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Abstract 

The emergence of Antibiotic-Resistant Microbes (AMR) against last-resort antibiotics, 

including carbapenems, colistin, etc., is a pressing global concern. The dry pipeline of 

antibiotics necessitates the discovery of alternatives to counter AMR. Klebsiella pneumoniae is 

known for its MDR status and ability to form biofilm, posing additional challenges to antibiotic 

therapy. Bacteriophage therapy emerges as the most promising alternative to treat the growing 

antibiotic-resistant infections associated with biofilm. It will be very interesting if the synergic 

effect is examined between phages and antibiotics at subinhibitory concentrations. 

The novel phage ΦKpnBHU3 was isolated from the sewage water and characterized for host 
specificity and physiological stability (temperature and pH). The isolated phage, in 

combination with colistin in sub-MIC concentration, were further evaluated for eradication of 

planktonic and biofilm forms of K. pneumoniae in-vitro.  Whole genome sequencing of phage 

ΦKpnBHU3 was performed for identification, evolutionary relationship, and bioinformatics 
analysis.  

This study showed that combining phage ΦKpnBHU3 (1 × 109 PFU/mL) with the sub-inhibitory 

concentration of colistin (12.2μg/mL) produced a synergistic antibacterial effect and 

successfully eradicated planktonic and biofilm forms of K. pneumoniae.  While the phage-first 

therapy had excellent antibacterial synergy, simultaneous and antibiotic treatment resulted in 

limited antibacterial synergy. Phage-Antibiotic Synergy (PAS) based therapy has been 

suggested to eradicate the bacteria more efficiently and thus may lead to the relevance of those 

antibiotics which are being reported as ineffective.   

PAS may significantly reduce antibiotic usage, reducing selection pressure and thus restoring 

antibiotic activity. However, further research is required to comprehend the PAS's molecular mechanisms and preclinical and 

clinical evaluation regarding efficacy and safety. 
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Introduction 

The emergence of Antimicrobial Resistance (AMR) pathogens, especially colistin-resistant Klebsiella pneumoniae, is an upsurge at 

an alarming rate and poses a severe antimicrobial crisis worldwide. Moreover, K. pneumoniae is a key trafficker in acquiring 

Antimicrobial Resistance genes (ARGs) from environmental sources, and its distribution among other bacterial genera pushes 

us back to the pre-antibiotic era. In 2022, Antimicrobial Resistance Collaborators reported that approximately 600,000 deaths 

were caused by antibiotic-resistant K. pneumoniae in 2019 and marked as an urgent clinical threat [1,2]. The scenario is further 

complicated as biofilm formation is the most significant virulence property of K. pneumoniae [3]. It has been reported that 60-80% 
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of bacterial infections in humans are associated with biofilm formation, which hinders and complicates antibiotic therapy [4-6]. 

The antibiotic resistance of mature biofilm somehow increases approximately 10-1000 times compared to planktonic bacteria. 

Furthermore, biofilm formation resists phagocytosis, antimicrobial factors and exogenous stressors [6-10]. Moreover, various 

environmental factors like temperature, pH, nutritional content, oxygen levels, osmolality and the presence of other bacteria also 

complicate the eradication of biofilm in natural settings [11,12]. 

 

The current antibiotics crisis and biofilm formation have sparked the renaissance of phage therapy as a potential therapeutic 

alternative against the infection caused by antibiotic-resilient bacteria [13]. Phages have proven their therapeutic potential in 

numerous experimental phage therapies and clinical trials where traditional antimicrobial agents have failed [14,15]. 

 

Phages disrupt biofilm with their lytic enzymes, such as depolymerases, endolysin, and peptidoglycan hydrolases and cause the 

death of the biofilm's basal layer, resulting in the complete eradication of biofilm [16-19]. Bacteriophages initiate their adsorption 

(infection) upon binding with specific receptors and secrete lytic enzymes that disrupt the bacterial biofilm matrix. The 

disruption of the biofilm matrix opens the pathway for deeper penetration of bacteriophages and antimicrobial agents inside the 

biofilm. Furthermore, antibiotics and bacteriophages have different receptors and mechanisms for bacterial killing [20,21]. 

However, the emergence of phage-resistant mutants during therapy is the main reason for treatment failure, limiting their 

therapeutic potential [22]. 

 

The disruption of bacterial biofilm matrix leads to the dispersal of bacterial cells as planktonic and subjected to easily accessible 

antimicrobial agents. Phage-Antibiotics Synergy (PAS), a combination therapy, has been adopted to alleviate the emergence of 

phage and/or antibiotic-resistant mutant bacteria during the therapy [17]. The co-administration of phage and antibiotic therapy 

may have comparatively higher efficacy than treating bacterial infections with bacteriophages and antibiotics alone, reducing 

the emergence of resistance mutations [23]. The recent application of Phage-Antibiotic Synergy in varying grades of bacterial 

infection has remarkable breakthrough in phage therapy across the globe [24-30]. In most of the recent studies, phage and 

antibiotics were administered simultaneously, while some studies have shown that administration of phage-first has better 

efficacy [31-34]. 

 

The arena of phage therapy advances with the application of Phage-Antibiotic Synergy and this combination therapy could 

exhibit synergistic, additive or antagonistic effects depending upon the interaction of phage and particular antibiotics 

[26,32,35,36]. In Phage-Antibiotic Synergy, the varying time and concentration of both phage and antibiotics significantly impact 

the successful eradication of bacterial infection [37].  

 

In previous in-vitro studies, researchers executed the Phage-Antibiotic Synergy with antibiotics with respect to their MIC value; 

however, none of the authors claimed the complete eradication of bacterial biofilm in their study design. Therefore, the present 

study used colistin-resistant K. pneumoniae (KpnBHU109), a well-characterized lytic phage ΦKpnBHU3 (OL976437) and colistin, 
to evaluate the Phage-Antibiotic Synergy both on planktonic and biofilm states with sub-inhibitory MIC of colistin and also at 

different concentration and timing of addition of both i.e., phage (ΦKpnBHU3) and antibiotic (colistin).  
 

Material and Method 

Bacterial Strain 

The K. pneumoniae (KpnBHU109) strain used in the study was isolated from the non-healing wound sample of a male patient 

admitted to the general surgery ward of the University Hospital, Banaras Hindu University, Varanasi, India. K. pneumoniae 

(KpnBHU109) strain was confirmed by conventional biochemical method and further by PCR amplification of 16S-23S rDNA 

internal transcribed spacer (ITS) region as described earlier [38]. The forward primer sequence was 5’ 
ATTTGAAGAGGTTGCAAACGAT 3’, and the reverse sequence was 5’ TTCACTCTGAAGTTTTCTTGTGTTC 3’. The PCR 
amplification was carried out in a thermal cycler (T100 Thermal Cycler, BIO-RAD, CA, USA). As per standard practice, an 

antibiotic sensitivity test was done by modified Kirby-Bauer disc diffusion method for gentamycin, amikacin, 

cefpirome/cefepime, levofloxacin, piperacillin+tazobactam, ampicillin+sulbactam, imipenem, ertapenem, meropenem while for 

polymyxin-E (colistin) by broth dilution method to determine Minimum Inhibitory Concentration (MIC) of colistin according to 

the recommendation of Clinical and Laboratory Standard Institute (CLSI, 2020) against K. pneumoniae KpnBHU109. All the 

antibiotics and polymyxin-E (colistin) were brought from Hi-Media, Mumbai, India. The K. pneumoniae (ATCC 700603) was used 
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as the reference strain. The Phage-Antibiotic Synergy study plan was approved by the Institutional Ethical Committee at the 

Institute of Medical Sciences, Banaras Hindu University, Varanasi, India (Reference no. Dean/2022/IAEC/3254). 

 

Selection of Bacterial strain and K. pneumoniae-specific bacteriophage 

The well-characterised phage ΦKpnBHU3 (GenBank accession number: OL976437), which exhibits broad-spectrum activity 

against K. pneumoniae isolates, was available to us for this study. It had already been characterised morphologically and 

genetically [39].  

 

Time-kinetics assay of PAS on the planktonic form of K. pneumoniae 

The study examined three different conditions, i.e., administration of phages 8 h prior to antibiotics (PF), administration of 

bacteriophage 8 h prior to antibiotics (AF), and simultaneous administration of phage and antibiotics (SIM). In brief, 180μL of 

logarithmic growth phase (0.6 OD ≈ 1 × 108 CFU/mL) of K. pneumoniae (KpnBHU109) was inoculated into a 96-well ELISA plate. 

Subsequently, 20μL of phage composition (1 × 109 PFU/mL), antibiotics 12.2 µg/mL, or a combination of both (phage and 

antibiotics) was inoculated into the respected well in a specified sequence. The inoculated plates were incubated at 37°C for 72 

h. The bacterial load from the inoculated plate were counted at different time intervals (0 h, 2 h, 4 h, 8 h, 16 h, 24 h and 48 h), 

respectively, according to the standards Colony Forming Unit (CFU/mL) method described by Miles and Mishra with slight 

modification [40].  

 

Administration of bacteriophage: before, after and simultaneously with antibiotic 

K. pneumoniae (KpnBHU109) in the logarithmic growth phase (0.6 OD ≈ 1 × 108 CFU/mL) was inoculated into a 96-well ELISA 

plate, and furthermore, the bacterial culture was subjected to the three treatment strategies; phage first (1 × 109 PFU/well), 

antibiotic first (12.2 µg/well) and finally phage + antibiotic (1 × 109 PFU/well + 12.2 µg/well) simultaneously in triplicates set and 

incubated for 16-18 h at 37°C. After the incubation period, the growth was assessed per the standard CFU counting protocols 

[41]. 

 

Assessment of timing of addition of bacteriophages on the lysis of planktonic form of K. pneumoniae  

In this study, to optimize the timing of the addition of colistin after phage introduction, we added the colistin at different time 

intervals, i.e.,  0, 2, 4, 6, 8, 12, 24, and 48 hr after the phages at the concentration of 106, 107, 108 and 109 PFU/mL in the LB broth 

containing 1 × 108 CFU/ mL of the K. pneumoniae. Subsequent subculture was done for the bacterial cell counting after 24hr of 

adding the antibiotics. 

 

Assessment of different concentrations of bacteriophages on the lysis of K. pneumoniae when colistin was added after 8hr of 

bacteriophage administration 

The study's optimization of bacteriophage concentration when colistin was added at 8hr was based on the results obtained in 

the section 2.2 study. 

 

Assessment of different concentrations of phages when added simultaneously with colistin 

In this group, we simultaneously administered phage at different concentrations and colistin at a subinhibitory concentration to 

the KpnBHU109 culture (1×108 CFU/mL) to determine the most effective phage concentration. 

 

Assessment of PAS in different combinations on biofilm 

Biofilm formation by K. pneumoniae (KpnBHU109) 

K. pneumoniae biofilm was grown in a 96-well microtiter plate and evaluated according to the method described earlier by [42,43]. 

The fresh colonies of K. pneumoniae KpnBHU109 were inoculated into 10 mL of LB broth. The culture was incubated for 18 h at 

37 oC with shaking at 150 rpm. The bacterial culture was quantified and adjusted to 0.5 MacFarland (1.5 × 108 CFU/mL), and 

200μL of bacterial suspension was distributed into eight wells of a flat bottom 96-well microtiter plate containing LB broth. The 

inoculated plate was incubated on a shaking platform at 37 oC for 24, 48 and 72 hr, permitting mature biofilms to be established 

at each well's bottom. Subsequently, the inoculated wells were gently washed three times with PBS to remove free-floating 

bacteria. The biofilm biomass was fixed with methanol (200μL/well), followed by a 20 min incubation period and stained with 

1% crystal violet (200μL/well) for 20 min. The plate was washed thoroughly with distilled water, and the plate was air-dried. 

The stained biofilm was decolourized by adding 200μL of ethanol (95%) to each well for 30 min. The optical density (OD) of stain 
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from biofilm was measured using a micro-ELISA auto-reader (Thermo Scientific Multiskan Fc) at a wavelength of 570 nm. The 

experiment was performed in triplicate. 

 

In-vitro activity PAS on K. pneumoniae (KpnBHU109) biofilm 

In this study, after 72 h of incubation, the K. pneumoniae (KpnBHU109) biofilm was gently washed with PBS to remove the free-

floating bacterial cells. The adherent biofilm was treated with three different conditions, i.e., administration of phage first (1×109 

PFU/well), administration of antibiotic first (12.2 µg/mL) and simultaneous administration of phage+antibiotic in triplicates. The 

treated biofilm was further incubated at 37°C for 24 h. Subsequently, the wells were gently washed with PBS, and the biofilm 

biomass was measured using crystal violet staining according to the earlier protocol. 

 

Assessment of the efficacy of the phage and antibiotic (synergistic) treatment on the K. pneumoniae (KpnBHU109) biofilm 

The bacterial suspension (supernatant) was removed from the biofilm-containing wells after 72 hr of incubation and gently rinsed 

thrice with PBS to remove any planktonic cells. The K. pneumoniae biofilm was administrated to three treatments, i.e., phage 

(1×109 PFU/well), colistin (12.2µg/mL), and phage + colistin (simultaneous) in the triplicate set. The treated adherent biofilm was 

incubated at 37°C for 18 h. The adherent biofilm was rinsed with PBS and dried. The adherent biofilm was inoculated with 100μL 

of normal saline and scraped with sharp needles from each well. The biofilm samples were inoculated in the LB broth and 

incubated at 37°C for 18 h.   

 

Result 

Antibiotic sensitivity test and phage efficacy against clinical strains 

The antibiotics sensitivity testing of clinical isolates of K. pneumoniae revealed that KpnBHU109 was resistant to all the antibiotics 

tested, including imipenem, ertapenem, meropenem and colistin having MIC value ≥24.4 μg/mL (supplementary Table S1). 

Therefore, KpnBHU109 was used for further experiments. The PCR amplification of 16S-23S rDNA ITS region PCR product of 

K. pneumoniae is shown in supplementary Table 1.   

 

Effect of PAS on the planktonic form of K. pneumoniae (KpnBHU109) 

Time-kill assays of the planktonic form of K. pneumoniae (KpnBHU109) 

The synergistic antibacterial efficacy of colistin (sub-MIC concentration) and the fixed concentration of phages was determined 

in the three different studies, i.e., PF, AF and SIM. The time interval between the administration of phage and antibiotics was 8 

hr, as depicted in (Fig. 1). 

 

The synergistic efficacy of phage and antibiotic was superior to either the phage or antibiotic alone in reducing the viable 

planktonic bacterial count. However, in monotherapies, phage treatment has achieved the highest level of bacterial killing (about 

4 log reduction) in 24-hour intervals. However, colistin reduced planktonic bacterial count by 1 log in 48 h intervals (Fig. 1). 

Interestingly, the phage treatment followed by colistin administration after 8 hr significantly reduced the planktonic bacterial 

count from 1 × 108 CFU/mL to 0 CFU/mL. Additionally, the experiment in all three settings yielded similar results. 

 

Intriguingly, when the phage was added alone, it increased phage count after 24 hr of the treatment. However, when phage and 

colistin were administered simultaneously, the PFU count was found to be the lowest. Similarly, the overall killing efficacy of 

the combination therapy had the following descending order: Phage First (P-F) 8 log reduction > Simultaneous administration 

(SIM) 6 log reduction > Antibiotic first (A-F) 3 log reduction respectively. 

 

Assessment of phage administration before, after and simultaneously with colistin 

The phage alone significantly reduces the bacterial load in the planktonic stage by 4 logs, while the sub-inhibitory concentration 

of colistin (12.2µg/mL) reduces the planktonic cell by 1 log. Intriguingly, when combination therapy was given with Phage First 

(PF), it reduced the bacterial count by 8 logs, followed by the simultaneous administration by 6 logs, and the least when colistin 

was added first, i.e., by 3 logs, respectively (Fig. 2). 

 

Assessment of the timing of the addition of colistin after phage on the lysis on the planktonic form of K. pneumoniae 

The planktonic bacterial cell was completely eradicated in this experiment when colistin was added with 1 × 109 PFU/mL, 8 h 

after the phage administration. Moreover, a similar observation was made with the MOI of 0.1 and 0.01; even at 0.001, there was 
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a notable reduction in the viable cell count, but complete eradication could not be achieved. In addition, a similar pattern of 

decrease in planktonic cell count was observed with the phage concentrations of 107, 108 and 109 PFU/mL when the colistin was 

added 6 hr after the phage administration. Ironically, 108 PFU/mL did not show a similar pattern of rational reduction in 

planktonic cell count. Bacterial reduction was insignificant when the colistin was added 12hr, 24hr and 48hr after the phage 

administration. Intergunigally, when colistin was added to the bacterial suspension after 0hr, 2hr and 4hr of phage concentrations 

(107, 108 and 109 PFU/mL) administration, there was no significant reduction in the bacterial count observed after 24hr of colistin 

administration (Fig. 3). 

 

Assessment of different phage concentrations on the lysis of K. pneumoniae when the colistin was added 8h after phage administration 

In this experiment, the optimum concentration of phage dose was optimised when the colistin was added 8hr after the phage 

administration. The phage concentration of 1 × 109 PFU/mL resulted in the complete clearing of the planktonic form of the bacteria 

after 12 hr. However, a decrease in planktonic form with 107 could be seen. However, 108 PFU/mL showed an inferior result than 

109 PFU/mL but complete eradication could not be achieved (Fig. 4). 

 

Assessment of different phage concentrations on the lysis of K.pneumoniae when the colistin was added simultaneously 

The simultaneous administration of phage concentration of 1 × 109 PFU/mL and colistin resulted in the most effective clearing of 

the planktonic form of bacteria when the subculture was done after 48 h. Notably, the phage concentration of 107 and 108 PFU/mL 

resulted in a higher bacterial count when the subculture was done after 48h of incubation (Fig. 5). 

 

Effect of PAS in different combinations on the K. pneumoniae biofilm 

Biofilm formation by K. pneumoniae 

The K. pneumoniae isolate used in the present study was a strong biofilm former.  

 

In-vitro efficacy of PAS on K. pneumoniae (KpnBHU109) biofilm 

The in-vitro efficacy of the phage at a concentration of 1 × 109 PFU/mL and colistin (12.2µg/mL) at sub-inhibitory were evaluated 

separately for their effectiveness in biofilm eradication; the colistin had minimal impact, while the phages disrupted the biofilm 

by 69%. Intergunigially combining phage and colistin in different orders resulted in the complete eradication of biofilm. The 

greatest biofilm disruption was observed with phage treatment first, followed by simultaneous treatment, and colistin first 

treatment in descending order. 

 

Evaluation of the combined treatment of K. pneumoniae (KpnBHU109) biofilm 

The complete eradication of K. pneumoniae biofilm was observed with the Phage-First (PF) treatment after 24 h of administration. 

Simultaneous administration of phage and colistin (SIM) resulted in complete eradication after 48 h of incubation; however, 

viable bacterial count was observed in the colistin-first (AF) treatment. 

 

Evaluation of colistin susceptibility in the presence of phage in different treatment orders 

The combination therapy of phage ΦKpnBHU3 and colistin has synergistic antibacterial efficacy in different treatment sequences: 

PF, SIM, and AF, respectively. Intriguingly, after 24 h of incubation, the MIC value of colistin was determined to be 6.1 µg/mL 

for SIM treatment (a 4-fold reduction). In contrast, no reduction in the MIC value was observed in the case of AF treatment. 

Interestingly, no viable bacterial counts were observed in PF treatment after 24 h of incubation (Fig. 6). 
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Figure 1: a: The cell count (CFU/mL) in the time-kill kinetics of the planktonic form of K. pneumoniae KpnBHU109 (1 × 108 

CFU/mL) and phage (1 × 109 PFU/mL); b: The phage counting (PFU/mL) in the time-kill kinetics of the planktonic form of K. 

pneumoniae KpnBHU109 (1 × 108 CFU/mL) and phage (1 × 109 PFU/mL). 

 

 
Figure 2: The cell counts of planktonic K. pneumoniae KpnBHU109 (1 × 108 CFU/mL) following a sequential treatment of phage 

(1 × 109 PFU/mL) and colistin (12.2 µg/ mL). 
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Figure 3: Assessment of timing of addition of phage on the lysis on the planktonic form of K. pneumoniae. 

 

 
Figure 4: Assessment of different phage concentrations on the lysis of K. pneumoniae when the colistin was added after 8 h of 

phage administration. 
 

 
Figure 5: Assessment of different phage concentrations on the lysis of K.pneumoniae when the colistin was added simultaneously. 
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Figure 6: The relative percentage of K. pneumoniae biofilm reduction with different treatments. 

 

Discussion 

Before the innovation of the first antibiotic, penicillin, in 1928 and its application in clinical practice in the 1940s, bacteriophage 

therapy remained the primary therapeutic weapon against the war with pathogenic microorganisms. However, within 40 years, 

antibiotic molecules are losing their shine due to massive and often indiscriminate use. Since the antibiotic molecules are mostly 

broad-spectrum in action, they can kill various bacterial species. In contrast, phages are host-specific, and prior testing is 

mandatory.  

 

The enthusiastic researchers explored the efficacy of phages alone and phages in combination with antibiotics (synergy) in 

treating bacterial infection in the 1940s. In the era of the menace of antibiotic resistance, we have restarted exploring the potential 

of synergy, additive or antagonistic effects of phage and antibiotics in combination treating bacterial infections. The principle of 

synergy (phage and antibiotics) seems logical because both phage and antibiotic have a different receptor and unique 

mechanisms of bacterial lysis/killing. Many encouraging studies have explored synergy through the simultaneous 

administration of phage and antibiotics with variable outcomes [44-46]. Furthermore, there are a few studies that have reported 

that administering Phages First (PF) provides better eradication of the bacteria in both states (planktonic and biofilm) [34]. 

 

However, none of the studies has explored the optimal phage dose and the time interval between administering the phage and 

antibiotics to have an end result with complete eradication of infection bacteria irrespective of their planktonic or biofilm state. 

Interstingly, we are exploring the effect of subinhibitory doses of an antibiotic for the synergy studies, which might bring the 

relevance of those antibiotics we have accepted as the lost ones. Therefore, the present study was planned to address the above-

unresolved issue in in-vitro experiments. We selected the colistin-resistant K. pneumoniae KpnBHU109 (MIC⁼24.4 μg/mL) and a 
purified lytic phage ΦKpnBHU3 (GenBank accession number OL976437) at the various concentrations (107, 108 and 109 PFU/mL) 

was selected for the combination studies. 

  

The first objective of this study was to examine the order of addition of phage and antibiotic (colistin) as PF, AF and SIM. It was 

intriguing to see that the Phage First (PF) give the best results in tackling the bacterial load in planktonic and biofilm states. 

However, the complete eradication/killing of K. pneumoniae could not be achieved at the concentration of the phage and antibiotic 

suspension used alone. The finding encouraged us to look into the most effective concentration of phage to completely eradicate 

K. pneumoniae in both states (planktonic and biofilm). 
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The second objective of this study was to optimize the optimum concentration of the phage. A phage concentration of 1 ×109 

PFU/mL was added 8 hr before the colistin, resulting in a complete bacterial eradication. Although a phage concentration of 1 

×107 PFU/mL could decrease the bacterial count, it could not eradicate them. Surprisingly, doses other than 108 PFU/mL could 

not show a visible reduction in bacterial count. Even 108 PFU/mL gave an inferior result to 107 PFU/mL. We do not have an 

explanation for this observation. 

 

The third objective was to decide the timing of adding an antibiotic (colistin) after phage administration. The 8-hour interval 

only when the antibiotic was added after phage administration yielded the best result. The time interval of 0, 2, 4, 12 and 24 hr 

between the phage and antibiotic did not result in satisfactory killing of bacterial count in both states (planktonic and biofilm). 

In agreement with our finding, a recently published study also showed a similar optimum timing of adding antibiotics after the 

phage administration was 8 hr [34]. This time interval may be required for the highest activity of phages on the bacterial cells in 

both states (planktonic and biofilm), making them susceptible to antibiotics even at sub-inhibitory concentrations. Interestingly, 

it is worth mentioning that mono phages applied at 1 ×108 PFU/mL could not eradicate the bacteria. However, during therapy, 

few mutants developed with decreased MIC due to mono-phage administration, which might explain this failure. Further, the 

phage count did not increase in any of the three different settings of PAS studies. It is worth to mentioned that the highest phage 

count was observed when phage alone was administered, and counting was done after 24 h incubation.  

 

The optimum combination of phage (1 ×109 PFU/mL) was given first, followed by the sub-inhibitory concentration of antibiotic 

(colistin, 12.2µg/mL) after 8 h is the most effective for eradication/killing of bacteria in both states (planktonic and biofilm). The 

phage first treatment leads to massive replication of phage particles that might eradicate all the susceptible bacterial hosts and 

also lead to the emergence of a few mutant bacteria which might have become susceptible to the sub-inhibitory concentrations 

of antibiotics (colistin). The other possible suggested mechanism of synergy by previous workers is that antibiotic treatments 

might cause the elongation of bacterial host cells, which results in the production of increased copies of phage progeny [24,36,47]. 

Secondly, phage treatment causes activation of bacterial SOS response due to DNA damage which results in mutagenesis and 

DNA repair and finally, bacterial cell cycle arrest making the bacteria susceptible to sub-inhibitory concentration of antibiotic 

(colistin).  Similarly, phage attacks on the host bacteria resulted in elevated transcription of the recA gene, resulting in enhanced 

bacterial DNA repair and recombination due to stress generated by phage attack. In turn, activating the recA gene may result in 

modifying the target site responsible for antibiotic resistance [48]. Thirdly, the breaking down of the bacterial cell wall and EPS 

layer of the biofilm through the action of phage enzymes (glycan depolymerase) allows the diffusion of the sub-inhibitory 

concentration of antibiotics and penetrates the bacterial cell [20,49]. Fourthly, the decrease in the MIC value of the antibiotic 

(colistin) resulted from the phage activity resulted in a storm-like situation for the host bacteria cells and disturbing the normal 

physiological process, making them susceptible to the sub-inhibitory concentration of antibiotic (colistin). Finally, the fifth 

mechanism may be that both phage and antibiotic have different receptors and modes of action, which enhances the synergistic 

effect. However, this proposition may be conjectural because antibiotic-first or simultaneous addition does not give the same 

efficacy as the phage-first treatment. 

 

The proposition that antibiotics may increase phage production seems unlikely because none of the 3 combinations, PF, AF, and 

SIM, caused higher production of phage particles than the phage-alone. However, the suggestion that phage enzymes degrade 

the bacterial biofilm matrix is a natural and well-established fact [50].  

 

Our findings agree with those of other studies by Mukhopadhyay, et al., and Manohar, et al. Recently, Mukhopadhyay, et al., in 

their study reported that the optimum time interval of 8 hr for adding antibiotics after bacteriophage intervention for a 

satisfactory reduction in bacterial count; nevertheless, they could not look for a complete eradication.  However, they used the 

antibiotic (>MIC value of colistin) on the Acinetobacter baumannii for the PAS study [34]. Similarly, Manohar, et al., reported 

that using specific phage and sub-inhibitory concentrations of different classes of antibiotics showed overall good Phage-

Antibiotic Synergy on Citrobacter amalonaticus [51]. However, the lacunae of the study were simultaneously added both phage 

and antibiotic, and their endpoint was the reduction in bacterial load rather than complete eradication. Similarly, Wang, et al., 

also reported the synergy of phage and gentamicin against the K. pneumoniae biofilm. However, they administrated the antibiotic 

only after 30 min of the phage intervention [33]. To the best of our knowledge, the present study is unique in using phage-first 

with the optimized concentration of phage (1 × 109 PFU/mL) with antibiotics (colistin) 8 h later, eradicating both the forms of 

bacteria, i.e., planktonic and biofilm.  
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The present observation seems promising because antibiotics with sub-inhibitory doses become bactericidal after phage therapy. 

In clinical practice, PAS therapy may lead to a significant reduction in antibiotic usage and also may help reverse the so-called 

obsolete antibiotics due to the emergence of MDR/PDR/XDR bacteria. Finally, PAS therapy will result in the loss of resistance 

genes from the bacterial genome in the absence of selection pressure. Therefore, neither the phage therapy nor the antibiotic will 

be obsolete. 

 

It is important to mention that before making any specific generalized statement on PAS therapy, more extensive studies are 

needed on different bacteria and antibiotics. However, the possibility of the antagonism effect should also be considered in 

further studies. Moreover, the study findings should be validated in different conditions of ex-vivo and in-vivo systems. 

Furthermore, it will be interesting to see that apart from the administration of mono phage, a cocktail of lytic phages should be 

considered to avoid any mutant development during the synergy therapy.  

 

Conclusion 

This study showed that combining phage ΦKpnBHU3 (1 × 109 PFU/mL) with the sub-inhibitory concentration of colistin 

(12.2μg/mL) produced synergistic antibacterial results and successfully eradicated K. pneumoniae in both forms, i.e., free-floating 

and biofilm forms.  While the phage-first therapy had excellent antibacterial synergy and was effective in inhibiting the 

development of biofilm formation, simultaneous treatment has shown limited antibacterial synergy. This provides a potentially 

effective method for treating bacterial infections caused by K. pneumonia. It is very encouraging to see that PAS may significantly 

reduce the usage of antibiotics, reducing the selection pressure and thus restoring antibiotic relevance. However, further research 

is required to comprehend the molecular mechanisms of the PAS. 

 

Conflict of Interest 

The authors have declared no conflict of interest. 

 

Data Availability Statement 

The original contributions in the present study are included in the article/supplementary material; further inquiries can be 

directed to the corresponding author. 

 

Funding 

This research received no specific grant from public, commercial, or not-for-profit funding agencies. 

 

Authors’ Contribution  

ANS: Conceptualization, Data curation, Formal analysis, Investigation, Validation, Visualization, Writing - original draft, 

Writing - review and editing. PV: Methodology, Investigation, Data curation, writing-original draft. SS: Methodology, 

Investigation. NU: Methodology, Investigation. KNT: Resources. GN: Conceptualization, Data curation, Formal analysis, 

Investigation, Validation, Visualization, Writing - review and editing, Supervision, Project administration. 

 

Declaration of Competing Interest  

The authors declare that they have no known competing financial interests or personal relationships that could have appeared 

to influence the work reported in this paper.  

 

Acknowledgements 

We are also grateful to Viral Research and Diagnostic Laboratory, DHR, Govt. of India, for providing the infrastructure for the 

current research work and the financial help as an incentive grant from IoE, Banaras Hindu University, given to GN.  

 

References 

1. Murray CJL, Ikuta KS, Sharara F, Swetschinski L, Robles Aguilar G, Gray A, et al. Global burden of bacterial antimicrobial resistance in 

2019: a systematic analysis. The Lancet. 2022;399(10325):629-55.  

2. Ranjbar R, Alam M. Antimicrobial Resistance Collaborators. Global burden of bacterial antimicrobial resistance in 2019: A systematic 

analysis. Evid Based Nurs. 2024;27(1):16.  

3. Shadkam S, Goli HR, Mirzaei B, Gholami M, Ahanjan M. Correlation between antimicrobial resistance and biofilm formation capability 

http://dx.doi.org/10.46889/JCIM.2025.6202
https://athenaeumpub.com/journal-of-clinical-immunology-microbiology/


11 

http://dx.doi.org/10.46889/JCIM.2025.6202                                                             https://athenaeumpub.com/journal-of-clinical-immunology-microbiology/ 

  

among Klebsiella pneumoniae strains isolated from hospitalized patients in Iran. Ann Clin Microbiol Antimicrob. 2021;20(1):13.  

4. Black CE, Costerton JW. Current concepts regarding the effect of wound microbial ecology and biofilms on wound healing. Surg Clin 

North Am. 2010;90(6):1147-60.  

5. Römling U, Balsalobre C. Biofilm infections, their resilience to therapy and innovative treatment strategies. J Intern Med. 2012;272(6):541-

61.  

6. De La Fuente-Núñez C, Reffuveille F, Haney EF, Straus SK, Hancock REW. Broad-spectrum anti-biofilm peptide that targets a cellular 

stress response. PLoS Pathog. 2014;10(5):e1004152.  

7. Mah TF. Biofilm-specific antibiotic resistance. Future Microbiol. 2012;7(9):1061-72.  

8. Lebeaux D, Chauhan A, Rendueles O, Beloin C. From in-vitro to in-vivo models of bacterial biofilm-related infections. Pathogens. 

2013;2(2):288-356.  

9. Brindhadevi K, LewisOscar F, Mylonakis E, Shanmugam S, Verma TN, Pugazhendhi A. Biofilm and Quorum sensing mediated 

pathogenicity in Pseudomonas aeruginosa. Process Biochem. 2020;96:49-57.  

10. Wang G, Zhao G, Chao X, Xie L, Wang H. The characteristic of virulence, biofilm and antibiotic resistance of klebsiella pneumoniae. Int J 

Environ Res Public Health. 2020;17(17):6278.  

11. Asghar S, Ahmed A, Khan S, Lail A, Shakeel M. Genomic characterization of lytic bacteriophages A¥L and A¥M infecting ESBL K. 

pneumoniae and its therapeutic potential on biofilm dispersal and in-vivo bacterial clearance. Microbiol Res. 2022;262:127104.  

12. Stepanović S, Djukić N, Opavski N, Djukić S. Significance of inoculum size in biofilm formation by staphylococci. New Microbiol. 

2003;26(1):129-32.  

13. Chegini Z, Khoshbayan A, Vesal S, Moradabadi A, Hashemi A, Shariati A. Bacteriophage therapy for inhibition of multi drug‐resistant 
uropathogenic bacteria: a narrative review. Ann Clin Microbiol Antimicrob. 2021;20(1):30.  

14. Huang Y, Wang W, Zhang Z, Gu Y, Huang A, Wang J, et al. Phage products for fighting antimicrobial resistance. Microorganisms. 

2022;10(7):1324.  

15. Uyttebroek S, Chen B, Onsea J, Ruythooren F, Debaveye Y, Devolder D, et al. Safety and efficacy of phage therapy in difficult-to-treat 

infections: a systematic review. Lancet Infect Dis. 2022;22(8):e208-20.  

16. Grabowski Ł, Łepek K, Stasiłojć M, Kosznik-Kwaśnicka K, Zdrojewska K, Maciąg-Dorszyńska M, et al. Bacteriophage-encoded enzymes 

destroying bacterial cell membranes and walls, and their potential use as antimicrobial agents. Microbiol Res. 2021;248:126746.  

17. Rahman M, Kim S, Kim SM, Seol SY, Kim J. Characterization of induced Staphylococcus aureus bacteriophage SAP-26 and its anti-biofilm 

activity with rifampicin. Biofouling. 2011;27(10):1087-93.  

18. Singh AN, Singh A, Singh SK, Nath G. Klebsiella pneumoniae infections and phage therapy. Indian J Med Microbiol. 2024;52:100736.  

19. Hasan M, Kim J, Liao X, Ding T, Ahn J. Antibacterial activity of bacteriophage-encoded endolysins against planktonic and biofilm cells of 

pathogenic Escherichia coli. Microb Pathog. 2024;193:106780.  

20. Hughes KA, Sutherland IW, Jones MV. Biofilm susceptibility to bacteriophage attack: The role of phage-borne polysaccharide 

depolymerase. Microbiology. 1998;144(11):3039-47.  

21. Li X, Hu T, Wei J, He Y, Abdalla AE, Wang G, et al. Characterization of a novel bacteriophage Henu2 and evaluation of the synergistic 

antibacterial activity of phage-antibiotics. Antibiotics. 2021;10(2):174.  

22. Gordillo Altamirano F, Forsyth JH, Patwa R, Kostoulias X, Trim M, Subedi D, et al. Bacteriophage-resistant Acinetobacter baumannii are 

resensitized to antimicrobials. Nat Microbiol. 2021;6(2):157-61.  

23. Torres-Barceló C, Hochberg ME. Evolutionary rationale for phages as complements of antibiotics. Trends Microbiol. 2016;24(4):249-56.  

24. Comeau AM, Tétart F, Trojet SN, Prère MF, Krisch HM. Phage-Antibiotic Synergy (PAS): β-Lactam and Quinolone Antibiotics Stimulate 

Virulent Phage Growth. PLoS One. 2007;2(8):e799.  

25. Chaudhry WN, Concepción-Acevedo J, Park T, Andleeb S, Bull JJ, Levin BR. Synergy and order effects of antibiotics and phages in killing 

pseudomonas aeruginosa biofilms. PLOS One. 2017;12(1):e0168615.  

26. Segall AM, Roach DR, Strathdee SA. Stronger together? Perspectives on Phage-Antibiotic Synergy in clinical applications of phage therapy. 

Curr Opin Microbiol. 2019;51:46-50.  

27. Morrisette T, Kebriaei R, Lev KL, Morales S, Rybak MJ. Bacteriophage therapeutics: A Primer for clinicians on phage‐antibiotic 
combinations. Pharmacother J Hum Pharmacol Drug Ther. 2020;40(2):153-68.  

28. Aghaee BL, Khan Mirzaei M, Alikhani MY, Mojtahedi A, Maurice CF. Improving the inhibitory effect of phages against pseudomonas 

aeruginosa isolated from a burn patient using a combination of phages and antibiotics. Viruses. 2021;13(2):334.  

29. Simon K, Pier W, Krüttgen A, Horz HP. Synergy between Phage Sb-1 and Oxacillin against methicillin-resistant Staphylococcus aureus. 

Antibiotics. 2021;10(7):849.  

30. Pirnay JP, Ferry T, Resch G. Recent progress toward the implementation of phage therapy in western medicine. FEMS Microbiol Rev. 

2022;46(1):fuab040.  

31. Lin Y, Quan D, Chang RYK, Chow MYT, Wang Y, Li M, et al. Synergistic activity of phage PEV20-ciprofloxacin combination powder 

formulation: A proof-of-principle study in a P. aeruginosa lung infection model. Eur J Pharm Biopharm. 2021;158:166-71.  

32. Łusiak-Szelachowska M, Międzybrodzki R, Drulis-Kawa Z, Cater K, Knežević P, Winogradow C, et al. Bacteriophages and antibiotic 
interactions in clinical practice: what we have learned so far. J Biomed Sci. 2022;29(1):23.  

http://dx.doi.org/10.46889/JCIM.2025.6202
https://athenaeumpub.com/journal-of-clinical-immunology-microbiology/


12 

http://dx.doi.org/10.46889/JCIM.2025.6202                                                             https://athenaeumpub.com/journal-of-clinical-immunology-microbiology/ 

  

33. Wang Z, Cai R, Wang G, Guo Z, Liu X, Guan Y, et al. Combination therapy of phage vB_KpnM_P-KP2 and gentamicin combats acute 

pneumonia caused by K47 serotype Klebsiella pneumoniae. Front Microbiol. 2021;12:674068.  

34. Mukhopadhyay S, Zhang P, To KKW, Liu Y, Bai C, Leung SSY. Sequential treatment effects on phage-antibiotic synergistic application 

against multi-drug-resistant Acinetobacter baumannii. Int J Antimicrob Agents. 2023;62(5):106951.  

35. Ryan EM, Gorman SP, Donnelly RF, Gilmore BF. Recent advances in bacteriophage therapy: how delivery routes, formulation, 

concentration and timing influence the success of phage therapy. J Pharm Pharmacol. 2011;63(10):1253-64.  

36. Knezevic P, Curcin S, Aleksic V, Petrusic M, Vlaski L. Phage-antibiotic synergism: A possible approach to combatting Pseudomonas 

aeruginosa. Res Microbiol. 2013;164(1):55-60.  

37. Gu Liu C, Green SI, Min L, Clark JR, Salazar KC, Terwilliger AL, et al. Phage-Antibiotic Synergy is driven by a unique combination of 

antibacterial mechanism of action and stoichiometry. mBio. 2020;11(4):e01462-20.  

38. Liu Y, Liu C, Zheng W, Zhang X, Yu J, Gao Q, et al. PCR detection of Klebsiella pneumoniae in infant formula based on 16S-23S internal 

transcribed spacer. Int J Food Microbiol. 2008;125(3):230-5.  

39. Singh AN, Singh A, Nath G. Evaluation of bacteriophage cocktail on urinary tract infection caused by colistin-resistant Klebsiella pneumoniae 

in mice model. J Glob Antimicrob Resist. 2024;39:41-53.  

40. Miles AA, Misra SS, Irwin JO. The estimation of the bactericidal power of the blood. Epidemiol Infect. 1938;38(6):732-49.  

41. Boswell MT, Cockeran R. Effect of antimicrobial peptides on planktonic growth, biofilm formation and biofilm-derived bacterial viability 

of Streptococcus pneumoniae. South Afr J Infect Dis. 2024. 

42. Bedi MS, Verma V, Chhibber S. Amoxicillin and specific bacteriophage can be used together for eradication of biofilm of Klebsiella 

pneumoniae B5055. World J Microbiol Biotechnol. 2009;25(7):1145-51.  

43. Wu MC, Lin TL, Hsieh PF, Yang HC, Wang JT. Isolation of Genes Involved in Biofilm Formation of a Klebsiella pneumoniae Strain Causing 

Pyogenic Liver Abscess. PLoS One. 2011;6(8):e23500.  

44. Hagens S, Habel A, Bläsi U. Augmentation of the antimicrobial efficacy of antibiotics by filamentous phage. Microb Drug Resist. 

2006;12(3):164-8.  

45. Oduor JMO, Onkoba N, Maloba F, Arodi WO, Nyachieo A. Efficacy of lytic Staphylococcus aureus bacteriophage against multidrug-resistant 

Staphylococcus aureus in mice. J Infect Dev Ctries. 2016;10(11):1208-13.  

46. Kaur S, Chhibber S. A mouse air pouch model for evaluating the anti-bacterial efficacy of phage MR-5 in resolving skin and soft tissue 

infection induced by methicillin-resistant Staphylococcus aureus. Folia Microbiol (Praha). 2021;66(6):959-72.  

47. Kim M, Jo Y, Hwang YJ, Hong HW, Hong SS, Park K, et al. Phage-Antibiotic Synergy via delayed lysis. Appl Environ Microbiol. 

2018;84(22):e02085-18.  

48. Goerke C, Köller J, Wolz C. Ciprofloxacin and trimethoprim cause phage induction and virulence modulation in Staphylococcus aureus. 

Antimicrob Agents Chemother. 2006;50(1):171-7.  

49. Yan J, Mao J, Xie J. Bacteriophage polysaccharide depolymerases and biomedical applications. BioDrugs. 2014;28(3):265-74.  

50. Łusiak-Szelachowska M, Weber-Dąbrowska B, Górski A. Bacteriophages and lysins in biofilm control. Virol Sin. 2020;35(2):125-33.  

51. Manohar P, Madurantakam Royam M, Loh B, Bozdogan B, Nachimuthu R, Leptihn S. synergistic effects of phage-antibiotic combinations 

against citrobacter amalonaticus. ACS Infect Dis. 2022;8(1):59-65.  

 

 

 

 

 

 

 

 

 

 

                                                                   

Publish your work in this journal 

Journal of Clinical Immunology & Microbiology is an international, peer-reviewed, open access journal publishing original research, reports, editorials, 
reviews and commentaries. All aspects of immunology or microbiology research, health maintenance, preventative measures and disease treatment 
interventions are addressed within the journal. Immunologist or Microbiologist and other researchers are invited to submit their work in the journal. The 
manuscript submission system is online and journal follows a fair peer-review practices. 

Submit your manuscript here: https://athenaeumpub.com/submit-manuscript/  

http://dx.doi.org/10.46889/JCIM.2025.6202
https://athenaeumpub.com/journal-of-clinical-immunology-microbiology/
https://athenaeumpub.com/journal-of-clinical-immunology-microbiology/
https://athenaeumpub.com/journal-of-clinical-immunology-microbiology/
https://athenaeumpub.com/submit-manuscript/

