
Vol.:(0123456789)1 3

International Microbiology (2023) 26:343–359 
https://doi.org/10.1007/s10123-022-00293-2

RESEARCH

Bacteriophage therapy as an alternative technique for treatment 
of multidrug‑resistant bacteria causing diabetic foot infection

Amira Mohamed Ghanaim1 · Mohammed Abdulaziz Foaad1 · Eman Zakaria Gomaa1 · 
Khalid Abdelfatah El Dougdoug2 · Gamal Eldidamony Mohamed3 · Ahmed Hamed Arisha4 · Tarek Khamis5

Received: 16 August 2022 / Revised: 21 October 2022 / Accepted: 27 October 2022 / Published online: 9 November 2022 
© The Author(s) 2022

Abstract
Diabetic foot ulcer (DFU) represented the most feared diabetic complication that caused the hospitalization of the diabetic 
patient. DFU was usually characterized with delayed healing as the diabetic neuropathy, angiopathy, and ulcer concomitant 
infections, among them, are multidrug-resistant (MDR) bacteria that emphasized the clinical importance for developing 
new therapeutic strategy with safe and effective alternatives for the antibiotics to overcome DFU-MDR bacterial infection. 
Bacteriophage therapy was considered a novel approach to eradicate the MDR, but its role in the polymicrobial infection 
of the DFU remains elusive. Thus, the current work was designed to investigate the effect of the topical application of the 
phage cocktail on the healing of the diabetic wound infected with clinical isolates of Staphylococcus aureus, Pseudomonas 
aeruginosa, Klebsiella variicola, Escherichia coli, and Proteus mirabilis. Bacterial isolation was performed from clinical 
hospitalized and non-hospitalized cases of DFU, identified morphologically, biochemically, molecularly via 16 s rRNA 
sequencing, and typed for the antibiotic resistance pattern. Moreover, phages were isolated from the aforementioned clinical 
isolates and identified with electron microscope. Forty-five adult male Sprague–Dawley rats were assigned in 3 groups (15 
rats each), namely, the diabetic infected wound group, diabetic infected wound ceftriaxone-treated group, and the diabetic 
infected wound phage cocktail-treated group. The results revealed that phage cocktail had a superior effect over the ceftri-
axone in wound healing parameters (wound size, wound index, wound bacterial load, and mRNA expression); wound heal-
ing markers (Cola1a, Fn1, MMP9, PCNA, and TGF-β); inflammatory markers (TNF-α, NF-κβ, IL-1β, IL-8, and MCP-1); 
anti-inflammatory markers (IL-10 and IL-4); and diabetic wound collagen deposition; and also the histomorphic picture of 
the diabetic infected wound. Based on the current findings, it could be speculated that phage therapy could be considered a 
novel antibiotic substitute in the DFU with MDR-polymicrobial infection therapeutic strategies.

Keywords Diabetic foot ulcer · Multidrug-resistant bacteria · Bacteriophage therapy · Wound healing · Inflammatory · And 
anti-inflammatory markers

Introduction

A diabetic foot is one of the most feared complications of 
diabetes that causes hospitalization among diabetic patients. 
It is characterized by several pathological complications 
such as neuropathy, peripheral vascular disease, foot ulcer-
ation, and infection with or without osteomyelitis, which 
increase the risk of gangrene development that eventually 
leads to limb amputation (Pondei et al. 2013; Pallavali et al. 
2017). According to the Center for Disease Control and Pre-
vention (CDC), Egypt is among the 10 top countries with the 
highest prevalence of diabetes, with the 9th rank worldwide, 
where there are 7.5 million diabetic patients, 15% of whom 
have developed a diabetic foot ulcer (DFU) (CDC 2013).
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DFU is frequently associated with multidrug-resistant 
bacteria infections caused by either Gram-positive bacteria 
like Staphylococcus aureus, Staphylococcus epidermidis, 
Enterococcus spp., and Streptococcus spp. or Gram-negative 
ones such as Pseudomonas spp., Escherichia coli, Entero-
bacter spp., Acinetobacter baumannii, Citrobacter spp., 
Bacteroides spp., Peptostreptococcus spp., Fusobacterium 
spp., and Clostridium spp. (approximately 40–80% of the 
DFU patients) (Sanchez et al. 2013; Noor et al. 2015; Mah-
goub et al. 2015; Castillo et al. 2019).

The emergence of multidrug-resistant (MDR) microor-
ganisms, which cause antibiotic regimen therapy for DFU 
to fail, has highlighted the clinical importance of develop-
ing valid alternative therapeutic strategies (Maciejewska 
et al. 2018; Cha et al. 2018). Phage therapy was a promising 
strategy for DFU because it could reduce or eliminate DFU-
MDR bacterial infections while providing several advan-
tages over conventional antimicrobial drugs, including speci-
ficity, stability in harsh environmental conditions, and a lack 
of the cytotoxicity against keratinocytes and fibroblasts that 
is experienced with antimicrobial molecules since the phage 
do not infect eukaryotic cells. Furthermore, it replicated at 
the site of the infection, providing a dynamic therapeutic 
strategy (Butler et al. 2017; Roach and Debarbieux 2017).

Although PT has become a viable preserving technol-
ogy for agricultural and food applications, its application 
for DFU-MDR polymicrobial infection remains elusive 
(Bolocan et al. 2016; El-Telbany et al. 2021). Therefore, the 
current study was designed to determine the bacterial profile 
of infected diabetic foot ulcers and the antibiotic resistance 
pattern of the bacterial isolates and to investigate the phage 
therapeutic potency against an excisional diabetic wound 
model infected with polymicrobial clinical isolates in type 
1 diabetic rats.

Material and methods

Collection of specimens and bacterial isolation

A total of 85 selected DFI specimens were obtained from 
hospitalized DFU patients that received the antimicrobial 
therapeutic strategy with one or more antibiotics: vanco-
mycin, clindamycin, imipenem, ciprofloxacin, ceftriaxone, 
cefotax, amoxicillin-clavulanate, levofloxacin, cephalexin, 
meropenem, cefepime, and ampicillin-sulbactam, in the Al 
Demerdash Hospital, Nasr City Health Insurance hospital, 
Ramses Health Insurance hospital, and diabetic foot clinics 
from December 2017 to May 2018, under aseptic condi-
tions with written informed consent, then delivered to the 
microbiology lab within 1 h, cultured on blood and Mac-
Conkey agar (oxoid) using the plate streaking technique, 
and incubated at 35–37 °C for 24–48 h (Akhi et al. 2013). 

The isolated bacterial colonies were chosen and picked up 
according to culture characteristics (color, form, elevation, 
opacity, texture, and margin), then purified by successive 
subculturing on the same media as appropriate and stored 
at 4 °C till used.

The antibiotic resistance pattern for the clinical 
isolates

The antibiotic susceptibility pattern of the clinical isolates 
was performed according to the Kirby-Bauer disc diffusion 
method (Bauer et al. 1966). In this assay, all clinical isolates 
were tested for 25 antibiotic discs (Oxoid, UK) of differ-
ent groups. In brief, Muller-Hinton plates were inoculated 
with 0.1 ml of each bacterial culture adjusted to  OD600 = 0.6 
 (108 CFU/ml). Then, the antibiotic discs were aseptically 
placed on the surface and incubated at 35 °C for 24 h. The 
diameter of the inhibition zone was measured in millimeters 
(mm) and interpreted as sensitive (S), intermediate (I), or 
resistant (R) according to interpretative criteria for antimi-
crobial susceptible testing, and a multiple resistant index was 
calculated according to Krumperman (1983). Multidrug-
resistant clinical isolates with high MRI were selected for 
identification using Vitek2 in the Animal Health Research 
Institute, Giza, and confirmed genetically using 16S rRNA 
gene analysis (Funke et al. 1998).

Identification of MDR clinical isolates using 16S 
rRNA gene

After DNA extraction, PCR amplification was performed to 
confirm the identity of the selected MDR isolates using uni-
versal 1492r primer (5′-TAC CTT GTT ACG ACTT) (forward 
primer: 5′-AGA GTT TGA TCC TGG CTC AG-3′ and reverse 
primer: 5′-GGT TAC CTT GTT ACG ACT T-3′). The PCR 
product was run and visualized by loading 10 μl of the PCR 
product per lane on a 1.8% agarose gel (Gomhuria Company, 
Egypt) that was stained with ethidium bromide against a 
100-bp DNA ladder as a marker, using 1X TAE as a running 
buffer, and photographed by a gel documentation system 
to identify its size. PCR products were purified according 
to the manufacture procedure of Gene JET PCR Purifica-
tion Kit (Thermo Scientific, Cat. No. K0701) and sequenced 
using the standard Sanger method on an ABI 3730XL DNA 
Sequencer at Macrogen sequencing services (Macrogen, 
Seoul, South Korea, for forward and reverse sequencing). 
The sequence was submitted to the Gene Bank at http:// blast. 
ncbi. nlm. neh. gov using the Basic Local Alignment Search 
Tool Program and a cluster analysis and phylogenetic tree 
were constructed. The Gene Bank nucleotide sequence 
accession numbers for partial sequences of the 16S rRNA 
gene were generated in this study (Altschul et al. 1990).

http://blast.ncbi.nlm.neh.gov
http://blast.ncbi.nlm.neh.gov


345International Microbiology (2023) 26:343–359 

1 3

Bacteriophage isolation and enrichment

Three sewage samples were collected from sewage water 
and tested for the incidence of phages. Isolation and 
enrichment of the desired phages were performed accord-
ing to Adams (1959). After the centrifugation and purifi-
cation of the collected samples, they were transferred to 
a conical flask containing nutrient broth and inoculated 
with the tested bacteria: Staphylococcus aureus, Pseu-
domonas aeruginosa, Klebsiella variicola, Escherichia 
coli, and Proteus mirabilis  (OD600 = 0.4–0.6). Flasks were 
incubated at 37 °C for 24 h with shaking at 100 rpm and 
then centrifuged at 6000 × g for 10 min. The supernatant 
of each sample was filtered through a 0.45-μm pore size 
cellulose acetate syringe filter to remove any bacterial 
cells that may be present and stored at 4 °C. The obtained 
crude lysate of the phages was assayed qualitatively by 
spot test and quantitatively by plaque assay and expressed 
as plaque-forming units (PFU/ml) according to Adams 
(1959).

Transmission electron microscopy

The morphological properties of isolated phages were 
determined using a transmission electron microscope 
(TEM) as described by Bradley (1967). One drop of each 
purified phage with high titers was placed on a 400-mesh 
carbon-coated cupper grid for 10 s and examined using a 
Hitachi H600A electron microscope at 80 kV in the Electron 
Microscopy Unit at the Faculty of Agriculture, Mansoura 
University, Egypt.

Thermal and pH stability for the isolated phages

Thermal inactivation point of phages in vitro was carried out 
by exposure of phages to different degrees of temperature: 
40, 50, 60, 70, 80, and 90 °C for 10 min using a water bath 
and then immediately cooled under tap water. The treated 
phage was diluted and assayed by the plaque assay accord-
ing to Philipson et al. (1960). In addition, the ability of the 
phages to survive at different pH levels was evaluated by 
exposing the phage suspension to different pH values from 2 
to 12 using 0.1 M HCl/NaOH over 1 h at 37 °C. The stability 
of survival was checked qualitatively and quantitatively by 
using the plaque assay (Dhar et al.1978).

Phage therapeutic studies

The therapeutic potential of bacteriophages specific for 
MDR S. aureus, P. aeruginosa, K. variicola, P. mirabilis, 

and E. coli was evaluated for their abilities to treat experi-
mental foot infection in diabetic rats.

Preparation of phage cocktail

The S2, Ps1, K4, C3, and Pr2 phage cocktails were prepared 
by adding equal volumes of each individual purified phage 
solution at  109 PFU/ml and stored at 4 °C until needed.

Lab animal

Forty-five male adult mature Sprague–Dawley rats 
8–10 weeks old and weighing 250–300 g were purchased 
from Lab. Animal House, Faculty of Veterinary Medicine, 
Zagazig University. Rats were housed separately in polypro-
pylene rat cages under standard conditions, including 45:50 
relative humidity, 12-h light/dark cycle, and a temperature of 
22 ± 2 °C. Rats were fed on a standard pelleted diet ad libi-
tum with free access to water throughout the experimental 
period. For 1 week before any experimental procedures, 
lab animals were left for acclimatization. All experimental 
procedures were done in accordance with the Institutional 
Animal Care and Use Committee (IACUC), ARRIVE guide-
lines, and the National Institutes of Health guide for the care 
and use of laboratory animals.

Toxicity testing of phage cocktail in rats

The toxicity of phage cocktail suspension was investigated 
in rats according to the method of Soothill (1992). Six adult 
male rats were injected intraperitoneally with 0.25 ml of 
phage cocktail suspension  (1012 PFU/ml). Three uninjected 
rats were retained as controls. The rats were observed for 
signs of illness, and their rectal temperatures were taken 
hourly during the first 5 h after injection and then daily for 
4 days.

Induction of type 1 diabetes

Type 1 diabetes was induced in the rats using streptozotocin 
(STZ) at a dose of 65 mg/kg body weight according to the 
method described by King (2012).

Creation of diabetic wound and experimental 
design

A diabetic wound was created according to the method 
described by Muhammad et al. (2016). After 1 week post 
validation of type 1 diabetes, diabetic wounded rats were 
divided into three groups each of 15 rats: group (1) diabetic 
wound infected with bacteria (2 ×  108 CFU/ml); group (2) 
diabetic wound infected and topically treated with 0.5 ml 
of 2% ceftriaxone (Zakaria et al. 2016) 2 days post diabetic 



346 International Microbiology (2023) 26:343–359

1 3

wound induction for 5 consecutive days; and group (3) dia-
betic wound infected and treated topically with a 5-phage 
cocktail at a dose of  109 PFU/ml (MOI-10) 2 days post 
diabetic wound induction for 5 consecutive days (Chhib-
ber et al. 2018). Rats were kept separately in polypropylene 
cages to avoid fighting and wound biting. Then the wound 
diameter and wound healing index were evaluated at 3-day 
intervals till 21 days. At the end of 21 days, blood was col-
lected from the retro-orbital eye saphenous. Then, rats were 
sacrificed and the skin of the wound was excised and divided 
into four parts: the first part was collected on 10% formalin 
neutral buffer for histopathological examination; the sec-
ond part was collected on phosphate-buffered saline (PBS) 
for determining wound microbial load; the third part was 
stored at – 20 °C for oxidant/antioxidant activity; and the 
fourth part, 50 mg of diabetic skin wound was collected on 
1 ml of quiazol (Quiagen, Germany) for total RNA extrac-
tion for qRT-PCR to quantify relative diabetic wound gene 
expression.

Measuring of glycemic parameters

Blood glucose was measured 7 days post STZ injection 
and 21 days post diabetic wound induction with a digital 
glucometer (U-Right, Korea). Insulin was also measured in 
serum with the ELISA Kit (SunRedBio, China) according 
to the method previously described by Solarek et al. (2019). 
The lipid peroxidation marker malondialdehyde (MDA) and 
antioxidant enzymes glutathione peroxidase (GPx), cata-
lase (CAT), and superoxide dismutase (SOD) were locally 
measured with a sandwich ELISA kit (SunRedBio, China) 
according to the method developed by Zhang et al. (2019). 
Bacterial load was assessed according to the method of Park 
et al. (2009).

Quantitative reverse transcription PCR (RT‑qPCR) 
for wound gene expression

Total RNA was extracted from 50 mg of skin tissue with 
1 ml of quiazol (Quiagen, Germany) according to the manu-
facturer’s instructions. The extracted total RNA was meas-
ured with an anoDrop® ND-1000 UV–Vis Spectrophotome-
ter (Thermo Scientific, Waltham, MA, USA) at wavelengths 
of 260 and 280. Also, the ratio of OD 260/280 was calcu-
lated to determine the quality of the extracted RNA once that 
accepted for gene expression is located in the value between 
1.8:2. Complementary DNA (cDNA) was synthesized from 
1 μg with a high-capacity reverse transcriptase kit (Applied 
Biosystem, Foster City, CA, USA) in a final reaction vol-
ume of 20 μl (10 μl master mix and 10 μl RNA sample 
containing 1 μg RNA). For the qPCR reaction, cDNA was 
diluted to 1:10 and stored in aliquots at − 20 °C. The qPCR 
was done by a real-time thermal cycler, Rotor-Gene Q2 plex 

(Quiagen, Germany), according to the method described by 
Khamis et al. (2020). In brief, with a final volume reaction 
of 20 μl using TOPreal syberGreen (Enzynomics, Korea), 
10 μl and 1 μl of each forward and reverse primer synthe-
sized by Sangon Biotech (Beijing, China) (Sup. 1), 1 μl of 
1:10 diluted cDNA, and up to 20 μl of nuclease free water 
with cycling conditions of initial denaturation at 95 °C for 
10 min, 40 cycles of denaturation at 95 °C for 10 s, anneal-
ing at 60 °C for 15 s, and extension at 72 °C for 15 s, and 
melt curve analysis. The gene expression was measured as 
a relative fold change to the internal control reference gene 
(Gapdh) according to the method previously developed by 
Schmittgen and Livak (2008). In brief, Δct was calculated 
as the ct difference between the target gene and reference 
gene; then, ΔΔct was calculated as the difference between 
Δct of the sample and the average Δct of the control; finally, 
fold gene of the gene expression was calculated as  2−(ΔΔct).

Histopathological examination

The histopathological examination was done in accordance 
with Bancroft and Layton (2019). In brief, at the end of the 
experiment, diabetic rats were scarified and the skin of the 
wound area was rapidly removed and collected in 10% for-
malin neutral buffer, then embedded in a paraffin wax block 
and cut into 4-μm slices mounted on a microscope slide that 
was used for histological stains. Before any histopathologi-
cal procedures, the slides were incubated in xylene and pas-
saged in ethanol with different concentrations for rehydra-
tion and paraffin wax removal. Then, the slides were stained 
with hemotoxylin (H) and eosin (E) for assessment of wound 
healing and Masson’s trichome for collagen deposition (% 
of collagen deposition to control group was analyzed with 
Fiji software (http:// fiji. sc)).

Statistical analysis

Statistical analysis was performed by GraphPad Prism 8 
software (GraphPad Software Inc., San Diego, CA, USA). 
The data is expressed as mean_standard error mean (SEM). 
Statistical comparisons were performed using a one-way 
analysis of variance (ANOVA) test followed by a post hoc 
Tukey test. The results indicated statistical significance 
when P < 0.05.

Results

In the present study, 85 samples were obtained from diabetic 
foot patients. The majority of the specimens (88.2%) were 
obtained from hospitalized diabetic patients, but only 11.8% 
were obtained from clinics. Sixty-eight male (76.4%) and 
nineteen female (22.35%) diabetic cases with an age range 

http://fiji.sc
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of 40 to 80 years were included. The maximum number of 
patients (57.64%) was in the age group of 60 to 69 years, 
followed by the age group between 50 and 59 years (34.1%), 
and then the group between 70 and 80 (4.7%). On the other 
hand, the minimum number of patients was recorded in the 
age group of 40 to 49 years (2.3%). The percentage of ampu-
tation in patients was recorded and represented 42.4%. From 
85 collected wound swab specimens, only 78 (91.8%) were 
positive for bacterial isolation, with an average of 2.6 organ-
isms per ulcer. From 78 positive culture cases, 10 patients 
(12.8%) had monomicrobial infections and 68 patients 
(87.2%) had polymicrobial infections. In this study, a total 
of 208 bacterial isolates were obtained, and the proportion of 
Gram-negative bacilli was higher than Gram-positive cocci. 
The commonest isolate was Staphylococcus spp. (24%), fol-
lowed by Pseudomonas aeruginosa (18.2%), Klebsiella sp. 
(17.3), Proteus sp. (15.6%), and Escherichia coli (12.9%), 
whereas the lowest prevalence was recorded for Acinetobac-
ter sp. (4.8%), Enterococcus sp. (4.8%), and Enterobacter 
sp. (2.4%).

Antibiotic resistance pattern of the isolates

Results of Table 1 showed that the antimicrobial susceptibil-
ity pattern showed that all S. aureus isolates were suscepti-
ble to vancomycin and linezolid but resistant to cloxacillin, 
ampicillin, penicillin, and cephradine with percentages of 
92, 90, 84, and 84%, respectively. The antimicrobial resist-
ance pattern of Enterococcus sp. was as follows: cephra-
dine (100%), cloxacillin, ampicillin, and penicillin (80%), 
vancomycin (70%), and linezolid (0%). On the other hand, 
P. aeruginosa, Klebsiella sp., Proteus sp., E. coli, Acine-
tobacter sp., and Enterobacter sp. showed more than 70% 
resistance to ampicillin, more than 60% to carbencillin, more 
than 50% to norfloxacin, and the 1st, 2nd, and 3rd genera-
tion of cephalosporins except ceftriaxone. In addition, these 
isolates showed 40 to 63% sensitive to amikacin, except Aci-
netobacter sp. and Proteus sp. showed 81.5% to polymyxin 
B and colistin.

The MDR isolates SP7a, SP15a, SP15c, SP20a, DP36c, 
DP38a, DP42a, and NCP60c were identified by a Viteck-2 
system and were shown to be strains belonging to Acineto-
bacter baumannii, Staphylococcus aureus, Escherichia coli, 
Enterococcus faecalis, Enterobacter cloacae, Klebsiella 
pneumonia ssp. pneumonia, Pseudomonas aeruginosa, and 
Proteus mirabilis, respectively (Sup. 2). Five more prevalent 
MDR bacterial isolates (SP15a, DP42a, DP38a, SP15c, and 
NCP60c) with the highest index identified by Viteck-2 were 
selected for molecular confirmation using 16S rRNA analy-
sis. The Gene Bank nucleotide sequence accession num-
bers for partial sequences of 16S rRNA gene were generated 
in this study using NCBI and recorded as Staphylococcus 
aureus SaEg01 LC596095.1, Pseudomonas aeruginosa 

AG01 LC586427, Klebsiella variicola KvEG01 LC589614, 
Proteus mirabilis PmEG01 LC589616, and Escherichia coli 
EcEG01 LC589615 (Sup. 3).

Bacteriophage features

Specific five phages for the selected multidrug-resistant S. 
aureus (LC596095), P. aeruginosa (LC586427), K. vari-
icola (LC589614), P. mirabilis (LC589616), and E. coli 
(LC589615) were detected in clarified suspensions that 
were prepared from collected sewage samples using spot 
test method. These phages were confirmed by plaque assay 
and purified, then characterized according to plaque mor-
phology and designated as S2 for S. aureus phage, Ps1 for P. 
aeruginosa phage, K4 for K. variicola phage, C3 for E. coli 
phage, and Pr2 for P. mirabilis phage. Transmission electron 
microscopy was used to classify the purified phages based 
on their virion morphology. The results revealed that the five 
phage particles each had a head and tail. The results showed 
that S2 phage belongs to the Podoviridae family and contains 
an isometric head with a diameter of 56.4 nm and a short tail 
with a length of 22.6 nm and a diameter of 19.04 nm, while 
Ps1 phage contains a cubic head with a diameter of 111.2 nm 
and a long contractile tail with a length of 109.6 nm and a 
diameter of 29 nm that terminates with tail fibers. Phage K4 
specific for K. variicola contains a hexagonal head separated 
by a constricted neck region with a diameter of 112.9 nm 
and a tail with a length of 96.8 nm and a diameter of 29 nm. 
Moreover, C3 phage contains a hexagonal isometric head 
with a diameter of 88.7 nm and a long tail with a length of 
80.6 nm with a diameter of 25.8 nm. Furthermore, Pr2 phage 
contains a hexagonal head with a diameter of 85.5 nm, sepa-
rated from the head by a constricted neck region, and a long 
tail with a length of 151.6 nm and a diameter of 16.1 nm. 
From the results, Ps1, K4, C3, and Pr2 phages are assumed 
to belong to the Myoviridae family (Fig. 1A, C, E, G, I). All 
the aforementioned phages exhibited marked lytic activity 
Ps1 and Pr2 bacteriophages produced clear lytic plaques 
ranging from 2 to 4 mm in diameter. Plaques produced by 
the bacteriophages S2, K4, and C3 were surrounded by 
growing opaque halo zones (Fig. 1B, D, F, H, J), which also 
resisted the extremes of pH and temperature (Fig. 1K, L).

Phage therapy in animal model

Phage toxicity test in rats

The results showed that the mean rectal temperature of all 
phage cocktail-injected rats was 36.9 °C compared to the 
temperature of the control group, which was 37.1 °C. No 
symptoms of irritation, lethargy, sickness, or fever were 
noted in the tested group during the period of observation. 
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So, the phage cocktail showed no toxicity in rats and was 
considered for further use in vivo.

Validation of type 1 diabetes and diabetic wound onset

The results of the present investigation illustrated that the 
streptozotocin (STZ) intraperitoneal injected rats developed 

both a sustained elevation in blood glucose level ≥ 100 mg/
dl and a sharp decrease in serum insulin level < 1.1 mIU/
ml as shown in Sup. 4A, B, with a progressive decrease in 
body weight within the first 1 week of diabetic induction. 
Three days post diabetic wound incision and infection with 
a cocktail of multidrug-resistant bacteria, the wound showed 
signs of suppuration and local bacterial infection without 

Table 1  The antibiotic resistance patterns of the Gram-negative and Gram-positive bacteria (% of resistance)

NT not determined

Antibiotic classes Antibiotics S. aureus Enterobacter Pseudomonas Klebsiella Proteus E. coli Acinetobacter Enterobacter

B-lactams Ampicillin 90 80 92.1 72.2 87.5 85.2 90 100
Carbenicillin NT NT 68.4 80.5 75 63 90 80
Cefoperazone
Sulbactam

NT NT 63.1 58.3 68.7 66.6 70 60

Penicillin 84 80 NT NT NT NT NT NT
Cloxacillin 92 80 NT NT NT NT NT NT

Monobactams Aztreonam NT NT 55.3 66.6 78.1 63 90 60
Cephalosporins I Cefazolin NT NT 68.4 75 68.7 85.2 90 80

Cephradine 84 100 NT NT NT NT NT NT
Cephalosporins II Cefuroxime NT NT 68.4 72.2 78.1 81.5 90 80

Cefoxitin 8 100 NT NT NT NT NT NT
Cephalosporins III Cefotaxime 68 30 55.3 63.8 81.2 70 70 100

Ceftriaxone 20 80 26.3 25 28 29.6 80 60
Cefepime NT NT 57.9 63.8 62.5 48.1 70 80
Ceftazidime NT NT 65.7 69.4 81.2 85.1 90 80

Aminoglycosides Tobramycin NT NT 42.1 63.8 59.4 44.4 60 60
Amikacin NT NT 36.8 41.6 37.5 55.5 90 60
Gentamicin 58 30 63.1 41.6 40.6 29.6 70 40
Netilmicin 42 30 NT NT NT NT NT NT

Quinolones Ciprofloxacin 46 70 22.2 47.2 68.7 63 50 100
Ofloxacin NT NT 47.4 61.1 59.4 74 50 80
Norfloxacin 54 60 34.2 52.1 62.5 85.2 70 100

Carbapenems Meropenem NT NT 44.7 58.3 43.7 25.9 70 60
Chloramphenicol Chloramphenicol 56 80 68.4 47.2 53.1 51.8 50 100
Polymyxins Polymyxin B NT NT 15.7 30.5 87.5 18.5 0 0

Colistin NT NT 10.5 36.1 87.5 18.5 0 0
Sulfonamide Trimetho-sulfameth-

azole1
54 80 47.4 72.2 68.7 81.5 70 80

Fluoroquinolones Nalidix 66 80 55.3 75 68.7 63 50 60
Tetracyclines Doxycycline 34 30 42.1 50 59.4 48.1 40 40

Tetracycline 44 60 63.1 47.2 68.7 63 40 60
Nitrofurans Nitrofuration 28 30 52.6 50 50 51.8 40 80
Macrolides Erythromycin 58 100 NT NT NT NT NT NT

Azithromycin 32 20 NT NT NT NT NT NT
Lincosamides Clindamycin 56 40 NT NT NT NT NT NT
Ansamycin Rifampicin 74 50 NT NT NT NT NT NT
Glycopeptides Vancomycin 0 70 NT NT NT NT NT NT

Teicoplanin 66 70 NT NT NT NT NT NT
Oxazolidinones Linezolid 0 0 NT NT NT NT NT NT
No. of isolates 50 10 38 36 32 27 10 5
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development of any signs of systemic bacterial infection 
(Fig. 2).

Effect of phage cocktail on wound healing

It was demonstrated that topical application of both the 
phage cocktail-treated group and the ceftriaxone-treated 
group elicited a significant reduction in the mean value 
(P < 0.0002 and P = 0.0002 of wound size) and wound 
index (P = 0.0002 and P = 0.007), respectively, compared 
to untreated diabetic rats, as shown in Sup. 4C, D and Fig. 2.

Wound microbial load

Bacterial load was assessed in terms of CFU/ml after 7 days 
in diabetic rats treated with phage cocktail and diabetic rats 
treated with antibiotics compared with untreated infected 
diabetic rats on nutrient and MacConkey agar plates. The 
obtained results showed that the bacterial load was increased 
in untreated infected animals since the bacterial count was 

10.5 log and 9.5 log CFU/ml in nutrient and MacConkey 
agar, respectively, while in the group that received ceftri-
axone topically, the bacterial load was significantly reduced 
to 7.5 and 5.5 log CFU/ml in nutrient and MacConkey agar, 
respectively. A significant reduction in bacterial load was 
obtained after phage cocktail  109 PFU/ml treatments since 
a bacterial count of 4.5 log and 2.6 log CFU/ml in nutrient 
and MacConkey agar, respectively, as shown in Table 2. The 
values are the mean of triplicated bacterial counts ± SEM.

Effect of phage cocktail on the expression of wound 
oxidative state

The results cited in Fig. 3A, D showed that both phage cock-
tail and ceftriaxone caused a significant decrease (P < 0.001) 
in the mean value of the lipid peroxidation marker MDA 
and a significant increase (P < 0.001) in the mean value of 
the diabetic wound antioxidant activity GPx and CAT ng/
mg. On the other hand, only phage therapy elicited a signifi-
cant increase (P < 0.001) in the mean value of the diabetic 

Fig. 1  Transmission electron microscopy morphological characteriza-
tion (A, C, E, G, I), plaque morphology for S2, Ps1, K4, C3, and Pr2 
phages (B, D, F, H, J), thermal inactivation point for S2, Ps1, K4, 

C3, and Pr2 phage isolates (K), and stability of S2, Ps1, K4, C3, and 
Pr2 phages under different pH values (L)
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Fig. 2  Wound imaging follow-
up wound diameter on the 1st, 
3rd, 6th, 9th, 12th, 15th, 18th, 
and 21st days post treatment. 
Values are mean of 8 rats per 
group ± SEM. Means bearing 
stars were significantly different 
at P < 0.05
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wound antioxidant activity SOD when compared with the 
ceftriaxone-treated group (P < 0.05).

Effect of phage cocktail and ceftriaxone on the expression 
of wound healing markers and collagen deposition

The results of the present investigation indicated that either 
phage cocktail or antibiotic topical application induced 
a significant upregulation in the mean fold change of the 
mRNA expression of the healing regenerative biomark-
ers (P < 0.001) PCNA, Collagen1, MMP9, and collagen 

deposition compared with the untreated diabetic group. 
However, the phage cocktail-treated group showed a sig-
nificant upregulation in the mean fold change of the mRNA 
expression of Fibronectin (P < 0.001) compared with the 
infected diabetic group or the ceftriaxone-treated one. On 
the other hand, the topical application of phage cocktail 
showed a significant P < 0.001 upregulation in the mean fold 
exchange of mRNA expression of Collagen1, MMP9, and 
collagen deposition compared with the ceftriaxone-treated 
diabetic group as shown in Fig. 4A, H.

Effect of phage cocktail on the expression of wound 
inflammatory and anti‑inflammatory markers

The results of the present study illustrated that either phage 
cocktail or antibiotic topical application induced a signifi-
cant downregulation in the mean fold change of the mRNA 
expression of the inflammatory biomarkers (P < 0.001) 
MCP1, TNF-α, TGF-β, NFK-β, IL-1β, and IL-8 compared 
to the untreated infected diabetic group. Moreover, phage 
therapy showed a significant P < 0.001 improvement in the 
mRNA expression of the aforementioned inflammatory 
markers except TNF-α and TGF-β and anti-inflammatory 
markers over the antibiotic one. On the same line, antibi-
otic therapy evoked a significantly downregulated mRNA 

Table 2  Effect of the hydrogel topical application of ceftriaxone 
(2%) and phage cocktail  (109 PFU/g) at a multiplicity of infection 
(MOI = 10) once daily for 7 successive days on the mean value of 
total bacterial count CFU/ml  (log10) of the diabetic wound infected 
with clinical isolates in type 1 diabetic rats on 21st days post-treat-
ment

a,b,c P < 0.05

Groups

Media Diabetic Diabetic ceftri-
axone treated

Diabetic phage 
cocktail-treated

Nutrient agar 10.5 ± 1.15a 7.5 ± 0.65b 4.5 ± 0.34c

MacConkey agar 9.5 ± 0.87a 5.5 ± 0.38b 2.6 ± 0.17c

Fig. 3  Effect of 2% ceftriaxone 
(µg/ml) and phage cocktail  (109 
PFU/ml) on the mean value of 
oxidant/antioxidant activity of 
the type 1 diabetic rat wound 
(A, D). A Lipid peroxidation 
marker (MDA nmol/mg). B 
GPx ng/ mg. C CAT ng/mg. D 
SOD U/mg. Values are mean 
of 8 rats per group ± SEM. 
*Scant difference, **moderate 
difference, and ***distinctive 
difference
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expression of TNF-α and TGF-β over compared to phage 
therapy. In contrast, only phage therapy elicited a significant 
upregulation P < 0.001 in the mean fold exchange of the anti-
inflammatory marker IL-4 in comparison to the infected dia-
betic group, while both phage cocktail and antibiotic topical 
therapy elicited a significant upregulation in the mean fold 
exchange of the anti-inflammatory marker IL-10 in compari-
son to the infected diabetic group (Fig. 5A, F).

Effect of phage cocktail and ceftriaxone 
on the histopathological picture of type 1 diabetic wound

Histopathological examination of the hemotoxylin (H) and 
eosin (E) stained section of the non-treated diabetic wound 
showed signs of acute inflammation, congested blood ves-
sels, massive leukocytic infiltration, and the appearance of 
vascular granulation tissue as shown in Fig. 6A. However, 
the histomorphic picture of the ceftriaxone-treated diabetic 

wound revealed moderate leukocytic infiltration with the 
formation of epidermal pads, the appearance of hair folli-
cles, and collagen that indicated the common signs of wound 
healing as shown in Fig. 6B. On the other hand, histomor-
phological examination of phage cocktail-treated diabetic 
wound illustrated a mild inflammatory reaction, appearance 
of moderate number of fibroblast along with granulation tis-
sue, development of epidermal pads, increasing epidermal 
thickness, and restoration of both hair follicles and seba-
ceous gland that indicated an advanced regenerative state of 
the damaged diabetic skin as shown in Fig. 6C.

Discussion

Diabetic foot ulcers are one of the most serious complica-
tions of diabetes that deteriorate the patient’s quality of 
life and are considered suitable media for the growth and 

Fig. 4  Effect of the hydrogel topical application of ceftriaxone 
10% and phage cocktail 10.9 PFU/g at a multiplicity of infec-
tion (MOI = 10) once daily for 7 successive days on the mean fold 
change mRNA relative expression of regenerative markers (PCNA, 
Fibronectin, COL1, and MMP9) to internal control gene Gapdh of 
the diabetic wound infected with clinical isolates of Staphylococcus 
aureus LC596095, Pseudomonas aeruginosa LC586427, Klebsiella 
variicola LC589614, Escherichia coli LC589615, and Proteus mira-
bilis LC589616 in type 1 diabetic rats (A, D) and collagen deposi-
tion of the type 1 diabetic rats (E) of the type 1 diabetic rat wound. A 

mRNA relative expression of PCNA to internal control gene Gapdh. 
B mRNA relative expression of Fibronectin to internal control gene 
Gapdh. C mRNA relative expression of COL1 to internal control 
gene Gapdh. D mRNA relative expression of MMP9 to internal con-
trol gene Gapdh. E A photo micrograph of Masson’s blue staining 
of the control group (left panel), ceftriaxone-treated group (middle 
panel), and phage cocktail-treated group (right panel). F The level 
of collagen deposition. Values are mean of 8 rats per group ± SEM. 
Means bearing asterisk were significantly different at P < 0.05
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multiplication of the invading pathogens due to the retar-
dation in wound healing with prolonged regimens of both 
systemic and/or topical antimicrobial therapy. Multidrug-
resistant pathogens have a sharp need for safe and effec-
tive antimicrobial alternatives. Thus, the present study was 
designed to investigate whether phage therapy could be 
considered as an alternative strategy to the antimicrobial 
one.

In the present study, it was found that the proportion 
of Gram-negative bacilli was higher than Gram-positive 
cocci. These results were compatible with Shanmugam et al. 
(2013). From 78 positive culture cases, 10 patients (12.8%) 
had monomicrobial infections and 68 patients (87.2%) had 
polymicrobial infections. Similarly, Citron et al. (2007) 
reported that 16.2% of patients had monomicrobial infec-
tions and 83% had polymicrobial infections. In the same 

Fig. 5  Effect of the hydrogel topical application of ceftriax-
one 10% and phage cocktail  109 PFU/g at a multiplicity of infec-
tion (MOI = 10) once daily for 7 successive days on the mean fold 
change of the mRNA relative expression of inflammatory and anti-
inflammatory markers to internal control gene Gapdh of the dia-
betic wound infected with clinical isolates of Staphylococcus aureus 
LC596095, Pseudomonas aeruginosa LC586427, Klebsiella vari-
icola LC589614, Escherichia coli LC589615, and Proteus mirabilis 
LC589616 in type 1 diabetic rats (A, H). A mRNA relative expres-
sion of MCP1 to internal control gene Gapdh. B mRNA relative 

expression of TNF-α to internal control gene Gapdh. C mRNA rela-
tive expression of TGF-β to internal control gene Gapdh. D mRNA 
relative expression of NF-κβ to internal control gene Gapdh. E 
mRNA relative expression of IL-1β to internal control gene Gapdh. F 
mRNA relative expression of IL-8 to internal control gene Gapdh. G 
mRNA relative expression of IL-4 to internal control gene Gapdh. H 
mRNA relative expression of IL-10 to internal control gene Gapdh. 
**Scant difference, ***moderate difference, and ****distinctive dif-
ference
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line, Miyan et al. (2017) showed that 56.87% of the DFIs 
were polymicrobial with a high abundance of Gram-negative 
isolates (76.27%). In this study, the commonest isolates were 
Staphylococcus aureus (24%), followed by Pseudomonas 
aeruginosa (18.2%), Klebsiella spp. (17.3%), Proteus mira-
bilis (15.6%), Escherichia coli (12.9%), Acinetobacter bau-
mannii (4.8%), Enterococcus faecalis (4.8%), and Entero-
bacter cloacae (2.4%). Similarly, Saltoglua et al. (2018) 
reported that the most common isolated microorganisms 
from diabetic foot ulcers were S. aureus (20%), P. aerugi-
nosa (19%), and E. coli (12%). On the other hand, Xavier 
et al. (2014) reported that the predominant bacteria isolated 
from wounds were E. coli (16.3%), P. aeruginosa (10.7%), 
E. faecalis (9.2%), Klebsiella pneumoniae (8.9%), S. aureus 
(8.9%), Acinetobacter baumannii (5.1%), Enterobacter sp. 
(4.9%), and Proteus mirabilis (3.3%). Also, Shanmugam 
et al. (2013) reported that Gram-negative bacilli were more 
prevalent (65.1%) than Gram-positive cocci (39.8%). The 
commonest isolate was Pseudomonas sp. (16%), followed 
by Escherichia coli (14.6%) and Staphylococcus aureus 
(13.3%). The diabetic foot microbiota has been found to be 
influenced by several factors such as demographic character-
istics, personal hygiene, geographical origin of the patient, 
grade of severity, glycemic control, and ongoing or previ-
ous antibiotic treatments (Spichler et al. 2015; Malone et al. 
2017).

The antibiotic resistance patterns of the isolated Gram-
negative bacilli and the Gram-positive cocci were studied 
using twenty-five different antibiotics. It was found that the 
isolates were multidrug resistant with percentages of 80%, 
73.7%, 83.3%, 68.75%, 92%, 80%, 90%, and 100% for Staph-
ylococcus sp., P. aeruginosa, Klebsiella sp., Proteus sp., E. 
coli, Acinetobacter sp., Enterococcus sp., and Enterobacter 
sp., respectively.

To examine the therapeutic effect of bacteriophages in 
resolving diabetic foot infection, five phages specific for S. 

aureus, P. aeruginosa, K. variicola, E. coli, and P. mirabilis 
were isolated from two sewage samples obtained from dif-
ferent sources, which formed distinct plaques which differ in 
size and transparency. S2, K4, and C3 bacteriophages pro-
duced clear lytic plaques ranging from 3 to 4 mm in diameter 
and surrounded by growing opaque halo zones, while Ps1 
and Pr2 phages produced clear lytic plaques with a diameter 
of 2 mm without halo. The formation of halo is often inter-
preted as an indicator of depolymerase-mediated digestion 
of bacterial capsules in nearby bacteria even if lysis does 
not occur in these areas (Shang et al. 2015; Pan et al. 2017).

According to ICTV, S2 phage belongs to the family 
Podoviridae and contains an isometric head and a short 
non-contractile tail. These results are in agreement with 
Son et al. (2010) and Cha et al. (2019), who isolated two 
phages specific for S. aureus, which possesses a small ico-
sahedral head with a short, non-flexible, non-contractile tail 
that belongs to the Podoviridae family. The morphological 
characteristics of Pseudomonas phage in the current study 
revealed that Ps1 contains a cubic head and a long contrac-
tile tail terminating in tail fibers and belongs to the Myoviri-
dae family. This data is in agreement with Guo et al. (2019), 
Garbe et al. (2011), and Angela et al. (2015). In contrast, 
Shigehisa et al. (2016) isolated phage KPP21 that belongs to 
the family Podoviridae with a head diameter and tail length 
of 67.0 nm and 5.3 nm, respectively. Transmission electron 
microscopy also revealed that the K4 phage belongs to the 
Myoviridae family. In the same regard, Hesse et al. (2020) 
isolated P6 phage from sewage samples that belong to Myo-
viridae. On the other hand, Teng et al. (2019) and Domingo-
Calap et al. (2020) isolated Klebsiella phages that possess 
an isometric head and a non-contractile short tail resem-
bling those of Podoviridae family members. The C3 phage 
belongs to the Myoviridae family. These results are com-
patible with Necel et al. (2020), who isolated two phages, 
mvB_Eco4M-7 and ECML-117, that are specific for E. coli 

Fig. 6  Effect of the topical application of phage cocktail on diabetic 
infected wound in type 1 diabetic rats (A, C). A A photomicrograph 
of infected diabetic wound H&E, × 400. B A photomicrograph of dia-

betic infected wound cefetriaxone-treated group H&E, × 400. C A 
photomicrograph of diabetic infected wound phage cocktail-treated 
group H&E, × 400
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O157:H7 (ST2–8624) and belong to the Myoviridae family. 
These phages appear in electron microscopic analyses with 
a head of 66 nm in diameter for both phages and a contrac-
tile tail with a diameter of 107 × 20 nm and 120 × 20 nm for 
vB_Eco4M-7 and ECML-117, respectively. In addition, Pr2 
phage contains a hexagonal head with a diameter of 85.5 nm, 
separated from the head by a constricted neck region and 
a long tail with a length of 151.6 nm with a diameter of 
16.1 nm and belongs to the Myoviridae family. These data 
are similar to Luís et al. (2016) who isolated two phages 
specific for P. mirabilis from raw sewage which formed clear 
plaques with diameter ranged between 1 and 1.5 nm and 
contain isometric head 87 nm in diameter and contractile 
tail (110 nm long and 17 nm wide) and belongs to the Myo-
viridae family but the other phage 5460 had a capsid 65 nm 
in diameter, short (13 nm) tail terminating in tail fibers, sug-
gesting that these probably belong to the family Podoviridae.

Upon investigation of using bacteriophage therapy as an 
effective alternative for the antibiotic therapeutic regimens 
for the polymicrobial DFU, the results of the present study 
revealed that diabetic rats showed sustained elevation in 
blood glucose level ≥ 500 mg/dl and sharp decrease in serum 
insulin level as < 3.5 mIU/ml with a progressive decrease 
in body weight within the first 3 weeks of diabetic induc-
tion. These results are compatible with Molehin and Oloyede 
(2019) and Kifelew et al. (2020).

The current study demonstrated the potential effective-
ness of topical administration of specific phage cocktails 
on survival and bacterial loads in a mouse model of mixed 
infected diabetic wounds compared with topical administra-
tion of ceftriaxone treatment. The results revealed that the 
topical administration of both phage cocktail and ceftriax-
one showed a significant decrease in wound size and wound 
index compared to untreated diabetic rats. These results are 
in agreement with Chhibber et al. (2013) and Kifelew et al. 
(2020).

Lipid peroxidation by-products can result in marked dam-
age to the functional and structural integrity of cell mem-
branes (Kolanjiappan et al. 2002). Antioxidants such as 
GSH, SOD, CAT, and GPx can remove the by-products of 
lipid peroxidation (Manoharan et al. 2005). An imbalance 
between the antioxidants and lipid peroxidation by-products 
can lead to cell and tissue damage (Nagini and Saroja 2001). 
The current work showed that both phage cocktail and cef-
triaxone treatments caused a significant decrease P < 0.001 
in the mean value of the lipid peroxidation marker MDA and 
a significant increase P < 0.001 and P < 0.05, respectively, 
in the mean value of the antioxidant enzyme activity GPx 
and CAT ng/mg. On the other hand, phage therapy elicited 
a significant increase P < 0.001 in the mean value of the 
diabetic wound antioxidant activity, either GPx or SOD or 
CAT, compared with the ceftriaxone-treated group. In the 
same respect, Mahreen et al. (2010) and Rani et al. (2019) 

reported that there was a significant increase in the malon-
dialdehyde (MDA) level in noncomplicated and complicated 
diabetics with nephropathy as compared to healthy controls. 
Moreover, Chhibber et al. (2013) estimated the antioxidant 
myeloperoxidase (MPO) activity and found a significant 
reduction in the MPO activity in all treated groups with the 
phage MR-10 group and linezolid group as compared to 
untreated control animals (P < 0.01) with minimal activity 
obtained on days 7 and 10.

The results also showed that the topical application of 
the phage cocktail caused a marked reduction in the wound 
microbial load and also showed a superior effect over the 
ceftriaxone-treated group. These results are in accordance 
with Kifelew et al. (2020). In the same line, Chhibber et al. 
(2013) reported that both the phage MR-10-treated group 
and the linezolid (orally)-treated group showed a significant 
reduction of 2.7 and 2.92 log CFU, respectively, as compared 
to normal animals on day 5. Our finding could be attributed 
to the ability of the phage to replicate at the site of infection, 
infect the bacterial cells, and produce several lytic enzymes 
that destroy bacterial cells for an extended period. In contrast 
to the antibiotic candidates, phage showed no local inflam-
matory reaction, provided the flexibility to introduce higher 
PFU with a small dose, and had higher potency to repli-
cate in the site of the infection that extended the therapeutic 
effect with minimum or reduced dosage regimens compared 
to the antibiotics, and the topical application of the phages 
reduced the risk of both first path metabolism and systemic 
side effects (Abbas et al. 2015; Speck and Smithyman 2016).

Wound healing process was associated with the expres-
sion of several proteins as collagen (Coli-1), fibronectin 
(Fn), matrix metalloproteinase 9 (MMP9), and matrix met-
alloproteinase 3 (MMP3) (Suvik and Effendy 2012). The 
abovementioned proteins are essential for proper wound 
healing. However, diabetes disrupts the expression of these 
proteins, which negatively impacts diabetic wound healing 
(Loots et al. 1998; Pollack et al. 2016), since these proteins 
are responsible for extracellular matrix deposition and tissue 
remodelling. So the dysregulation of their expression limits 
the progression of the wound remodelling process (Shi et al. 
2015).

Results of regenerative markers in this study revealed that 
the topical application of phage cocktail showed a significant 
P < 0.001 upregulation in the mean fold exchange of mRNA 
expression of Collagen1, MMP9, and collagen deposition 
compared with the ceftriaxone-treated diabetic group. Fur-
thermore, the phage cocktail-treated group showed a sig-
nificant upregulation in the mean fold change of the mRNA 
expression of Fibronectin P < 0.001 compared with the 
ceftriaxone-treated group. The untreated diabetic group 
showed a highly ulcerated epidermal layer and pus-contain-
ing abscesses in both the dermis and subcutaneous soft tis-
sue. The topical application of a phage cocktail appeared to 
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be the first option for inducing the expression of the wound 
healing proteins over the antibiotic one (Zhang et al. 2014; 
Abbas et al. 2015). The lower therapeutic capacity of the 
antibiotics than the phage might be illustrated as follows: 
the improper use of antibiotics can lead to an increase in 
bacterial resistance (Zaman et al. 2017). Chemotherapeutic 
agents commonly cause direct toxic effects such as rashes 
that adversely affect wound healing; antibiotics usually dis-
rupt the skin flora that eventually impair many aspects of the 
innate immunity, thereby interfering with the wound heal-
ing process; and antibiotics can interact with other medica-
tions to cause drug-related problems (Zhang et al. 2014). 
The obtained results illustrated that the topical application 
of either phage cocktail or antibiotics induced a significant 
downregulation in the mean fold change of the mRNA 
expression of the inflammatory biomarkers (P < 0.001) 
MCP1, TNF-α, TGF-β, NFKβ, IL-1β, and IL-8 compared 
to the diabetic group. In contrast, only the phage therapy 
elicited a significant upregulation P < 0.001 in the mean fold 
exchange of the anti-inflammatory marker IL-4 in compari-
son to the diabetic group. Moreover, phage therapy showed a 
significant P < 0.001 improvement in the mRNA expression 
of the forementioned inflammatory marker except (TNF-α 
and TGF-β) and anti-inflammatory markers over the antibi-
otic one. In the same line, antibiotic therapy evoked a sig-
nificantly downregulated mRNA expression of TNF-α and 
TGF-β over compared to phage therapy. These results were 
correlated with those of Kumari et al. (2010). In the same 
line, Pincus et al. (2015) reported that SATA-8505 phage did 
not induce inflammatory responses either to IL-1ß or IL-6 
in peripheral blood mononuclear cultures, nor did it induce 
interferon gamma production in primary human keratinocyte 
cultures or induce inflammatory responses in mouse models. 
In the same regard, Berlina et al. (2020) mentioned that the 
main factors determining the levels of inflammatory markers 
in the blood of diabetic patients were as follows: the severity 
of the disease and its duration; the etiology of the disease 
(bacterial, fungal, or viral infections, superinfection mixed 
infections); administration of antiviral drugs or antibiotics; 
and the stage of antibiotic therapy (initial, final).

The results of histopathological examination of the H&E-
stained section of the non-treated diabetic wound showed 
signs of acute inflammation, congested blood vessels, mas-
sive leukocytic infiltration, and the appearance of vascular 
granulation tissue. However, the histomorphic picture of the 
ceftriaxone-treated diabetic wound revealed moderate leu-
kocytic infiltration with the formation of epidermal pads, 
the appearance of hair follicles, and collagen that indicated 
the common signs of wound healing. On the other hand, 
histomorphological examination of phage cocktail-treated 
diabetic wounds illustrated a mild inflammatory reaction, 
the appearance of a moderate number of fibroblasts along 
with granulation tissue, the development of epidermal pads, 

increasing epidermal thickness, and restoration of both hair 
follicles and sebaceous glands that indicated an advanced 
regenerative state of the damaged diabetic skin. These 
results are similar to those of Chhibber et al. (2013) and 
Chhibber et al. (2018), who found that the skin of both the 
phage-treated group and the linezolid-treated group showed 
mild infiltration of lymphocytes and fibroblastic cells in 
the dermis beneath the epidermis. Although the epidermis 
appeared normal and non-ulcerated, moderate inflamma-
tion was observed in the dermis beneath the epidermis, with 
edema fluid also visible in the dermal layer. On the other 
hand, the non-diabetic skin showed all the intact layers (epi-
dermis with keratin layers), dermis with hair follicles being 
visible, and the fat and muscle layer. The phage cocktail used 
in the current study was tolerated by the rats by the lack of 
changes in the well-being of rats or anaphylactic reactions 
due to harmful responses to phages. These findings are in 
the same line with studies on the safety of phage therapy 
(Fabijan et al. 2020; Kifelew et al. 2020). Adverse effects 
due to rapid bacterial lysis, such as circulatory shock and 
bacterial rebound due to releasing large quantities of toxins 
when considerable numbers of bacteria are lysed, or anti-
inflammatory responses were not observed (Van Belleghem 
et al. 2017; Sweere et al. 2019). However, the use of phage 
therapy can be an effective treatment against bacterial infec-
tions; there are some important factors that considered a 
challenge to the use of phage therapy as antimicrobial agent. 
One drawback is the use of phage therapy against intracel-
lular pathogens (Sulakvelidze et al. 2001). Moreover, major 
concerns were about the potentially massive endotoxins that 
liberated after bacterial lysis (Mignon et al. 2014). So, this 
is an area to monitor in phage therapy clinical trials and 
more detailed studies are necessary. So, the proper manipu-
lation of these highly active phages, full genome sequenc-
ing, and protein analysis can be the ultimate keys for better 
application.

Conclusion

Diabetic foot is one of the most feared complications of dia-
betes and is characterized by several pathological compli-
cations such as foot ulceration, which frequently becomes 
infected with bacteria. Healing of these ulcers is largely 
delayed by the concomitant infection. The looming threat 
of antibiotic resistance calls for immediate action. Phage 
therapy is well suited to be part of the multidimensional 
strategies to fight against it. The results of this study sug-
gested topical phage therapy was a promising method for 
the treatment of non-healing diabetic wounds and did not 
exhibit any side effects, ensuring their safety. So, it was rec-
ommended to increase the application scale of phage therapy 
to include diabetic foot patients. The proper manipulation of 
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these highly active phages, full genome sequencing, and pro-
tein analysis can be the ultimate keys for better application.
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