are 
inserted into a mathematical formula that roughly predicts the count of viruses that were 
present in the original lysate in plaque-forming units per ml (PFU/mL) [32,57]. The two 
phage suspensions had initial titers that were relatively high and reproducible (>108 
PFU/mL). Plaque morphology may reveal the phage type. Lytic (virulent) phages typi-
cally have clear, transparent plaques, whereas phages with a lysogenic ability (temperate 
phages) have opaque, turbid ones [58]. Additionally, some phages produce plaques en-
circled by halos. Halos are attributed to the diffusion of bacteriophage depolymerase en-
zymes, which are primarily active against bacterial cell walls biofilms [59]. The 
vB_Pae_SMP1 and vB_Pae_SMP5 plaques were clear, circular, and had regular whole 
margins. They were also small (2–5 mm) in diameter, which indicated they were lytic [60]. 
Additionally, the plaques with halos surrounding them were seen to increase in size with 
increasing the incubation time or after being kept at room temperature for several days, 
suggesting an anti-biofilm activity. However, this requires additional testing against or-
ganisms that produce biofilms [61]. 

Normally, candidates for phage therapy are chosen using strict criteria, such as being 
obligate lytic, having a wide host range, and naturally having high stability [62]. As a 
result, it was important to investigate some of the phages’ primary characteristics. A bac-
teriophage’s host range is restricted to the genus, species, and strains of bacteria that it can 
infect [57]. This is undoubtedly essential when using a phage in therapy. As shown in the 
results, both vB_Pae_SMP1 and vB_Pae_SMP5 lysates were active against two out of the 
three tested XDR P. aeruginosa clinical isolates; however, none of the two lysates showed 
lytic activity against any of the remaining 11 clinically relevant Gram-negative pathogens, 
which suggested their restricted host range and specificity toward P. aeruginosa isolates. 
Therefore, the two lysates were chosen with isolate PA2 for further studies. A phage’s host 
range should be constrained to a single species to prevent it from attacking bacteria other 
than the disease-causing one, protecting the host’s microbiome. Therefore, a phage with a 
restricted host range is preferred in terms of species. However, a phage that infects many, 
if not all, strains within this species is advantageous. It suggests that it is suitable for an 
empirical application, just like broad-spectrum antibiotics [57]. Furthermore, the traditional 
phage isolation technique, which assigns just one host on which phages are supposed to 
grow, may contribute to their generally restricted host range [57,63,64]. 

The morphology of phage particles is primarily used for their typical classification. 
However, the discrepancies among numerous bacteriophage with similar morphology 
but divergent genomic content has led to recent proposals to cancel the traditional classi-
fication of having one bacteriophage order Caudovirales with three major families [65]. 
Currently, the class Caudoviricetes comprises tailed phage families, most famously the 
former families Myoviridae, Siphoviridae, and Podoviridae representing the different 
tailed morphotypes. Phages belonging to these morphotypes share icosahedral capsids 
with double-stranded (ds) DNA, but their tail shapes vary [66]. Transmission electron mi-
croscopy (TEM) examination is the most significant technique for phage visualization [67]. 
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vB_Pae_SMP1 and vB_Pae_SMP5 phage suspensions were introduced for TEM [28]. The 
morphological features of the vB_Pae_SMP1 and vB_Pae_SMP5 virus particles demon-
strated that they seemed to be tailed; hence, they are proposed to be members to class 
Caudoviricetes. They have an icosahedral head and lack connectors at the head-to-tail 
junction. However, vB_Pae_SMP5 had an extra base plate with a 35 nm fiber noticed at 
the end of the tail. These properties excluded the possibility of belonging to the former 
family Myoviridae [67]. They were marked with a long, flexible non-contractile tail (~170 
nm) and an icosahedral head, ~60 nm in diameter. It was suggested that the vB_Pae_SMP1 
most likely belong to the siphoviruses based on the morphological similarity to the de-
scriptions presented on the Viral Zone website (“Siphoviridae ViralZone”) and in accord-
ance with the guidelines compiled by the International Committee on the Taxonomy of 
Viruses (ICTV)—ninth report [68]. Phage vB_Pae_SMP5 was genotypically confirmed to 
belong to the class Caudoviricetes, genus Septimatrevirus, which is one of the newly estab-
lished genera with no assigned family yet, and we propose that it can be considered family 
Septimatreviridae. Genomic analysis of vB_Pae_SMP1 is undergoing. 

For testing the in vitro effect of the isolated phages formulated as hydrogels on a 
CRPA-infected burn, CMC was chosen for our hydrogel preparation. Cellulose is a widely 
available biopolymer with distinct properties, most importantly being that it is very wa-
ter-solublesoluble and forms superabsorbent hydrogels with excellent mechanical and viscoelas-
tic properties. Cross-linked CMC-based hydrogels have recently been researched as po-
tential dermal drug delivery systems for bacteriophages and antibiotics because of these 
features [69,70]. 

The anti-CRPA activity of the tested hydrogel was evaluated using the cup-plate 
method. The results showed the formation of inhibition zones around both the positive 
control cups containing either phage vB_Pae_SMP1 or vB_Pae_SMP5 lysates and around 
the cups containing either the tested hydrogel of phage vB_Pae_SMP1 or vB_Pae_SMP5 
while the negative control cups containing the CMC- hydrogel alone exhibited no inhibi-
tion zones indicating the benefit of CMC hydrogel as a vehicle for delivering the bacteri-
ophages vB_Pae_SMP1 and vB_Pae_SMP5 in a sustained manner [71]. 

To evaluate the ability of the bacteriophages formulated as hydrogels to alleviate the 
pathogenicity of such CRPA isolate (PA2), a thermal injury model was designed in rats 
infected with the CRPA isolate (PA2). Numerous studies in the literature applying super-
ficial skin infection in mice/rats have been reported [18,72,73]. The prepared bacterio-
phage-hydrogel was applied to the infected burn following the establishment of the infec-
tion. The calculated survival rates for the treated groups were compared to those of other 
control groups. Histopathological examination and the percentage of dermal collagen fi-
bers of the burned infected rat skin were determined as well [18]. Our study’s findings 
showed that the tested hydrogel containing the bacteriophages increased the survival rate, 
as all the animals given this tested hydrogel survived. These findings come in accordance 
with previous studies, which reported a higher survival rate after phage treatment com-
pared to the control [74–76]. This could be attributed to the beneficial topical use of the 
phages in reducing the number of bacteria in the wound and reducing their dissemination 
at the end of phage treatment, as previously reported [77]. Additionally, the results re-
vealed that rats treated with control hydrogel (the vehicle) without the bacteriophages 
had higher survival rates than the untreated rats. This could be due to the moisturizing 
properties of the hydrogel and its function as a physical barrier that shields the wound, 
as was mentioned in a previous study that discussed the benefits of hydrogels in wound 
care [78]. 

The histological examination of various wounded groups showed different degrees 
of tissue damage and healing processes. To ensure the reliability of the results and relate 
the healing activity entirely to bacteriophage, an additional control group (group IV), 
aside from the untreated group, was designed for our study. In this control group (Group 
IV), a hydrogel made solely from the vehicle without bacteriophage was topically applied 
to the infected burn, and the results were evaluated. In a similar manner, group II, which 
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had non-infected burns, was utilized to assess the damage produced by XDR P. aeruginosa 
infection in the other groups relative to this group. Moreover, another control group 
(group III) was designed in which XDR P. aeruginosa infection was induced to the burn 
and left untreated. This group was established to investigate the virulence and the prop-
erties of P. aeruginosa pathogenicity, assess its persistent inflammation that delays healing 
and boosts antimicrobial tolerance, and the efficacy of topical bacteriophages in the burn-
wound infection model, as previously reported [18,79]. Two groups were designed as pos-
itive controls to be used as references for comparing antibacterial activity and wound 
healing properties. In one positive control group (group VIII), the infected burn was 
treated with silver sulfadiazine, which is well-known for its antibacterial activity. Silver 
sulfadiazine is the topical treatment of choice in severe burns and is used almost globally 
today in preference to compounds such as silver nitrate and mafenide acetate [80]. In the 
other positive control group (group IX), the infected burn was treated with collagenase 
due to its wound-healing properties. 

Collagenase, a Clostridium histolyticum-derived enzyme debriding agent, is utilized 
in clinical practice to treat infected and surgical wounds [81]. Previous research has found 
that collagenase cleans the necrotic tissue of the wound using an enzymatic technique, 
accelerates the formation of granulation tissue and subsequent re-epithelialization, and 
increases the activation of fibroblasts, myofibroblasts, and collagen in rat dermal wounds 
[80]. Therefore, silver sulfadiazine and collagenase were used in our study as positive 
controls for the treatment of rat skin wounds, as reported in several studies [80,82,83]. Our 
results revealed that topical application of bacteriophage hydrogel in groups (V, VI, VII) 
showed a significant difference (p < 0.05) in suppressing local wound infection and pro-
moting skin regeneration, as well as higher records and significant acceleration of dermal 
mature collagen fiber formation compared to the control group III (burned, infected, un-
treated) indicating wound healing process. Thus, our results confirmed that phages could 
be promising in preventing wound-associated infections with P. aeruginosa [84]. Our find-
ings were in accordance with the study conducted by Mendes et al., which proved an 
epithelial gap reduction in wounds treated by phages infected by P. aeruginosa and, there-
fore, was proof that phages can enhance wound healing as well as combat the infection 
[85]. 

Several studies have reported that a topically administered bacteriophage treatment 
may be effective in resolving and healing chronic wound infections in animal models [86–
88]. Our findings revealed that the group treated with the phage cocktail (Group VII) 
showed more significant accelerated wound gap closure with complete re-epithelializa-
tion. The treatments also resulted in a significant reduction (p < 0.05) in inflammatory cell 
infiltrates with higher fibroblastic activity when compared to the other single phage-
treated groups (Group V and Group VI). This could suggest the synergistic activity of 
using the phage cocktail compared to using a single phage alone. Phage cocktails have the 
potential to target a wider variety of strain-specific microorganisms, and their use is con-
sidered a crucial strategy for limiting the development of bacterial resistance [84]. In fact, 
Pinto and his colleagues reported that after just a few hours of monophage therapy, sev-
eral resistant bacterial strains had emerged. When compared to monophage therapy, 
phage cocktails accelerate the rate of bacterial death and decrease the number of phage-
resistant bacterial mutants [89]. Additionally, a study performed on mice revealed that 
phage cocktails led to a significant decrease in wound bioburden, faster wound closure, 
and greater wound contraction. Furthermore, in vitro stability studies and in vivo phage 
titer determination have shown a correlation between better phage persistence at the 
wound site and liposomal entrapment of the phage cocktail [90]. 

5. Conclusions 
In this, study two lytic phages of the class Caudoviricetes, named VB_Pae_SMP1 and 

VB_Pae_SMP5, were isolated from sewage samples, purified and charcaterized. The lytic 
activities of the respective phages either each alone or as cocktail were evlauted both in 
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vitro and in vivo using XDR Pseudomonas aeruginosa-infected skin thermal injury rat 
model. The phae VB_Pae_SMP5 was genotypically confirmed to beloged the class Cau-
doviricetes; genus Septimatrevirus. Each of the phage lysate or the two-phage cocktail 
formulated as a hydrogel for topical treatment has the power to manage the infection of 
XDR CRPA in burn wounds and decrease the mortality rate of the tested rats. Addition-
ally, it encourages healing at the injury site, as evidenced by the histopathological exami-
nation where restored epithelium and activated fibroblasts were noticed. The two phages 
formulated hydrogels improved wound healing as well as mortality rates of the tested 
animals. Therefore, each of the phage lysate or the two-phage cocktail formulated as a 
hydrogel is a promising topical formula for future clinical use in burn wounds caused by 
severe CRPA infections. However, further clinical studies should be done to ensure suit-
ability of the respective phage hydrogels for clinical application in humans. 
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vB_Pae_SMP1 and vB_Pae_SMP5. Plaques are clear, regularly circular, small in size (diameter of 2–
5 mm), and halos are shown around the plaques; Figure S3: Spot test of phages vB_Pae_SMP1 and 
vB_Pae_SMP5 against Pseudomonas aeruginosa isolate showing clear spots and proving their lytic 
abilities. ; Figure S4: In vitro anti-CRPA activity of the tested hydrogels. Phage vB_Pae_SMP1 and 
vB_Pae_SMP5: Positive control. vB_Pae_SMP1 +CMC, vB_Pae_SMP5 +CMC: Tested hydrogels, C: 
negative control; Table S1: Genomic analysis (resulted contigs and putative functions of the resulted 
open reading frames) of the phage vB_Pae_SMP5. 

Author Contributions: Conceptualization, S.S.M., G.R.A., A.S.A.Z., R.K.A., and K.M.A. methodol-
ogy, S.S.M., G.R.A., A.S.A.Z., R.K.A., and K.M.A.; writing—original draft preparation, S.S.M., 
G.R.A., and A.S.A.Z. writing—review and editing, G.R.A., R.K.A., and K.M.A.; supervision, G.R.A., 
A.S.A.Z., and K.M.A. All authors have read and agreed to the published version of the manuscript. 

Funding: This research did not receive any grant from funding agencies in the public, commercial, 
or non-profit sectors. 

Institutional Review Board Statement: The protocol of this study was approved by the Faculty of 
Pharmacy Ain Shams University Research Ethics Committee (Number, ACUC-FP-ASU 
RHDIRB2020110301 REC# 41 in September 2021). 

Data Availability Statement: The data supporting reported results are found in the manuscript and 
supplementary file. The genomic sequence of phage vB_Pae_SMP5 has been deposited in the NIH-
funded BV-BRC database, and the genome will be publicly released upon manuscript publication. 
The BV-BRC accession is 2731619.92, and its link is https://www.bv-brc.org/view/Ge-
nome/2731619.92. (accessed on 10 December 2022). 

Acknowledgments: The authors acknowledge the Microbiology and Immunology Department, 
Faculty of Pharmacy, Ahram Canadian University (ACU), and Ain Shams University (ASU), Egypt, 
for providing all the required facilities and support for the accomplishment of this work. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Diekema, D.J.; Hsueh, P.-R.; Mendes, R.E.; Pfaller, M.A.; Rolston, K.V.; Sader, H.S.; Jones, R.N. The Microbiology of Bloodstream 

Infection: 20-Year Trends from the SENTRY Antimicrobial Surveillance Program. Antimicrob. Agents Chemother. 2019, 63, e00355-
19. 

2. Weiner, L.M.; Webb, A.K.; Limbago, B.; Dudeck, M.A.; Patel, J.; Kallen, A.J.; Edwards, J.R.; Sievert, D.M. Antimicrobial-Resistant 
Pathogens Associated with Healthcare-Associated Infections: Summary of Data Reported to the National Healthcare Safety 
Network at the Centers for Disease Control and Prevention, 2011–2014. Infect. Control Hosp. Epidemiol. 2016, 37, 1288–1301. 

3. Kadri, S.S. Key Takeaways from the US CDC’s 2019 Antibiotic Resistance Threats Report for Frontline Providers. Crit. Care Med. 
2020, 48, 939–945. 

4. Motbainor, H.; Bereded, F.; Mulu, W. Multi-Drug Resistance of Blood Stream, Urinary Tract and Surgical Site Nosocomial In-
fections of Acinetobacter Baumannii and Pseudomonas Aeruginosa among Patients Hospitalized at Felegehiwot Referral Hos-
pital, Northwest Ethiopia: A Cross-Sectional Study. BMC Infect. Dis. 2020, 20, 92. 

5. Nimer, N.A. Nosocomial Infection and Antibiotic-Resistant Threat in the Middle East. Infect. Drug Resist. 2022, 15, 631. 



Viruses 2022, 14, 2760 18 of 21 
 

 

6. Garg, A.; Garg, J.; Kumar, S.; Bhattacharya, A.; Agarwal, S.; Upadhyay, G.C. Molecular Epidemiology & Therapeutic Options 
of Carbapenem-Resistant Gram-Negative Bacteria. Indian J. Med. Res. 2019, 149, 285. 

7. Paul, M.; Carrara, E.; Retamar, P.; Tängdén, T.; Bitterman, R.; Bonomo, R.A.; De Waele, J.; Daikos, G.L.; Akova, M.; Harbarth, S. 
European Society of Clinical Microbiology and Infectious Diseases (ESCMID) Guidelines for the Treatment of Infections Caused 
by Multidrug-Resistant Gram-Negative Bacilli (Endorsed by European Society of Intensive Care Medicine). Clin. Microbiol. In-
fect. 2022, 28, 521–547. 

8. Zhen, X.; Stålsby Lundborg, C.; Sun, X.; Gu, S.; Dong, H. Clinical and Economic Burden of Carbapenem-Resistant Infection or 
Colonization Caused by Klebsiella Pneumoniae, Pseudomonas Aeruginosa, Acinetobacter Baumannii: A Multicenter Study in 
China. Antibiotics 2020, 9, 514. 

9. Azimi, L.; Lari, A.R. Colistin-Resistant Pseudomonas Aeruginosa Clinical Strains with Defective Biofilm Formation. GMS Hyg. 
Infect. Control 2019, 14, 1-6. https://doi.org/10.3205/dgkh000328. 

10. Erol, H.B.; Kaskatepe, B. Comparison of the in Vitro Efficacy of Commercial Bacteriophage Cocktails and Isolated Bacteriophage 
vB_Pa01 against Carbapenem Resistant Nosocomial Pseudomonas Aeruginosa. J. Res. Pharm. 2021, 25, 407–414. 

11. Jahangiri, A.; Neshani, A.; Mirhosseini, S.A.; Ghazvini, K.; Zare, H.; Sedighian, H. Synergistic Effect of Two Antimicrobial Pep-
tides, Nisin and P10 with Conventional Antibiotics against Extensively Drug-Resistant Acinetobacter Baumannii and Colistin-
Resistant Pseudomonas Aeruginosa Isolates. Microb. Pathog. 2021, 150, 104700. 

12. Broncano-Lavado, A.; Santamaría-Corral, G.; Esteban, J.; García-Quintanilla, M. Advances in Bacteriophage Therapy against 
Relevant Multidrug-Resistant Pathogens. Antibiotics 2021, 10, 672. 

13. Chen, P.; Liu, Z.; Tan, X.; Wang, H.; Liang, Y.; Kong, Y.; Sun, W.; Sun, L.; Ma, Y.; Lu, H. Bacteriophage Therapy for Empyema 
Caused by Carbapenem-Resistant Pseudomonas Aeruginosa. Biosci. Trends 2022, 16, 158–162. 

14. Fathima, B.; Archer, A.C. Bacteriophage Therapy: Recent Developments and Applications of a Renaissant Weapon. Res. Micro-
biol. 2021, 172, 103863. 

15. Erol, H.B.; Kaskatepe, B. Isolation of newly isolated vb_k1 bacteriophage and investigation of susceptibility on esbl positive 
klebsiella spp. strains. J. Fac. Pharm. Ankara Univ. 2021, 45, 515–523. 

16. Kalelkar, P.P.; Riddick, M.; García, A.J. Biomaterial-Based Antimicrobial Therapies for the Treatment of Bacterial Infections. 
Nat. Rev. Mater. 2022, 7, 39–54. 

17. Rivera, D.; Moreno-Switt, A.I.; Denes, T.G.; Hudson, L.K.; Peters, T.L.; Samir, R.; Aziz, R.K.; Noben, J.-P.; Wagemans, J.; Dueñas, 
F. Novel Salmonella Phage, vB_Sen_STGO-35-1, Characterization and Evaluation in Chicken Meat. Microorganisms 2022, 10, 
606. 

18. Sakr, M.M.; Elkhatib, W.F.; Aboshanab, K.M.; Mantawy, E.M.; Yassien, M.A.; Hassouna, N.A. In Vivo Evaluation of a Recom-
binant N-Acylhomoserine Lactonase Formulated in a Hydrogel Using a Murine Model Infected with MDR Pseudomonas Ae-
ruginosa Clinical Isolate, CCASUP2. AMB Express 2021, 11, 109. https://doi.org/10.1186/s13568-021-01269-7. 

19. Abd-Allah, I.M.; El-Housseiny, G.S.; Alshahrani, M.Y.; El-Masry, S.S.; Aboshanab, K.M.; Hassouna, N.A. An Anti-MRSA Phage 
From Raw Fish Rinse: Stability Evaluation and Production Optimization. Front. Cell. Infect. Microbiol. 2022, 12, 904531. 

20. Camens, S.; Liu, S.; Hon, K.; Bouras, G.S.; Psaltis, A.J.; Wormald, P.-J.; Vreugde, S. Preclinical Development of a Bacteriophage 
Cocktail for Treating Multidrug Resistant Pseudomonas Aeruginosa Infections. Microorganisms 2021, 9, 2001. 

21. Kim, H.Y.; Chang, R.Y.K.; Morales, S.; Chan, H.K. Bacteriophage-Delivering Hydrogels: Current Progress in Combating Anti-
biotic Resistant Bacterial Infection. Antibiotics 2021, 10, 130. https://doi.org/10.3390/antibiotics10020130. 

22. Holt, J.G.; Krieg, N.R.; Sneath, P.H.A. Bergey’s Manual of Determinative Bacterology. 9th Edition, Lippincott Williams and 
Wilkins, Baltimore. 1994. https://www.scirp.org/(S(i43dyn45teexjx455qlt3d2q))/reference/ReferencesPapers.aspx?Refer-
enceID=42336 (accessed on 10 December 2022). 

23. Shetty, N.; Hill, G.; Ridgway, G.L. The Vitek Analyser for Routine Bacterial Identification and Susceptibility Testing: Protocols, 
Problems, and Pitfalls. J. Clin. Pathol. 1998, 51, 316–323. 

24. Weinstein, M.P. Performance Standards for Antimicrobial Susceptibility Testing; Clinical and Laboratory Standards Institute: 2021; 
ISBN 1684401046. 

25. Magiorakos, A.; Srinivasan, A.; Carey, R.B.; Carmeli, Y.; Falagas, M.E.; Giske, C.G.; Harbarth, S.; Hindler, J.F.; Kahlmeter, G.; 
Olsson-Liljequist, B. Multidrug-resistant, Extensively Drug-resistant and Pandrug-resistant Bacteria: An International Expert 
Proposal for Interim Standard Definitions for Acquired Resistance. Clin. Microbiol. Infect. 2012, 18, 268–281. 

26. Mabrouk, S.S.; Abdellatif, G.R.; El-Ansary, M.R.; Aboshanab, K.M.; Ragab, Y.M. Carbapenemase Producers Among Extensive 
Drug-Resistant Gram-Negative Pathogens Recovered from Febrile Neutrophilic Patients in Egypt. Infect. Drug Resist. 2020, 13, 
3113. 

27. Wommack, K.E.; Williamson, K.E.; Helton, R.R.; Bench, S.R.; Winget, D.M. Methods for the Isolation of Viruses from Environ-
mental Samples. In Bacteriophages; Springer: Berlin/Heidelberg, Germany, 2009; pp. 3–14. 

28. Ackermann, H.-W. Basic Phage Electron Microscopy. In Bacteriophages; Springer: Berlin/Heidelberg, Germany, 2009; pp. 113–
126. 

29. El-Dougdoug, N.; Nasr-Eldin, M.; Azzam, M.; Mohamed, A.; Hazaa, M. Improving Wastewater Treatment Using Dried Banana 
Leaves and Bacteriophage Cocktail. Egypt. J. Bot. 2020, 60, 199–212. 

30. Hussein, Y.S.; El-Masry, S.S.; Faiesal, A.A.; El-Dougdoug, K.A.; Othman, B.A. Physico-chemical properties of some listeria 
phages. Arab Univ. J. Agric. Sci. 2019, 27, 175–183. 



Viruses 2022, 14, 2760 19 of 21 
 

 

31. Adams, M.H. Bacteriophages; Citeseer: 1959, Wiley Interscience, New York, USA. https://www.scirp.org/(S(351jmb-
ntvnsjt1aadkposzje))/reference/ReferencesPapers.aspx?ReferenceID=1855130 (accessed on 10 December 2022). 

32. Anderson, B.; Rashid, M.H.; Carter, C.; Pasternack, G.; Rajanna, C.; Revazishvili, T.; Dean, T.; Senecal, A.; Sulakvelidze, A. 
Enumeration of Bacteriophage Particles: Comparative Analysis of the Traditional Plaque Assay and Real-Time QPCR-and Na-
nosight-Based Assays. Bacteriophage 2011, 1, 86–93. 

33. Kropinski, A.M. Bacteriophages, Methods and Protocols, Volume 1: Isolation, Characterization, and Interactions. Part of the 
book series: Methods in Molecular Biology. Editors, MRJ Clokie & AM Kropinski, Eds. 2009, Publisher: Humana Totowa, New 
York, USA. Volume 501. https://doi.org/10.1007/978-1-60327-164-6 

34. Carlson, K. Working with Bacteriophages: Common Techniques and Methodological Approaches; CRC Press: Boca Raton, FL, USA, 
2005; Volume 1. 

35. Kutter, E. Phage Host Range and Efficiency of Plating. In Bacteriophages; Springer: Berlin/Heidelberg, Germany, 2009; pp. 141–
149. 

36. Davis, J.J.; Wattam, A.R.; Aziz, R.K.; Brettin, T.; Butler, R.; Butler, R.M.; Chlenski, P.; Conrad, N.; Dickerman, A.; Dietrich, E.M. 
The PATRIC Bioinformatics Resource Center: Expanding Data and Analysis Capabilities. Nucleic Acids Res. 2020, 48, D606–
D612. 

37. Parrello, B.; Butler, R.; Chlenski, P.; Pusch, G.D.; Overbeek, R. Supervised Extraction of Near-Complete Genomes from Meta-
genomic Samples: A New Service in PATRIC. PLoS ONE 2021, 16, e0250092. 

38. Aziz, R.K.; Bartels, D.; Best, A.A.; DeJongh, M.; Disz, T.; Edwards, R.A.; Formsma, K.; Gerdes, S.; Glass, E.M.; Kubal, M. The 
RAST Server: Rapid Annotations Using Subsystems Technology. BMC Genom. 2008, 9, 75. 

39. McNair, K.; Aziz, R.K.; Pusch, G.D.; Overbeek, R.; Dutilh, B.E.; Edwards, R. Phage Genome Annotation Using the RAST Pipe-
line. In Bacteriophages; Springer: Berlin/Heidelberg, Germany, 2018; pp. 231–238. 

40. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. J. Mol. Biol. 1990, 215, 403-410. 
41. Alikhan, N.-F.; Petty, N.K.; Ben Zakour, N.L.; Beatson, S.A. BLAST Ring Image Generator (BRIG): Simple Prokaryote Genome 

Comparisons. BMC Genom. 2011, 12, 402. 
42. Khullar, R.; Saini, S.; Seth, N.; Rana, A.C. Emulgels: A Surrogate Approach for Topically Used Hydrophobic Drugs. Int. J. Pharm. 

Bio. Sci. 2011, 1, 117–128. 
43. Singh, B.; Sharma, S.; Dhiman, A. Design of Antibiotic Containing Hydrogel Wound Dressings: Biomedical Properties and 

Histological Study of Wound Healing. Int. J. Pharm. 2013, 457, 82–91. 
44. Moustafa, P.E.; Abdelkader, N.F.; El Awdan, S.A.; El-Shabrawy, O.A.; Zaki, H.F. Liraglutide Ameliorated Peripheral Neuropa-

thy in Diabetic Rats: Involvement of Oxidative Stress, Inflammation and Extracellular Matrix Remodeling. J. Neurochem. 2018, 
146, 173–185. 

45. Werner, M.; Chott, A.; Fabiano, A.; Battifora, H. Effect of Formalin Tissue Fixation and Processing on Immunohistochemistry. 
Am. J. Surg. Pathol. 2000, 24, 1016–1019. 

46. Almukainzi, M.; El-Masry, T.A.; Negm, W.A.; Elekhnawy, E.; Saleh, A.; Sayed, A.E.; Khattab, M.A.; Abdelkader, D.H. Genti-
opicroside PLGA Nanospheres: Fabrication, in Vitro Characterization, Antimicrobial Action, and in Vivo Effect for Enhancing 
Wound Healing in Diabetic Rats. Int. J. Nanomed. 2022, 17, 1203. 

47. Culling, C.F.A. Handbook of Histopathological and Histochemical Techniques: Including Museum Techniques; Butterworth-Heine-
mann, Oxford, United Kingdom: 2013; ISBN 1483164799. 

48. Shrivastava, S.R.; Shrivastava, P.S.; Ramasamy, J. World Health Organization Releases Global Priority List of Antibiotic-Re-
sistant Bacteria to Guide Research, Discovery, and Development of New Antibiotics. J. Med. Soc. 2018, 32, 76. 

49. Abedon, S.T.; García, P.; Mullany, P.; Aminov, R. Phage Therapy: Past, Present and Future. Front. Microbiol. 2017, 8, 981. 
50. Jennes, S.; Merabishvili, M.; Soentjens, P.; Pang, K.W.; Rose, T.; Keersebilck, E.; Soete, O.; François, P.-M.; Teodorescu, S.; Ver-

ween, G. Use of Bacteriophages in the Treatment of Colistin-Only-Sensitive Pseudomonas Aeruginosa Septicaemia in a Patient 
with Acute Kidney Injury—A Case Report. Crit. Care 2017, 21, 129. 

51. Nir-Paz, R.; Gelman, D.; Khouri, A.; Sisson, B.M.; Fackler, J.; Alkalay-Oren, S.; Khalifa, L.; Rimon, A.; Yerushalmy, O.; Bader, R. 
Successful Treatment of Antibiotic-Resistant, Poly-Microbial Bone Infection with Bacteriophages and Antibiotics Combination. 
Clin. Infect. Dis. 2019, 69, 2015–2018. 

52. Domingo-Calap P, Delgado-Martínez J. Bacteriophages: Protagonists of a Post-Antibiotic Era. Antibiotics (Basel) 2018, 7(3), 66. 
doi: 10.3390/antibiotics7030066.  

53. Laurie, C.D.; Hogan, B.K.; Murray, C.K.; Loo, F.L.; Hospenthal, D.R.; Cancio, L.C.; Kim, S.H.; Renz, E.M.; Barillo, D.; Holcomb, 
J.B. Contribution of Bacterial and Viral Infections to Attributable Mortality in Patients with Severe Burns: An Autopsy Series. 
Burns 2010, 36, 773–779. 

54. Chen, F.; Cheng, X.; Li, J.; Yuan, X.; Huang, X.; Lian, M.; Li, W.; Huang, T.; Xie, Y.; Liu, J. Novel Lytic Phages Protect Cells and 
Mice against Pseudomonas Aeruginosa Infection. J. Virol. 2021, 95, e01832–20. 

55. Aghaee, B.L.; Mirzaei, M.K.; Alikhani, M.Y.; Mojtahedi, A. Sewage and Sewage-Contaminated Environments Are the Most 
Prominent Sources to Isolate Phages against Pseudomonas Aeruginosa. BMC Microbiol. 2021, 21, 132. 

56. Bhat, T.; Cao, A.; Yin, J. Virus-like Particles: Measures and Biological Functions. Viruses 2022, 14, 383. 
57. Hyman, P. Phages for Phage Therapy: Isolation, Characterization, and Host Range Breadth. Pharmaceuticals 2019, 12, 35. 
58. Park, D.-W.; Lim, G.; Lee, Y.; Park, J.-H. Characteristics of Lytic Phage vB_EcoM-ECP26 and Reduction of Shiga-Toxin Produc-

ing Escherichia Coli on Produce Romaine. Appl. Biol. Chem. 2020, 63, 19. 



Viruses 2022, 14, 2760 20 of 21 
 

 

59. Vukotic, G.; Obradovic, M.; Novovic, K.; Di Luca, M.; Jovcic, B.; Fira, D.; Neve, H.; Kojic, M.; McAuliffe, O. Characterization, 
Antibiofilm, and Depolymerizing Activity of Two Phages Active on Carbapenem-Resistant Acinetobacter Baumannii. Front. 
Med. 2020, 7, 426. 

60. Duc, H.M.; Son, H.M.; Ngan, P.H.; Sato, J.; Masuda, Y.; Honjoh, K.; Miyamoto, T. Isolation and Application of Bacteriophages 
Alone or in Combination with Nisin against Planktonic and Biofilm Cells of Staphylococcus Aureus. Appl. Microbiol. Biotechnol. 
2020, 104, 5145–5158. 

61. Dakheel, K.H.; Rahim, R.A.; Neela, V.K.; Al-Obaidi, J.R.; Hun, T.G.; Isa, M.N.M.; Yusoff, K. Genomic Analyses of Two Novel 
Biofilm-Degrading Methicillin-Resistant Staphylococcus Aureus Phages. BMC Microbiol. 2019, 19, 114. 

62. Klumpp, J.; Loessner, M.J. Listeria Phages: Genomes, Evolution, and Application. Bacteriophage 2013, 3, e26861. 
63. Ross, A.; Ward, S.; Hyman, P. More Is Better: Selecting for Broad Host Range Bacteriophages. Front. Microbiol. 2016, 7, 1352. 
64. de Jonge, P.A.; Nobrega, F.L.; Brouns, S.J.J.; Dutilh, B.E. Molecular and Evolutionary Determinants of Bacteriophage Host 

Range. Trends Microbiol. 2019, 27, 51–63. 
65. Turner, D.; Kropinski, A.M.; Adriaenssens, E.M. A Roadmap for Genome-Based Phage Taxonomy. Viruses 2021, 13, 506. 
66. Othman, B.A.; Askora, A.; Abo-Senna, A.S.M. Isolation and Characterization of a Siphoviridae Phage Infecting Bacillus Mega-

terium from a Heavily Trafficked Holy Site in Saudi Arabia. Folia Microbiol. 2015, 60, 289–295. 
67. Ackermann, H.-W. Bacteriophage Electron Microscopy. Adv. Virus Res. 2012, 82, 1–32. 
68. King, A.M.Q.; Lefkowitz, E.; Adams, M.J.; Carstens, E.B. Virus Taxonomy: Ninth Report of the International Committee on Taxonomy 

of Viruses; Elsevier: Amsterdam, The Netherlands, 2011; Volume 9, ISBN 0123846854. 
69. Sezer, S.; Şahin, İ.; Öztürk, K.; Şanko, V.; Koçer, Z.; Sezer, Ü.A. Cellulose-Based Hydrogels as Biomaterials. In Cellulose-Based 

Superabsorbent Hydrogels; Springer: Berlin/Heidelberg, Germany, 2019; pp. 1177–1203. 
70. Alibolandi, M.; Bagheri, E.; Mohammadi, M.; Sameiyan, E.; Ramezani, M. Biopolymer-Based Hydrogel Wound Dressing. In 

Modeling and Control of Drug Delivery Systems; Elsevier: Amsterdam, The Netherlands, 2021; pp. 227–251. 
71. Li, Z.; He, C.; Yuan, B.; Dong, X.; Chen, X. Injectable Polysaccharide Hydrogels as Biocompatible Platforms for Localized and 

Sustained Delivery of Antibiotics for Preventing Local Infections. Macromol. Biosci. 2017, 17, 1600347. 
72. El-Gayar, M.H.; Ishak, R.A.H.; Esmat, A.; Aboulwafa, M.M.; Aboshanab, K.M. Evaluation of Lyophilized Royal Jelly and Garlic 

Extract Emulgels Using a Murine Model Infected with Methicillin-Resistant Staphylococcus Aureus. AMB Express 2022, 12(1), 
37. https://doi.org/10.1186/s13568-022-01378-x. 

73. Masson-Meyers, D.S.; Andrade, T.A.M.; Caetano, G.F.; Guimaraes, F.R.; Leite, M.N.; Leite, S.N.; Frade, M.A.C. Experimental 
Models and Methods for Cutaneous Wound Healing Assessment. Int. J. Exp. Pathol. 2020, 101, 21–37. 

74. Pires, D.P.; Vilas Boas, D.; Sillankorva, S.; Azeredo, J. Phage Therapy: A Step Forward in the Treatment of Pseudomonas Aeru-
ginosa Infections. J. Virol. 2015, 89, 7449–7456. 

75. McVay, C.S.; Velásquez, M.; Fralick, J.A. Phage Therapy of Pseudomonas Aeruginosa Infection in a Mouse Burn Wound Model. 
Antimicrob. Agents Chemother. 2007, 51, 1934–1938. https://doi.org/10.1128/AAC.01028-06. 

76. Moghadam, M.T.; Khoshbayan, A.; Chegini, Z.; Farahani, I.; Shariati, A. Bacteriophages, a New Therapeutic Solution for Inhib-
iting Multidrug-Resistant Bacteria Causing Wound Infection: Lesson from Animal Models and Clinical Trials. Drug Des. Devel. 
Ther. 2020, 14, 1867. 

77. Jault, P.; Leclerc, T.; Jennes, S.; Pirnay, J.P.; Que, Y.-A.; Resch, G.; Rousseau, A.F.; Ravat, F.; Carsin, H.; Le Floch, R. Efficacy and 
Tolerability of a Cocktail of Bacteriophages to Treat Burn Wounds Infected by Pseudomonas Aeruginosa (PhagoBurn): A Ran-
domised, Controlled, Double-Blind Phase 1/2 Trial. Lancet Infect. Dis. 2019, 19, 35–45. 

78. Koehler, J.; Brandl, F.P.; Goepferich, A.M. Hydrogel Wound Dressings for Bioactive Treatment of Acute and Chronic Wounds. 
Eur. Polym. J. 2018, 100, 1–11. 

79. Maura, D.; Bandyopadhaya, A.; Rahme, L.G. Animal Models for Pseudomonas Aeruginosa Quorum Sensing Studies. In Quorum 
Sensing; Springer: Berlin/Heidelberg, Germany, 2018; pp. 227–241. 

80. Durmus, A.S.; Han, M.C.; Yaman, I. Comperative Evaluation of Collagenase and Silver Sulfadiazine on Burned Wound Healing 
in Rats. Firat Univ. Saglik Bilim. Vet. Derg. 2009, 23, 135–139. 

81. Mekkes, J.R.; Zeegelaar, J.E.; Westerhof, W. Quantitative and Objective Evaluation of Wound Debriding Properties of Colla-
genase and Fibrinolysin/Desoxyribonuclease in a Necrotic Ulcer Animal Model. Arch. Dermatol. Res. 1998, 290, 152–157. 

82. Khan, M.A.; Hussain, Z.; Ali, S.; Qamar, Z.; Imran, M.; Hafeez, F.Y. Fabrication of Electrospun Probiotic Functionalized Nano-
composite Scaffolds for Infection Control and Dermal Burn Healing in a Mice Model. ACS Biomater. Sci. Eng. 2019, 5, 6109–6116. 

83. Pereira Beserra, F.; Sérgio Gushiken, L.F.; Vieira, A.J.; Augusto Bérgamo, D.; Luísa Bérgamo, P.; Oliveira de Souza, M.; Alberto 
Hussni, C.; Kiomi Takahira, R.; Henrique Nóbrega, R.; Monteiro Martinez, E.R. From Inflammation to Cutaneous Repair: Top-
ical Application of Lupeol Improves Skin Wound Healing in Rats by Modulating the Cytokine Levels, NF-ΚB, Ki-67, Growth 
Factor Expression, and Distribution of Collagen Fibers. Int. J. Mol. Sci. 2020, 21, 4952. 

84. Steele, A.; Stacey, H.J.; De Soir, S.; Jones, J.D. The Safety and Efficacy of Phage Therapy for Superficial Bacterial Infections: A 
Systematic Review. Antibiotics 2020, 9, 754. 

85. Mendes, J.J.; Leandro, C.; Corte-Real, S.; Barbosa, R.; Cavaco-Silva, P.; Melo-Cristino, J.; Górski, A.; Garcia, M. Wound Healing 
Potential of Topical Bacteriophage Therapy on Diabetic Cutaneous Wounds. Wound Repair Regen. 2013, 21, 595–603. 

86. Gupta, P.; Singh, H.S.; Shukla, V.K.; Nath, G.; Bhartiya, S.K. Bacteriophage Therapy of Chronic Nonhealing Wound: Clinical 
Study. Int. J. Low. Extrem. Wounds 2019, 18, 171–175. 



Viruses 2022, 14, 2760 21 of 21 
 

 

87. Khalid, F.; Siddique, A.B.; Nawaz, Z.; Shafique, M.; Zahoor, M.A.; Nisar, M.A.; Rasool, M.H. Efficacy of Bacteriophage against 
Multidrug Resistant Pseudomonas Aeruginosa Isolates. Southeast Asian J. Trop. Med. Public Heal. 2017, 48, 1056–1062. 

88. Raz, A.; Serrano, A.; Hernandez, A.; Euler, C.W.; Fischetti, V.A. Isolation of Phage Lysins That Effectively Kill Pseudomonas 
Aeruginosa in Mouse Models of Lung and Skin Infection. Antimicrob. Agents Chemother. 2019, 63, e00024-19. 

89. Pinto, A.M.; Cerqueira, M.A.; Bañobre-Lópes, M.; Pastrana, L.M.; Sillankorva, S. Bacteriophages for Chronic Wound Treatment: 
From Traditional to Novel Delivery Systems. Viruses 2020, 12, 235. 

90. Chhibber, S.; Kaur, J.; Kaur, S. Liposome Entrapment of Bacteriophages Improves Wound Healing in a Diabetic Mouse MRSA 
Infection. Front. Microbiol. 2018, 9, 561. 

 


