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Introduction 
Bacteriophages (phages) are therapeutic agents that had 

been used for more than a century in the treatment of bacterial 
infections but were sidelined after the discovery of antibiotics [1]. 
The rediscovery and continued implementation and development 
of bacteriophage therapy by countries like Georgia, Russia, and 
Poland, might be one solution to the global threat of escalated 
antibiotic failure as an alternative non-antibiotic approach to 
conventional antimicrobial therapy [2-4]. This is based on the fact  

 

that, over billions of years, phages have co-evolved with their hosts 
(bacteria), developing mechanisms to counter bacterial defenses 
such as extracellular biofilm production, which significantly 
reduces the efficacy of conventional antibiotics [5]. Bacteriophage 
therapy primarily uses obligately lytic phages to kill their respective 
bacterial hosts while leaving human cells unharmed and reducing 
the wider impact on commensal bacteria that antibiotic use 
frequently has [6].
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Abstract
Introduction: Bacteriophages can easily be isolated from environments such as hospital wastewater and enriched with targeted 

bacteria. Phage products can also be developed faster and more cost-effectively than conventional drugs. However, there is a lack 
of infrastructure and limited experience in phage therapy in LMICs amidst a heightened level of antimicrobial resistance and their 
application has not been fully adopted in Uganda. This study was to evaluate the efficacy of a locally formulated lytic bacteriophage 
cocktail against carbapenem-resistant Pseudomonas aeruginosa (CRPA) clinical isolates in a wound-infection mouse model.

Methods: The study involved the evaluation of the in vivo efficacy of a 3-bacteriophage cocktail on lysing CRPA in wounds of 25 
Swiss male mice with body weights of 20 to 30 g. Two wounds were created on the upper back of each mouse after which they were 
contaminated with CRPA. Wound closure was monitored and measured for 10 days.

Results: The mean wound diameters at the end of the experiment showed that the phage cocktail-treated wounds registered 
significant closures of at least 67.7% and these measurements were statistically different from those of the meropenem-treated 
wounds. Wound closure was observed to increase over time from day one to the tenth day of the experiment. The locally formulated 
and optimized three-phage cocktail demonstrated satisfactory efficacy in the treatment of wounds infected with carbapenem – 
resistant Pseudomonas aeruginosa clinical isolate when topically administered in sufficient doses and at optimal frequencies.
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Lytic bacteriophages are defined as specific, non-toxic, self-
replicating viruses that can eradicate bacteria that are both 
sensitive and resistant to antibiotics, making them a key drug 
class that could save many lives threatened by the antimicrobial 
resistance crisis [7,8]. Because lytic bacteriophages against 
ESKAPE pathogens can be isolated from hospital wastewater and 
anywhere the target bacteria are present, they are readily available 
therapeutic agents [9,10]. There are an estimated 1031 phage 
particles on this planet, an impossibly large number that equates 
to approximately a trillion phages for every grain of sand on the 
planet, with profound effects on a wide range of biological and 
environmental processes. Moreover, phages also produce enzymes 
that are active against bacteria, such as endolysin Cpl-1, which is 
effective against pneumococcal pneumonia [11].

The use of phage therapy for Pseudomonas aeruginosa 
infections dates from the early 1990s. This occurred during a 
period in which laboratory studies of local and systemic infections 
were followed by clinical trials in which symptomatic improvement 
and phage multiplication were observed in a pet dog with otitis 
and a human with an infected burn [12]. Due to the increasing 
prevalence of antibiotic resistance in this particular bacterium, 
phage therapy to eradicate Pseudomonas aeruginosa infections has 
been reborn, resulting in the isolation and characterization of many 
bacteriophages with lytic activity against it [13-16]. To evaluate 
their activity in humans, tests have been conducted in both in 
vitro and in animal (in vivo) setups. The efficacy of phage therapy 
against infectious diseases caused by P. aeruginosa has been shown 
in simpler experimental animal models and also in those that 
closely resemble the pathophysiology of diseases in humans [17]. 
Most of these studies have yielded very promising results for future 
use [18-22]. As a result, bacteriophages have the potential to treat 
antibiotic-resistant P. aeruginosa infections and these findings have 
been published in a variety of clinical cases, case series, and clinical 
trials [23-25].

Additionally, the isolation of more phages for the potential 
formulation of cocktails to control P. aeruginosa infections, on 
the other hand, has been strongly encouraged. The use of a phage 
cocktail against specific pathogens increases their killing potential 
and even slows bacterial regrowth. A good number of studies have 
been conducted to evaluate the effectiveness of phage cocktails, 
including a 6-phage cocktail that was designed and shown to lyse 
clinical strains of P. aeruginosa both in planktonic liquid cultures 
and in biofilm, a 4-phage cocktail that removed the Clostridium 
difficile pathogen and favorably modified the model gut microbiome 
[26], and, last but not least, a 3-phage cocktail that was able to lyse 
E. coli isolates after incubation in a high saline environment [27]. 
Although phages have been in use as antibacterial agents in many 
countries, they are largely a new technology, especially on the 
African continent, Uganda inclusive, where they have received little 
attention [28].

Consequently, there is a lack of resident data on the activity 
of bacteriophages in local environments in many lower middle-

income countries. With microbiological tools readily available to 
people in LMICs, including Uganda and Africa at large, phages can be 
easily isolated from environments such as hospital waste or sewage 
water and enriched with targeted bacteria [29]. Phage products, in 
theory, can also be developed faster and more cost-effectively than 
conventional drugs, and they can be formulated into dry powder 
preparations that do not require refrigeration [30]. Furthermore, 
there is a lack of infrastructure and limited experience in phage 
therapy in LMICs. It has also been proven that phage specificity 
requires locally sourced strains that will affect bacteria from the 
same setting, hence the need for the evaluation of locally isolated 
phages. Thus, this study is one of the few that has contributed to the 
understanding and/or application of phage therapy.

Materials and Methods
Ethical statement

The ethical approval for the study was given by the Kampala 
International University – Research Ethics Committee (KIU-2021-
9) under the Uganda National Council for Science and Technology 
(UNCST). Additionally, during the laboratory analyses of the 
proposed study, the researcher (s) strictly adhered to the Covid-19 
local policies and procedures to control and prevent infections. 
These included social distancing, use of face coverings including 
masks and respirators and personal hygiene and sanitation were 
ensured through hand sanitizing.

Study design

This was an experimental study that involved formulation 
and evaluation of the in vivo efficacy of a bacteriophage cocktail 
against carbapenem-resistant Pseudomonas aeruginosa (CRPA) on 
the healing of wounds infected with CRPA using a mouse model. 
The CRPA clinical isolate used was obtained from Microbiology 
Laboratory, College of Health Sciences at Makerere University, 
Kampala (Uganda) as reported in the study [31]. The carbapenem 
resistance status of the clinical isolate was confirmed using the 
disc-diffusion susceptibility method with interpretation based 
on the Clinical and Laboratory Standards Institute (2020). 
The comparisons made were between the controls; Group I 
(meropenem-treated) and Group II (Colistin-treated), and Groups 
III-V (phage cocktail-treated). The experimental unit was a single 
animal and measurements were taken for each of the wounds for 
every mouse.

Sample size

Sample size determination

Twenty-five Swiss male mice that were at least eight weeks old, 
with body weights of 20 to 30 g were used. The adequate sample 
size of the mice used was determined using the power analysis in 
STATAv15.0. Setting the effect size to 0.88, between-group variance 
to 0.78, and choosing a statistical power of 90% at a significance 
level of 5% for a two-tailed analysis, a sample size of 25 mice was 
determined and evaluated to be adequate. This allocated 5 animals 
per each of the 5 groups. These were sourced from the animal 
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facility of the Pharmacology Laboratory of Kampala International 
University (Western Campus).

Inclusion and exclusion criteria

Only male mice were used since the reproductive hormones 
(most especially estrogen) in the adult females have been suggested 
to compromise wound healing [32]. At the end of the experiment, 
all the groups had 5 animals for which the measurements had been 
done.

Randomization

Randomization was used to allocate animals to the 5 
experimental groups created. Each of the 20 animals was labeled 
with a serial number. The numbers were written down on pieces of 
paper, placed into a container and properly mixed. The papers were 
then picked out of the container to select the sample mice for each 
group at a time. There was no control over confounding factors at 
the design stage.

Experimental animals

Housing and husbandry

The mice were kept in standard and monitored (using a 
hygrometer/temperature instrument) conditions of 21±5 °C, 
relative ambient humidity at the level of mouse cages of 55% +/-
15% (40 - 70), and a 12 h light-dark cycle with free access to food 
and water ad libitum at a level that allowed them to sit while eating 
and drinking. To reduce the risk of post-purchase contamination, 
the feeds were stored in a clean, dry, vermin-free, well-ventilated 
area. The animals’ living conditions were kept appropriate for their 
species and contributed to their health and comfort, with cage 
height not less than 5 inches and a floor area of about 6x15 inches 
per mouse to allow the mice to stand on their hind legs, stretch 
up fully, and climb on the cage lid’s bars.  The cages were made 
of non-toxic, non-absorbable materials that were easy to clean 
and could be made transparent or colorless. They were also long-
lasting, resistant to heat and chemicals, and predator- and escape-
proof. The cages’ floors were solid rather than wire-mesh. Uniform 
bedding was made available in sufficient quantities to cover the 
entire floor to a depth of at least 2 centimeters. The material used 
was hardwood.

Animal care and monitoring

To identify or label the fur and tail, non-toxic dyes and 
permanent markers were used. To extend the life of the marker 
identification, these were replaced whenever necessary by 
swabbing the tail with 70% isopropyl alcohol before marking. All 
cages were labeled with information about each treatment group. 
Although wounding the mice causes more than momentary or slight 
pain or distress to the animals but this was done under anesthesia 
induced with ketamine to avoid or minimize discomfort, distress, 
and pain to the animal. The animals were individually caged after 
wounding to prevent bites from the other mice in the same cage. No 
animal was used in more than one major operative procedure from 

which it was allowed to recover. At the end of the study, the animals 
were painlessly euthanized to relieve them from experiencing what 
otherwise could have caused severe or chronic pain or distress. 
Because the surgical techniques required for this model are not 
overly complex, this model can be widely used by those with little 
surgical experience. The euthanized animals were incinerated at 
the end of the study to ensure that the environment is safe from the 
resistant microorganisms used.

Outcome measure
The percentage wound closure was used to quantify the effect 

of healing due to the lysis of the CRPA in the mice.

Statistical Methods
The quantitative data [dataset] were entered into Microsoft 

Excel before being imported into STATAv15.0 for statistical 
analysis. The average wound diameters were checked for normality 
using Shapiro – Wilk test. The non-normally distributed data was 
log transformed. The group differences in mean reductions in 
wound diameters were analyzed using one-way ANOVA (analysis 
of variance) at a confidence level of 95%, with a p value less than 
0.05 considered statistically significant. To adjust for the p values of 
the significant differences, a post hoc test (Bonferroni) was used to 
compare the means of the negative control and test groups. Wound 
closure (healing) was expressed as a percentage of initial wound 
diameter at day 1 (baseline) as compared to the diameters for the 
later daily average measurements. The results were presented as 
Mean ± SEM and/or percentages in Tables.

Experimental Procedures
Formulation of the bacteriophage cocktail

A 3-phage cocktail, C12, was formulated using newly isolated 
and purified bacteriophages; P01, P03 and P04, in the ratio of 1:1:2, 
respectively. These bacteriophages were among the four phages 
(Pa01 through Pa04) isolated with unique plaque morphological 
appearances on carbapenem-resistant Pseudomonas aeruginosa 
from hospital effluents in western Uganda. The phages were isolated 
according to the method described by [33], with modifications. 
The purification of the phage isolates was done according to the 
modified procedure of [34]. Briefly, a 10-fold serial dilution of 
enriched phage lysate obtained from Section 3.5.1 was conducted 
using filtered TSB as the diluent. One hundred microliters (100 µl) 
of an overnight bacterial culture were mixed with 1.5 ml of overlay 
agar and mixed by inversion. The mixture was then poured onto the 
appropriately labeled TSA plate and allowed to be set. From the 10-
fold diluted phage lysate, 10 µl were spotted on the lawns of the host 
Pseudomonas aeruginosa. The plates were incubated aerobically 
at 37°C overnight. Each plate was visually examined and those 
that contained individual and distinct plaques were selected. The 
plaques for purification were selected based on plaque morphology 
(size and clarity). Using a sterile 1ml –pipette tip, selected plaques 
were scraped out and transferred to 1 ml TSB in Eppendorf tubes 
and mixed by inversion.
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The tubes were incubated at 4°C for 1 hour, then spanned 
at 15,000 g for 10 minutes before being filtered and spotted on 
bacterial overlay agar and incubated overnight at 37°C. The spots 
were examined for uniformity of the plaques by their morphology, 
which was individually purified by repeating the process thrice. 
For each of the purified phage lysates, the overlay agar method 
was employed to amplify the virus concentrations. The agar 
overlay plate was flooded with 1 ml of SM buffer and incubated 
at 4°C for 1 hr. The SM buffer was collected using a syringe and 
then micro-filtered using 1 0.22µl in a sterile Eppendorf tube and 
then kept at refrigeration temperature until further analysis. The 
cocktail was created by combining newly isolated and purified 
bacteriophages, P01, P03, and P04 in a 1:1:2 ratios [unpublished 
data]. These bacteriophages were among four phages (Pa01–Pa04) 
isolated from hospital effluents in western Uganda with distinct 
plaque morphological appearances on carbapenem-resistant 
Pseudomonas aeruginosa. The phage cocktails were prepared in 
three different concentrations so that MOI 1, 10, and 100 contained 
2*106, 2*107, and 2*108 plaque forming units per milliliter (PFU/
mL) in comparison to the bacteria’s 2*106 colony forming units per 
milliliter (CFU/mL), respectively.

Experimental Induction of Wounds in The Swiss Mice

The process of wound induction was done according to the 
method of [35], with some modifications. Briefly, under local 
anesthesia (ketamine 80mg/kg body weight), the operative region 
(dorsum) of all mice was prepared by removing the fur with a hair 
removal cream (Fem Hair Removal cream, USA) from the base of the 
neck to 3 cm further down the back and between the two shoulder 

blades. To avoid post-application irritation and skin dehydration, a 
pH balancing skin care lotion was applied where the hair had been 
removed. Two days later, the animals were sedated with ketamine 
(80-120 mg/kg) and xylazine (5-10 mg/kg) administered by the 
intraperitoneal route. The backs of the mice were disinfected 
with 70% (v/v) ethanol. Using a biopsy punch instrument, a 4mm 
diameter round wound was inflicted through the Panniculus 
carnosus muscle of the inter-scapular region of the upper back of 
each mouse. The process was repeated to create another wound 
on the other side of the midline of the mouse. The two wounds 
represented the test and control sites for the experiments on each 
animal.

Contamination of the Induced Wounds in the Swiss Mice

Silicone splints (made of scar plaster) were centrally placed 
over the wounds and sutured (with interrupted 6-0 nylon) to 
securely anchor them after which 50µL of the CRPA bacterial 
suspension (that is, 1.5*106 CFU/mL) was applied to both wounds. 
The wounds were covered with an occlusive dressing (plaster) and 
the mice were randomly divided into five (5) groups each with five 
(5) animals; the randomization was done as shown in Table 1. After 
18 hours, the different wound treatment regimens, as presented in 
Table 1, were started. The wound treatment comprised of topical 
application of 50µL of bacteriophage cocktail (Group III-V) and 
colistin (Colistin sodium methane sulfonate, SIGMA ALDRICH) and 
meropenem (Meropenem sulfate, SIGMA ALDRICH) for groups II 
and I as controls, respectively. The treatments were repeated daily 
for 5 consecutive days and the measurements made for an extra 5 
days till the tenth day.

Table 1: The experimental treatment groups.

Group (n=5) Treatment Dosage per day

I Meropenem 10mg/mL

II Colistin 10mg/mL

III Phage Cocktail MOI; 1 (2*106 PFU/mL)

IV Phage Cocktail MOI; 1 (2*107 PFU/mL)

V Phage Cocktail MOI; 1 (2*108 PFU/mL)

Evaluation of the Effect of the Selected Phage Cocktail on 
Wound Healing

Using a Vernier caliper, the diameters of the wounds were 
measured daily and recorded in millimeters till the tenth day. This 
meant that the experiment took 10 days given that the wounds 
of mice close up within 5 days [36]. The wound measurements 
were done from different angles to obtain the average diameter. 
At the end of the experiment, the mice were anesthetized and then 
euthanized by injection of sodium pentobarbital and disposed of by 
incineration.

Results
The daily mean wound diameters as measured for each group 

are presented in Table 2 for the first, second, fourth, sixth, eighth, 
and tenth days. The mean wound diameters at the end of the 
experiment were 3.04, 1.01, 1.14, 1.15, and 1.02 mm for Group I 
(treated with meropenem), Group II (treated colistin), Group III 
(treated with MOI 1 of phage cocktail), Group IV (treated with MOI 
10 of phage cocktail) and Group V (treated with MOI 100 of phage 
cocktail), respectively. From day 4 to day 10 of the experiment, 
there were significant mean differences (p < 0.0001) in the 
measured wound diameters between the meropenem – and the 
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other treatment groups (Groups II-V). The calculated percentage of 
wound closure (average) for each group after the last measurement 
is also given in Table 2. The results depict a sharp increase (Figure 
1) in wound closure at day 4. Group II had the biggest wound 

closure (75.6%) with the bacteriophage cocktail–treated wounds 
registering satisfactory percentage wound closures of at least 
67.7%.

Figure 1: The within-group comparisons between the saline-treated and test substance-treated wounds. A: Group I (10mg/ml 
meropenem), B: Group II (10mg/ml Colistin), C: Group III (Phage cocktail at MOI: 1), D: Group IV (Phage cocktail at MOI: 10), 

and Group V (Phage cocktail at MOI: 100).

Table 2: Comparison of the effect of the different bacteriophage concentrations and the standard antibiotics on wound size over time.

Treatment group
Wound diameter, Mean ± SEM (mm) Average Wound Closure 

(%)Day 1 Day 2 Day 4 Day 6 Day 8 Day 10

I 3.90 ± 0.05 3.79 ± 0.01 3.67 ± 0.01 3.45 ± 0.02 3.27 ± 0.03 3.04 ± 0.02 22.0

II 3.95 ± 0.01 3.77 ± 0.01 1.79 ± 0.01* 1.37 ± 0.01* 1.16 ± 0.01* 1.01 ± 0.02* 75.6

III 3.94 ± 0.03 3.79 ± 0.13 2.25 ± 0.01* 2.03 ± 0.01* 1.64 ± 0.02* 1.34 ± 0.01* 67.7

IV 3.96 ± 0.02 3.77 ± 0.01 1.95 ± 0.02* 1.63 ± 0.01* 1.24 ± 0.01* 1.15 ± 0.01* 73.1

V 3.92 ± 0.01 3.78 ± 0.01 1.75 ± 0.01* 1.38 ± 0.01* 1.11 ± 0.01* 1.02 ± 0.02* 74.0

Between-group comparisons amongst wounds treated with one of the test substances over the 10 days of treatment. * - p value < 
0.0001. Group I: Meropenem; Group II: Colistin; Group III: MOI of 1; Group IV: MOI of 10; Group V: MOI of 100.

On the other hand, comparisons between the negative 
controls (saline-treated wounds) and the positive control group 
with meropenem–treated wounds did not show any significant 
differences in the wound closure. However, the colistin–treated 
wounds and those treated with bacteriophage cocktails revealed 
significant differences in the percentage wound closure as shown 

in Figure 1. Both the infected saline-treated wounds (negative 
controls) and meropenem-treated wounds had a decrease in 
wound size, but they could only produce percentage wound 
closures at 18.7% and 22.0% by day 10, respectively. The wound 
closure was observed to increase over time from day one to the 
tenth day of the experiment. The normal saline-treated wounds 
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were also observed to have some level of healing like that of the 
meropenem group. However, the normal saline-treated wounds 
had an insignificant wound healing activity in comparison to the 
colistin- and phage-treated groups. The wound closure in the latter 
groups was significant and directly proportional to the duration of 
the experiment (Figure 1).

Discussion
This study employed a locally formulated 3-bacteriophage 

combination to evaluate the efficacy of a phage cocktail in healing 
wounds infected with carbapenem – resistant P. aeruginosa. As a 
result of the wounding process, the skin’s integrity is compromised, 
making it easy for any accessible bacteria to enter the interior 
infection site and cause sepsis due to the contamination [37]. 
Sepsis can cause either acute or chronic wound failure, depending 
on the level of care provided or intervention made. In this study, 
the wounds were infected the same day the wounds were inflicted. 
Most studies on the therapeutic efficacy of phage application against 
infectious diseases caused by P. aeruginosa in experimental animal 
models with the pathophysiology of diseases that closely resemble 
those in humans have yielded very promising results for future use 
which this very study has supplemented. The three multiplicities 
of infection (MOIs) used in this study produced significant wound 
healing in comparison to that of meropenem implying that even at 
lower concentrations the cocktail successfully challenged the CRPA.

With an MOI of 3, a percentage of wound closure comparable 
to that of the last-resort antibiotic, colistin, was observed. The 
efficacy of bacteriophage cocktails has been studied elsewhere and 
the results of such reports are in concordance with those of this 
study [38]. The rise in publications unquestionably reflects a rise 
in interest among experts in using bacteriophages to treat difficult 
wounds, especially those in burn patients. This study employed 
the local application of the bacteriophage cocktail which has been 
proven extremely successful in the treatment of topical infections, 
as has the inhalation of phages for the treatment of lung infections 
[39,40]. 

It has been argued that in vivo phage concentrations decrease 
due to clearance mechanisms including interactions with host 
antibodies and as a result, repeated dosing of phages and sustained 
release approaches are deemed vital [41]. This is explained by the 
fact that phages have a tendency to spread throughout the body 
of the host but are soon entrapped in secondary lymphoid tissues 
[42].

To improve the lytic activity of the bacteriophages, this study 
used once-daily dosing of phages for a total treatment period of 5 
days. This method ensures that phage concentrations at the site 
of infection are high enough to result in significant in situ phage 
amplification, thereby slowing the rate of replication of the target 
bacteria population. This was aided by the use of an occlusive 
dressing that prevented cross-contamination and provided optimal 
conditions for bacterial growth. The study used splints around 
the wounds to limit the repair process to only epithelialization, 

angiogenesis, and cellular proliferation, which closely mimics 
the biological processes of human wound healing other than 
contraction in mice [43]. As a result, the percentage closure 
reported in this study is free from the effect of contraction. In as 
much as the wounds treated with saline exhibited some level of 
healing with an average closure of 18.7%, this was only comparable 
to the meropenem-treated wounds.

The mean diameters of the negative controls (wounds treated 
with normal saline) across the five groups were statistically 
indifferent in comparison to the meropenem-treated wounds. 
These findings lead us to the conclusion that this 3-phage cocktail 
may be more efficacious than or as good as colistin, the common 
last-resort antibiotic used to treat carbapenem-resistant bacterial 
infections. The mechanism of action of phages has not been found 
to be universal for the studies that have attempted to elucidate this 
issue. However, studies have shown that phages work by inducing 
the production of cytokines and chemokines, modulating cytokine 
responses in response to treatment [44] and stimulating low-level 
immune responses without manifesting any overt symptoms in 
order to continuously prime innate immune responses [45]. For 
phages to live up to their potential as a disruptive treatment to 
combat the rising menace of bacterial infections that are resistant 
to antibiotics, more preclinical research is required to clarify their 
specific mechanisms and limitations.

Conclusion
When topically administered in sufficient doses and at optimal 

frequencies, this study demonstrated the efficacy of a locally 
formulated and optimized three-phage cocktail in the management 
carbapenem-resistant Pseudomonas aeruginosa. The results of this 
study can be used to inform policy and implementation science as 
an input into the national strategies for combating AMR in Uganda.
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