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ABSTRACT
Introduction: Biofilm is a leading cause of antibiotic resistance and chronic infections. Studies have shown that microbial 
biofilms are 100–10,000 times more resilient to antimicrobial substances. Several studies have demonstrated the efficacy of 
bacteriophage-antibiotic combinations in planktonic cultures of S. aureus. This study was undertaken to evaluate the efficacy 
of phage-antibiotic combinations in eradicating Staphylococcus aureus biofilms.

Methods: The study evaluated the combined treatment of phage and antibiotic at a specific dose, order, and timing, yielding 
the most effective killing outcome compared with treatment with either one alone. 

Results: The present study demonstrated the superior effectiveness of the phage-antibiotic combination compared to phage-
only or antibiotic-only treatments. Combination therapy outperformed mono-treatments. The combined bactericidal effect 
of the antibiotic and phage is more pronounced in the Phage First (PF) treatment. Sequential treatment, involving phage 
application before eight hours of antibiotic exposure at a concentration of 108  PFU/mL, proved the most efficient in eradicating 
both biofilms and the planktonic form of S. aureus.

Conclusion: The synergistic effect of phages and antibiotics on biofilm eradication was observed, and the combination proved 
beneficial for treating bacteria in the biofilm matrix. Phage-antibiotic synergism offers a promising avenue for developing 
antibiotic-phage combinations that meet therapeutic requirements for treating S. aureus infections. The results of this study 
offer fresh insights into phage therapy.
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offer a safe and powerful alternative in the face of rapidly emerging 
antibiotic resistance, as they can effectively target the protective matrix 
of extracellular polymeric substances (EPS) in which biofilms are 
embedded, thereby providing high antibiotic tolerance and biofilm 
stability.4-6

S. aureus, a member of the ESKAPE group of organisms, is responsible 
for numerous community and hospital-acquired infections, such as 
infections of the skin and soft tissues, wound infections, endocarditis, 
osteomyelitis, and life-threatening bacteremia.7,8 The treatment of 
staphylococcal infections has become an international concern with 
the emergence of high levels of penicillin resistance, followed by the 
development and dissemination of strains resistant to nafcillin, oxacillin, 
methicillin, and now even vancomycin.9,10 Therefore, developing 
novel antibacterials to combat the staphylococcal threat  is not just 
important but imperative and represents a significant unmet medical 
need. Bacteriophage (phage) therapy appears to be a promising 
standalone treatment alternative for staphylococcal infections resistant 
to conventional antibiotics.

Several studies have demonstrated the efficacy of bacteriophage-
antibiotic combinations in planktonic cultures of S. aureus.11–13 

Furthermore, the distinct modes of action adopted by phages and 
antibiotics render them effective against pathogens with phage/ 
antibiotic resistance.14 Therefore, there is little chance that antibiotic 
and phage resistance will develop simultaneously. In addition, bacteria 
resistant to one treatment will be taken by the other.15 Moreover, 
modifying the multi-drug efflux pump’s activity during phage resistance 
development might enhance antibiotic sensitivity.16  This present in vitro 
study was planned to evaluate the potential of Phage-Antibiotic Synergy 
(PAS) on planktonic and biofilm states of S. aureus using different 
concentrations and addition timings of the phage and antibiotic, with 

INTRODUCTION
The ESKAPE group, which includes Staphylococcus aureus, S. epidermidis, 
Pseudomonas aeruginosa, Klebsiella pneumoniae, and Enterococcus 
faecalis, is of significant medical importance. These nosocomial 
multidrug-resistant pathogens have become prevalent, underscoring 
the urgent need for effective control measures.1,2 Biofilms, a formidable 
adversary, are a leading cause of antibiotic resistance and chronic 
infections. Their resilience is staggering, with studies revealing that 
microbial biofilms are 100–10,000 times more resistant to antimicrobial 
agents, such as antibiotics, than planktonic cells. This is primarily due to 
the poor antibiotic penetration into the complex polysaccharide matrix 
(glycocalyx) of biofilms, making them a significant challenge in the field 
of infectious diseases.3

However, a new player has emerged from the cocktail of bacterial viruses 
(bacteriophages). These phages, with their unique ability to penetrate 
biofilms, are heralding a new era in antibacterial strategies. They 
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suspended in freshly prepared BHI broth at a concentration of 1 × 108 
CFU/mL. The bacterial cultures were then treated with bacteriophage 
at a multiplicity of infection (MOI) of 0.01 and left to adsorb at room 
temperature for ten minutes. After removing the unbound phages from 
the supernatant by centrifugation and discarding the supernatant, the 
pellets were reconstituted in 10 milliliters of fresh BHI medium and 
incubated for 90 minutes at 37°C with shaking. Samples were taken at 
5-minute intervals, diluted by serial tenfold dilution, and phage counts 
were determined using the soft agar overlay method. By dividing the 
average phage number at the plateau by the number at the latent 
phase, the burst sizes of phages were calculated as described by Sváb 
et al. (2018).20

The phage’s thermal stability was evaluated at a range of temperatures 
(37, 40, 50, 60, 70, and 80°C) for a duration of 180 minutes. The pH 
stability of the bacteriophage samples was assessed by mixing them 
with BHI in multiple tubes at varying pH levels. The mixture was 
subsequently incubated for 180 minutes at 37°C. The double-layer 
agar plate method was used to estimate bacteriophage titers.

The study examined three distinct setups: the first involved 
administering the phage 8 hours before the antibiotics (PF); the second 
involved giving the antibiotic and the phage simultaneously (SIM); and 
the third involved giving the antibiotic 8 hours before the phage (A-F).  
In a 96-well plate, 180 μL of bacteria in the logarithmic growth phase 
was added, representing a concentration of 1 × 108 CFU/mL. Following 
that, 20 μL of either an antibiotic (16µg/mL) or phage suspension (1 × 
106 PFU/mL) or a mixture of both (10 μL of each antibacterial agent) was 
added to the designated wells in the specified sequence. A temperature 
of 37°C was maintained for 48 hours for the 96-well plates. At various 
times, the number of live bacteria was counted  (0 h,4h,8h,16h,24h and 
48h) using standardized CFU counting protocols((spread plating).

A flat-bottom 96-well microtiter plate was used to inoculate S. aureus 
with 200 µL of BHI broth per well. After that, the plate was incubated at 
37 °C for 4 days to allow biofilm to grow along the edges of each well. 
After washing the wells with phosphate-buffered saline to remove any 
remaining free-floating bacteria, the biofilm biomass was quantified by 
adding 200 μL of methanol to each well and incubating for 20 minutes. 
The methanol was then aspirated, and the plate was allowed to air-dry. 
Wells were filled with 200 µL of 1% crystal violet solution and left at 
room temperature for 20 minutes. After drying the plates, the excess 
stain was removed using deionized water. The following day, 200 μL of 
ethanol was added to each well, and the wells were left for 30 minutes 
to extract the stain from the bacteria. Using a micro-ELISA auto-reader 
set to 570 nm, the optical density (OD) of the stained adhering biofilm 
was determined.

Following a two-week incubation period, the bacterial suspension 
was extracted from the wells and washed with PBS to exclude any 
planktonic cells. Next, the wells were treated in triplicate with phage 
first (PF; 1 × 106 PFU/well), antibiotic first (AF; 16 µg/mL), and phage + 
antibiotic (SIM; simultaneous). The microtiter plates were incubated at 
37°C for 24 hours. Following the previously described procedure, the 
wells were washed with PBS, and the amount of biomass was quantified 
using crystal violet staining.

In brain heart infusion broth, bacterial seed cultures were grown to a 
mid-logarithmic phase as inocula. The concentrated pellet was diluted 
to 1 × 108 CFU/mL after centrifugation at 1912 g for 15 min. After that, 
the standardized bacterial culture was treated in triplicate for 16 hours 
at 37°C using three distinct protocols: phage first (1 × 106 PFU/well), 
antibiotic first (16µg/mL/well), and phage + antibiotic (simultaneous/
well).  Standard CFU counting procedures were used to evaluate the 
growth following the incubation period, according to Boswell M et al. 
(2019).21

RESULTS
A total of 35 strains of S. aureus were isolated from patients with chronic 
wound infections. Twenty-nine isolates (7.2%) were found to have 
gentamicin resistance (MIC ≥32 µg/ml) by broth dilution.

A total of four broad-spectrum bacteriophages against gentamicin-
resistant S. aureus were isolated and labeled as ɸSA01 to ɸSA04. Phages 

special reference to complete eradication of the  S. aureus biofilm state.

METHODS
The study plan, with the reference number Dean/2022/EC/3329, was 
approved by the Institutional Ethics Committee at the Institute of Medical 
Sciences (IMS), Banaras Hindu University (BHU), Varanasi-221005, Uttar 
Pradesh, India.

Thirty-five isolates of S. aureus were isolated from the swab/pus 
specimens of patients with chronic wound (wound that failed to proceed 
through an orderly and timely series of reparative steps to produce 
anatomic and functional integrity within a period of 6 weeks) infections 
attending the wound clinic of Sir Sundar Lal Hospital, Banaras Hindu 
University, Varanasi-221005, Uttar Pradesh, India, from June 2022 to 
August 2023.

The wound surface was gently cleaned 3 times with sterile gauze 
soaked in sterile saline (0.9% NaCl). Two swabs/ tissue biopsies were 
collected to isolate aerobic and facultative anaerobic bacteria. All these 
swabs were put in a tube containing 1 mL of sterile normal saline. The 
tube containing the swab was vortexed for 5 min to release bacteria 
entrapped in the swab. A hundred microliters of the above suspension 
were inoculated on MacConkey (MA) and Blood agar (BA) plates and 
incubated overnight at 370 °C. The next day, the plates were examined 
for bacterial colonies. If colonies did not appear, broth subcultures were 
plated onto fresh solid media, and the old plates were incubated for 
an additional 24 h. The colonies were identified as S. aureus by colony 
morphology, Gram’s staining characteristics, and performing a battery 
of different biochemical tests(Catalase test, Coagulase test, Alkaline 
Phosphatase test, DNAse test, Methyl Red test, Vosges Proskauer test, 
Urease test, and Mannitol fermentation test). The isolates were then 
subjected to antimicrobial testing using a modified Kirby-Bauer disc 
diffusion method following CLSI 2019 guidelines,17 and were identified 
as multidrug-resistant (MDR) if they exhibited resistance to three or 
more antibiotic classes. Using a cefoxitin disc (30 µg), the S. aureus strain 
was screened for methicillin resistance in accordance with CLSI (2019) 
guidelines.17 A zone of inhibition ≤21 mm was considered a positive result 
for MRSA strain. The lawn culture on MHA was prepared after matching 
the turbidity of the test inoculum with a 0.5 MacFarland standard.18  The 
isolates were stored on peptone agar slants for further use.  

The antibiotic susceptibility of all S. aureus isolates was determined for 
gentamicin by broth dilution method to determine MIC following the 
protocols of CLSI 2019 guidelines.17 The S. aureus (ATCC 25923) strain 
served as the reference strain.

S. aureus phages were recovered from raw wastewater in Varanasi’s 
municipal drainage system. A 50 mM Tris-HCl solution (pH 7.5) was 
thoroughly mixed with 10 mL of sewage water. 0.5 mL of chloroform 
was added to the mixture. The supernatant was collected after 10 min 
of centrifugation at 10,000 rpm and 4°C. A 0.22 µM membrane filter was 
used to filter the supernatant. A mixture of 10 mL 2X BHI broth and 10 
mL aliquots of the supernatants was used. Next, 1 mL of an overnight 
culture containing a mixture of 10 S. aureus strains was added to the final 
mixture, which was then incubated at 37°C with constant shaking. The 
suspension was centrifuged for ten minutes at 10,000 RPM and 4°C. It 
was then filtered to remove the bacterial debris. The supernatants were 
diluted 10-1,000-fold and mixed well with 5mL of molten (0.4%) BHI 
agar containing 0.1 mL of S. aureus (1 × 108 CFU/mL) to obtain isolated 
plaques. The BHI agar plate was then incubated at 37°C for overnight. 
Based on the morphological variations of the plaques, the plaques were 
propagated and characterized. Plaques with different morphologies 
were selected and propagated for bulk production.

Following bulk production, the liquid was collected and dialyzed for 
24 hours against a hypertonic solution containing 30% polyethylene 
glycol (PEG 6000) in 2.5 M NaCl, using a 20-nm membrane. After that, 
the dialyzed fluid was concentrated and washed three times at 4°C using 
phosphate-buffered saline (PBS).19

With a few modifications, the previously reported protocol by Parasion 
et al. (2012 for one-step growth curve experiments was followed. The 
S. aureus strains were recovered in the early log phase (OD600 = 0.2) 
after centrifugation at 10,000 ×g for 10 min at 40o C.  The pellet was then 

56

Karn et al: Combined Phage-Gentamicin Therapy Against Resistant S. aureus

Journal of Karnali Academy of Health Sciences|Vol:9 |No:4 |Issue: 25  |2026 (Jan-Apr)



The percentage of  biofilm inhibition  was determined by assessing 
the ability of the phage and the antibiotic (gentamicin) to reduce 
the optical density (OD) relative to the negative control.  Percentage 
biofilm inhibition = ((optical density (OD)of control - OD of treatment)/
(optical density (OD)control) x 100).

In the in vitro biofilm model, gentamicin (16 μg/mL) was less effective 
at inhibiting the biofilm than phage (1×106 pfu/mL) alone. Additionally, 
the combination of phage and antibiotic (PF) had a better inhibition of 
the biofilm formation to the AF, SIM, and individual treatments.

The impact of the sequence of phage and antibiotic treatments on 
targeting biofilm was evaluated.  There was a considerable reduction 
in biomass for all treated biofilms compared to the non-treated 
biofilms (Figure 4). When comparing the treatment with phage, 
only  (59.3% residual biomass) showed stronger antibiofilm activity 
than the antibiotic alone (with 95.1% residual biomass). Of the three 
combination treatment methods, P-F and SIM exhibited greater 
efficacy in combating biofilms, with residual biomass levels of 15.7% 
and 27.1%, respectively, compared with the single treatment. In the A-F 
treatment, the amount of leftover biomass was (about 44.7%).

The combination of phage and gentamycin (PF) resulted in a significant 
reduction of the planktonic bacterial growth (8 log) than AF (3 log 
reduction) and SIM (6 log). In contrast, The reduction of bacterial by 
treatment with phage only (four logs) and gentamicin only (2 log) had 
less impact on viable cell count (Figure 4).
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Figure 4: The percentage of biofilm biomass reduction 
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Figure 5: Viable counts of planktonic S. aureus (CFU/mL) following a 
sequential treatment of phage (1×106 PFU/mL) and gentamicin (16µg/ mL)

DISCUSSION
Since antibiotics and bacteriophages have different mechanisms for 
killing bacteria in both planktonic and biofilm forms, a combination 
of the two might be more effective. To examine this aspect, the present 
study was conducted.

The early observations by other authors on the synergy between phages 
and antibiotics have received little attention. Even though Himmelweit 
et al.22 used penicillin and phages to combat Staphylococcus effectively, 
his work was not well-known until recently. More than fifty years later, 
Huff et al.23 saw a similar phenomenon with ciprofloxacin and E. coli-

showed varied lysing efficacy when tested against 29 gentamicin-
resistant S. aureus isolates, i.e., 74.28.2%, 57.1%, 51.4%, and 40% 
efficacy for ɸSA01, ɸSA02, ɸSA03, and ɸSA04, respectively. Nevertheless, 
these phages showed no lytic activity against P. aeruginosa, E. coli, K. 
pneumoniae, and A. baumannii.

Since ɸSA01 exhibited higher lytic activity (74.3%), we  selected this 
phage for further characterization and to test its antibiofilm efficacy in 
combination with gentamicin. The phage ɸSA01 retained its lytic activity 
within the pH range of 4.0–10 (Figure 1) and temperature at 37°C to 60°C; 
however, at 70°C, it lost its activity. The latent period was 22 min, and the 
burst size was 78 PFU/bacterial cells for the virus.
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Figure 1:  pH sensitivity of phages
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Figure 2: One-step growth curve

A time-kill assay showed that a combination of phage  and gentamicin 
resulted in synergistic antibacterial activity. An in vitro study was 
conducted to investigate the synergistic antibacterial impact of gentamicin 
(sub-MIC level)  in combination with a fixed dose  of bacteriophage in 
three sequential treatments that is PF, AF, and SIM. As depicted in (Figure 
3), the combined bactericidal effect of the antibiotic and phage was more 
pronounced in PF treatment. The phage replicated in each of the three 
treatment settings; however, when gentamicin was added to SIM and 
AF, the phage replication was decreased. In the case of monotherapies, 
the treatment with phage only  achieved the highest level of killing 
(about 3 log reduction) over 24 h. On the other hand, the treatment with 
gentamicin only reached the maximum level of killing (1 log) in 48 hours.  
When comparing three sequential  combinations, the PAS combination 
effectively reduced bacterial count. The overall killing efficiency of the 
combinations followed this order: P-F approx.  7  log reduction) > SIM 
(approximately 5 log reduction) > A-F (approximately 2 log reduction).
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Figure 3: Bacterial colony counts in the time-kill assays
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phage therapy may be used as an adjuvant strategy to address the 
problems caused by biofilms and ultimately improve patient outcomes.
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