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A B S T R A C T   

Treatment of staphylococcal infections is difficult due to multidrug resistance with their persister forms posing an 
added threat of recalcitrant infections. Antibiotic combinations are widely studied as an alternative strategy to 
combat them; therefore, they merit further investigation into their effect on the number of persister cells. In the 
present study, the fractional inhibitory concentrations of antibiotic combinations ciprofloxacin-daptomycin, 
ciprofloxacin-vancomycin, daptomycin-tobramycin, and tobramycin-vancomycin (checkerboard assay) were 
determined against two previously studied clinical (S48 and J6) and one standard (NCIM 5021) isolate of 
Staphylococcus aureus. They showed synergistic effects with a 2 to 256-fold reduction in MICs. All combinations 
also resulted in inhibition and disruption of biofilms in a concentration-dependent manner. All antibiotic com-
binations, except ciprofloxacin-daptomycin, showed total biofilm inhibition at 100X MICs. Similarly, antibiotic 
combination at 100X MIC showed 77–97% disruption of preformed biofilms. Time-kill assays performed at a 
100X MIC combination against stationary-phase cells showed a two to six log10 reduction in CFU followed by a 
plateau indicating the presence of persisters. Significant differences were observed in persister cell fraction 
remaining after treatment with antibiotic combinations compared to monotherapies (p < 0.05) and therefore 
merit further investigation in clinical use for treatment against persisters.   

1. Introduction 

The advent of multidrug-resistant bacteria has resulted from indis-
criminate use of antibiotics and exposure to infections in hospitals ever 
since the discovery of penicillin [1,2]. The overall number of antibiotics 
effective against resistant pathogens is rapidly declining [2]. Newer 
antibiotics have been introduced into clinical practice at a prolonged 
rate [2,3]. While the search for novel antibiotics and strategies to 
combat resistant bacteria is ongoing, persister cells, known to cause 
recalcitrant infections [4], pose a new challenge in infection treatment 
[5]. Since persister cells are metabolically dormant, it is difficult to 
corrupt their function and kill them [6]. However, strategies to do so are 
underway [7]. One strategy is a cyclic application of antibiotics, in that 
each treatment will kill normal cells leaving persisters, and the removal 
will cause them to revert to their normal state [8]. Wood has described 
three primary anti-persister therapies that include the direct killing of 
persisters, resuscitation of persisters so as to sensitize them for con-
ventional antibiotic treatment, and interfering with or reducing the 
formation of persister cells [9]. This last approach entails combining 

conventional antibiotics with different mechanisms of action. Combi-
nation therapy has already been beneficial in severe infections caused by 
multiple pathogens [10] as the combination of antibiotics exerts a syn-
ergistic effect more significantly than individual antibiotics [2,10]. 
However, its use in eliminating persister cells has not much been 
explored. While other highly advanced strategies are being developed to 
deal with persistent infections, a combination of drugs already in use 
provides a quick and easy way to implement a much effective regimen 
[11], an approach that warrants investigation as an anti-persister 
strategy. 

We have previously shown that biofilms of clinical isolates of 
Staphylococcus aureus show a higher tolerance to antibiotics targeting 
various cellular processes than stationary-phase planktonic cells, 
possibly due to an increased number of persister cells [12]. In this study, 
we explore the effect of a combination of antibiotics that individually 
target different processes in the cell and have not yet been reported in 
combination against persister cells, on inhibition and disruption of 
biofilms and the number of persister cells of these clinical isolates of 
S. aureus. 
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Table 1 
Range of antibiotics tested in combination for FICI determination.  

Isolate Antibiotic concentration (μg/mL) 

C + D C + V D + T T + V 

C D C V D T T V 

S48 0.007–4 0.063–8 0.007–4 0.063–8 0.015–8 0.007–1 0.002–1 0.063–8 
J6 0.039–1 0.031–2 0.039–1 0.015–1 0.008–2 0.008–0.5 0.002–0.5 0.039–1 
NCIM 5021 0.008–2 0.031–2 0.008–2 0.031–2 0.008–2 0.001–0.062 0.001–0.062 0.031–2 

*C + D-ciprofloxacin + daptomycin; C + V- ciprofloxacin + vancomycin; D + T-daptomycin + tobramycin; T + V- tobramycin + vancomycin. 

Table 2 
MIC, FICI, and effect of antibiotics in combination.  

Isolate MIC alone (μg/mL) Effect of antibiotics used in combination 

C D T V C + D C + V D + T T + V 

MIC (μg/mL) FICI MIC (μg/mL) FICI MIC (10) FICI MIC (μg/mL) FICI 

C D C V D T T V 

S48 2 4 0.5 4 0.125 0.25 0.062 0.125 0.5 0.19 0.016 0.125 0.25 0.125 1 0.5 
J6 1 2 0.5 1 >1 >2 NDa >1 >1 ND 0.125 0.062 0.19 >0.5 >1 ND 
NCIM 

5021 
2 2 <0.062 2 0.062 0.5 0.28 0.125 0.5 0.31 0.016 0.031 0.26 >0.062 >2 ND  

a ND-Not determined. Result is interpreted as- FICI ≤0.5 = synergy; FICI >0.5 to 1 = partial synergy, FICI 1 to 2 = additive, FICI 2 to 4 = indifferent and FICI >4 =
antagonism. C + D-ciprofloxacin + daptomycin; C + V- ciprofloxacin + vancomycin; D + T-daptomycin + tobramycin; T + V- tobramycin + vancomycin. 

Fig. 1. Biofilm inhibition of S. aureus S48 using antibiotic combinations ciprofloxacin plus daptomycin (A), ciprofloxacin plus vancomycin (B), daptomycin plus 
tobramycin (c), and tobramycin plus vancomycin (D) applied at 1X, 10X, and 100X MIC in combination. The data shown are the mean values of percent inhibition (n 
= 3); the error bars indicate standard deviation. (C-ciprofloxacin, D-daptomycin, T-tobramycin, V-vancomycin). 
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2. Methodology 

2.1. Isolates used for the study 

Clinical isolates of S. aureus, S48, and J6, studied previously [12], 
were explored further. The standard isolate NCIM 5021 (ATCC 25923) 
was also tested with the clinical isolates. 

2.2. Antibiotics used for the study 

Ciprofloxacin (Cipla Ltd., India), daptomycin (Glenmark Pharma-
ceuticals Ltd., India), tobramycin sulfate (Sun Pharmaceutical Industries 
Ltd, India), and vancomycin hydrochloride (Chandra Bhagat Pharma 
Pvt. Ltd.) were used for all experiments. 

2.3. Determination of fractional inhibitory concentration (FIC) and FIC 
Index (FICI) 

The FIC and FICI of the four antibiotic combinations, namely 
ciprofloxacin-daptomycin, ciprofloxacin-vancomycin, daptomycin- 
tobramycin, and tobramycin-vancomycin, were determined using the 
checkerboard assay [13]. Briefly, 16–18 h old cultures (grown in Luria 
Bertani broth at 37 ◦C) were used to inoculate fresh Mueller Hinton 
broth to obtain a ~105 CFU/mL density. A 100 μL of such pre-inoculated 
medium was distributed in flat-bottom 96-well microtitre plates 
(NEST®, USA). Antibiotic A and antibiotic B were added in increasing 
concentration (Table 1) in columns and rows, respectively. The plates 
were incubated at 37 ◦C for 24 h under static conditions, after which 
wells were observed for growth and O. D. recorded at 630 nm. For the 

first clear well in each row of the microtiter plate containing all anti-
microbial agents, the fractional inhibitory concentration (FIC) was 
calculated according to the formula given below. 

FIC of antibiotic=
MIC of antibiotic in combination

MIC of antibiotic alone  

FICI =
∑

FIC of antibiotics  

where MIC is the minimum inhibitory concentration. 

2.4. Inhibition assay of biofilm 

Biofilm inhibition was carried out according to the protocol set by 
Kamble and Pardesi [12]. Briefly, 16–18 h old cultures (grown in Luria 
Bertani broth at 37 ◦C) were used to inoculate fresh Mueller Hinton 
broth to obtain a ~105 CFU/mL density. A 100 μL of such pre-inoculated 
medium was distributed in flat-bottom 96-well microtitre plates 
(NEST®, USA). Antibiotic combinations C + D, C + V, D + T, and T + V, 
were added to the wells at 1X, 10X, and 100X of their individual MIC. No 
antibiotic was added to the control wells. The plates were incubated at 
37 ◦C for 24 h under static conditions. Planktonic cells were removed, 
and the wells were gently washed with phosphate-buffered saline (PBS). 
Biofilms were stained with 100 μL of 0.4% (w/v) crystal violet and 
incubated for 15 min at room temperature. The wells were then washed 
with PBS to remove excess stain and air-dried. Bound crystal violet was 
released by adding 100 μL of 33% (v/v) acetic acid, and absorbance was 
read at 630 nm. The experiment was conducted three times in 
triplicates. 

Fig. 2. Biofilm inhibition of S. aureus NCIM 5021 and S. aureus J6 using antibiotic combinations. Ciprofloxacin plus daptomycin against NCIM (A), ciprofloxacin plus 
vancomycin against NCIM (B), daptomycin plus tobramycin against NCIM (C), and daptomycin plus tobramycin against J6 (D) applied at 1X, 10X, and 100X MIC in 
combination. The data shown are the mean values of percent inhibition (n = 3); the error bars indicate standard deviation. (C-ciprofloxacin, D-daptomycin, T- 
tobramycin, V-vancomycin). 
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2.5. Disruption assay of preformed biofilm 

Biofilm disruption was carried out as set by Kamble and Pardesi [12]. 
18 h old culture was added to wells of a flat-bottom 96-well microtitre 
plate (NEST®, USA) containing 100 μL LB broth to a final 105 CFU/mL 
density. The plates were incubated at 37 ◦C for 24 h to allow biofilm 
formation. Then, media containing planktonic cells was removed from 
the wells, and biofilms were washed with PBS. Antibiotic combinations 
were added to the wells at 1X, 10X, and 100X MIC in combination. 
Untreated biofilms were used as a control. The plates were incubated 
further at 37 ◦C for 24 h. After treatment, the antibiotic was removed, 
and the wells were washed with PBS. As mentioned above, crystal violet 
staining was performed and absorbance was measured at 630 nm. The 
experiment was conducted three times in triplicates. 

2.6. Calculation and statistical analysis 

Percent biofilm inhibition and disruption was estimated by using the 
following formula: 

Percent inhibition or disruption=
A without antibiotic − A with antibiotic

A without antibiotic
× 100  

where A is the absorbance at 630 nm. One-way ANOVA followed by 
Tukey Post Hoc test was carried out to evaluate significant differences 
between A630nm values obtained on treatment with various antibiotic 
concentrations and treatment with various antibiotics between the two 
isolates. Differences were considered statistically significant at p < 0.05. 

2.7. Time-kill assay of stationary-phase cells using antibiotic 
combinations 

The antibiotic combinations were tested for their ability to clear 
stationary-phase cells of S. aureus S48 and J6 in a time-dependent 
manner. LB broth tubes were inoculated with a single colony of the 
test isolate and incubated at 37 ◦C for 18 h till it reached the stationary 
phase of growth (109 CFU/ml). To each of these tubes, antibiotics were 
added individually as well as in combination at a 100X MIC. Untreated 
cultures were used as a control. Hundred microliter samples were drawn 
at 0 h, 3 h, 6 h, 9 h, and then at 24 h, 48h and 72 h. The samples were 
washed in saline to remove the antibiotics and serially diluted. Ten 
microliters of each dilution were spot inoculated on LB agar plates and 
incubated at 37 ◦C for 24 h. Colonies were counted to enumerate sur-
vivors. The experiment was conducted in triplicates two times. The 
CFU/mL was plotted against time to obtain the time-kill curve. 

3. Results 

3.1. Antibiotic combinations show synergistic activity against S. aureus 

Antibacterial activity of the four combinations of antibiotics, 
namely, (C + D), (C + V), (D + T), and (T + V), was tested against the 
two clinical isolates, S. aureus S48 and J6, as well as the standard strain 
NCIM 5021 using the checkerboard assay. Of the four combinations 
tested, few showed synergistic activity resulting in lowered MICs, albeit 
in varying degrees (Table 2). 

Antibiotics in all four combinations showed synergy in the case of 
S48. The MICs in combination reduced 2 to 256-fold compared to the 

Fig. 3. Biofilm disruption of S. aureus S48 using antibiotic combinations. Twenty-four-hour old biofilms treated with ciprofloxacin plus daptomycin (A), cipro-
floxacin plus vancomycin (B), daptomycin plus tobramycin (C), and tobramycin plus vancomycin (D) were applied at 1X, 10X, and 100X MIC in combination for 24 h. 
The data shown are the mean values of percent disruption (n = 3); the error bars indicate standard deviation. (C-ciprofloxacin, D-daptomycin, T-tobramycin, 
V-vancomycin). 
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individual antibiotic used alone. In the case of NCIM 5021, three of the 
four combinations, namely, C + D, C + V, and D + T, showed synergistic 
activity as their MIC in combination reduced 4 to 32-fold compared to 
the individual antibiotic used alone. The only combination that brought 
about a synergistic effect on J6 was daptomycin and tobramycin, 
lowering the MIC of each antibiotic to 8-fold and 2-fold, respectively. A 
combination of ciprofloxacin and daptomycin, ciprofloxacin and van-
comycin, and tobramycin and vancomycin had an indifferent effect on 
J6. Combinations showing synergy were used for further experiments. 

3.2. Antibiotic combinations show inhibition and disruption of biofilm at 
100X MIC 

Inhibition and disruption of biofilm of the clinical isolates S48 and J6 
and the standard culture NCIM 5021 was examined using the four 
combinations C + D, C + V, D + T, and T + V. The four combinations of 
antibiotics tested against S48 showed significant inhibition (p < 0.05) of 
biofilm at concentrations 10X and 100X MIC in combination according 
to the Tukey post hoc analysis (Fig. 1). However, inhibition in S48 
biofilm brought about by the combination of antibiotics at 1X MIC was 
significantly lower than antibiotics applied alone. In the case of NCIM 
and J6, the combination of the antibiotics had a significantly higher (p 
< 0.05) effect than antibiotics alone (Fig. 2). At 1X MIC in combination, 
C + V showed maximum inhibition (60.11%) of S48 biofilm. Combi-
nations C + D (88.17%), C + V (87.3%), and D + T (85.82%) at 1X MIC 
were more effective in inhibiting biofilm by NCIM 5021. Nearly 100% 
inhibition in S48 was observed at 100X MIC in combination using all 
four combinations, while the same was achieved at 10X MIC against 

NCIM 5021. All combinations showed significant biofilm inhibition (p 
< 0.05) in a concentration-dependent manner in the case of S48 and J6 
but not NCIM 5021. 

Biofilm disruption of the clinical and standard isolates using the four 
antibiotic combinations was concentration-dependent which ranged 
from 42.66 to 84.55% disruption at a 1X MIC, 65.67–85.5% disruption 
at a 10X MIC, and 82.73–94.92% at a 100X MIC in combination case of 
S48 (Fig. 3), 64.44%–93.67% in case of J6 (Fig. 4D) and 72.73%– 
86.33% at 1X MIC, 75.3%–93.93% at 10X MIC and 77.96%–96.88% at a 
100X MIC in combination in case of NCIM 5021 (Fig. 4A–C). Tukey post 
hoc analysis revealed that each combination disrupted biofilm more 
significantly (p < 0.05) than their constituent antibiotics applied alone. 
1X MIC in combination showed significantly high (p < 0.05) biofilm 
disruption of all three isolates. C + V and T + V showed the highest 
disruption at a 100X MIC in the case of S48. Even though there was 
considerable disruption using combination of antibiotics, no combina-
tion showed 100% inhibition. 

3.3. Treatment with antibiotic combinations results in a lesser number of 
persister cells 

Antibiotic combinations (at a 100X MIC in combination) were tested 
for their ability to eradicate stationary-phase cells of the clinical isolates 
of S. aureus S48 and J6, and the standard isolate NCIM 5021 over 72 h. 
The time-kill curves obtained on treatment with combinations were 
compared with those obtained with individual antibiotics. Treatment of 
S48 with combinations C + D and C + V showed a steady decline in 
stationary-phase culture over 24 h (Fig. 5 a and b), resulting in a five 

Fig. 4. Biofilm disruption of S. aureus NCIM 5021 and S. aureus J6 using antibiotic combinations. Twenty-four-hour-old biofilms were treated with a combination of 
antibiotics for 24 h. Ciprofloxacin plus daptomycin against NCIM 5021 (A), ciprofloxacin plus vancomycin against NCIM 5021 (B), daptomycin plus tobramycin 
against NCIM 5021 (C), and daptomycin plus tobramycin against J6 (D) applied at 1X, 10X, and 100X MIC in combination. The data shown are the mean values of 
percent disruption (n = 3); the error bars indicate standard deviation. (C-ciprofloxacin, D-daptomycin, T-tobramycin, V-vancomycin). 
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log10 reduction leaving 104 CFU/mL. Comparison of surviving popula-
tion after 24 h treatment with C + D and ciprofloxacin showed a 
lowering in the number of persisters by five log10, but that with dapto-
mycin showed only one log10 reduction. The combination C + V showed 
a lower number of survivors than each ciprofloxacin and vancomycin 
used singly. Treatment with combinations D + T and T + V for 24 h 
showed a pattern similar to their constituent antibiotics alone (Fig. 5 c 
and d). The bulk of the population was killed rapidly within 3 h, 
resulting in a five log10 reduction in the CFU. 

Treatment of NCIM 5021 with the two combinations C + D and D + T 
resulted in a similar killing pattern in stationary-phase culture over 24 h 
(four log10 reduction) as that of daptomycin alone (Fig. 6 a and d). 
Combination C + V showed a considerable decrease of five log10 in the 
number of survivors compared to ciprofloxacin and vancomycin alone 
(Fig. 6 b). Combination D + T did not affect the pattern of isolate J6 
compared to daptomycin and tobramycin revealing persister cells (Fig. 6 
d). 

However, prolonged treatment with any of the combinations till 72 h 
did not reduce the number of survivors further, except in the case of D +
T against S48 (Fig. 5 c). 

4. Discussion 

Staphylococcal persister cells pose a problem in treating recurrent 
infections due to their tolerance to antibiotics. It has also been shown 
that the otherwise sensitive planktonic cells show enhanced resistance to 
antibiotics in their biofilm form [14]. Alternative therapy appears to be 

the best approach against antibiotic resistance and tolerance. A combi-
nation of two or more antibiotics with each other and that of antibiotics 
with other agents such as antimicrobial peptides, phages, and nano-
particles are promising candidates for potential therapeutic application 
against persister cells [2,15]. In this regard, combination therapy as an 
alternative treatment strategy was examined by testing the ability to 
inhibit and disrupt biofilms and kill stationary-phase cells over 24 h. 

In our previous study, antibiotics ciprofloxacin, daptomycin, tobra-
mycin, and vancomycin showed the presence of persisters in stationary- 
phase cells of S. aureus isolates S48, J6, and NCIM 5021 [12]. To screen 
the antibiotic combinations that could reduce the number of persisters 
generated by these isolates, they were tested for synergy, indifference, or 
antagonism. Each isolate showed a different response to the combina-
tion of the antibiotics. These combinations were chosen such that one 
antibiotic targets the cell structure i. e., daptomycin and vancomycin, 
and the other targets an essential process like DNA replication or protein 
synthesis i. e. ciprofloxacin or tobramycin, respectively. The presumed 
synergism in these combinations is attributed to the fact that the anti-
biotic acting on the cell wall allows enhanced penetration of the other 
antibiotic, thereby killing the cell with better efficiency [16]. Of these, 
ciprofloxacin plus vancomycin and daptomycin plus tobramycin are 
reported to have synergistic activity, a promising strategy in clearing 
S. aureus infections [17,18]. 

The antibiotic combinations were also tested for their ability to 
inhibit biofilm formation and disrupt preformed biofilm by the clinical 
isolates at 1X, 10X, and 100X MIC in combination. These combinations 
have not previously been studied for said abilities to the best of our 

Fig. 5. Time-kill curve of stationary-phase cells of S. aureus S48 showing the presence of a persister population against a 100X MIC of ciprofloxacin plus daptomycin 
(C + D) (a), ciprofloxacin plus vancomycin (C + V) (b), daptomycin plus tobramycin (D + T) (c) and tobramycin plus vancomycin (T + V) (d). The combination C + V 
showed a marked decline in persister cells compared to individual antibiotics. The data shown are the mean values of CFU/mL (n = 3); the error bars indicate 
standard deviation. (C-ciprofloxacin, D-daptomycin, T-tobramycin, V-vancomycin). 
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knowledge. Local antibiotic concentration in biofilms is affected due to 
several factors, which in turn decides the fate of the pathogen protected 
within. Monotherapies using antibiotics or other antimicrobials have 
shown limited biofilm inhibition and disruption activities compared to 
their combinations [12,19]. This phenomenon warrants antibiotic 
combination treatment [20,21]. Comparison with treatment using in-
dividual antibiotics showed significantly higher disruption (by 10–50%) 
at 10X and 100X MIC. Antibiotics like daptomycin and vancomycin also 
have shown promising results in disruption of biofilm of S. aureus in 
combination with other antibiotics like ceftaroline [22,23], rifampicin 
[24], and fosfomycin [25]. Biofilm disruption is attributed to the 
interaction of the antibiotics with the biofilm matrix and, therefore, 
their diffusion through it [26]. However, it is difficult to discern how a 
combination of antibiotics enhances biofilm disruption. 

The combinations were tested for their anti-persister ability at a 
100X MIC in combination against stationary-phase planktonic cultures 
of S. aureus S48, J6, and NCIM 5021. 100% killing of the isolates was not 
seen after treatment with any of the combinations tested. However, 
ciprofloxacin plus vancomycin showed the most pronounced reduction 
in the number of persisters. There are not many studies investigating the 
potential of ciprofloxacin with vancomycin in killing S. aureus. How-
ever, the remaining combinations showed no significant change in the 
number of persisters in the stationary-phase planktonic cells compared 
to the individual antibiotics. It is noteworthy that despite exhibiting a 
similar killing pattern as that shown by antibiotics alone, concentrations 
applied in combination to determine the number of persisters was much 
lower (100X of concentrations mentioned in Table 2). Therefore, treat-
ment with higher concentrations in combination could show complete 
killing. Previous studies using a combination of antibiotics like dapto-
mycin plus tobramycin [16] and daptomycin plus gentamicin [18] have 

demonstrated absolute killing of stationary-phase planktonic cells of 
S. aureus; however, the concentration of antibiotics applied in these 
studies was far greater as compared to our experiments and are not 
clinically achievable. 

Peak serum levels define the concentration of drugs available in a 
particular compartment or test area of the body after administration of a 
dose available to exert its action [27]. In order to evaluate their potential 
applicability in the clinic, the peak serum concentration of each anti-
biotic was compared with its concentration applied in combination with 
other antibiotics to a stationary-phase planktonic culture of S. aureus. 
MIC of the four antibiotics used in combination ranged from 0.031 to 1 
μg/mL. Therefore, the concentration of the antibiotics at 100X applied 
in combinations to determine the number of persisters ranged from 3.1 
to 100 μg/mL. The peak serum concentration of ciprofloxacin 2 h after 
an intravenous dose is found to range between 0.5 and 7.27 μg/mL [28]. 
The concentration of ciprofloxacin in this study applied in combination 
with daptomycin was 12.5 μg/mL (S. aureus S48) and 6.2 μg/mL 
(S. aureus NCIM 5021), while that with vancomycin was 12.5 μg/mL 
(S. aureus S48 and NCIM 5021). These concentrations are higher than 
those achievable in serum. The peak serum concentrations of dapto-
mycin and vancomycin are reported to be 95–165 μg/mL [29] and 
40–60 μg/mL [30], respectively. In combination with ciprofloxacin, the 
concentration of daptomycin applied in this study was 6.2 μg/mL 
(S. aureus NCIM 5021) and 25 μg/mL (S. aureus S48). These concen-
trations are found to be well below the achievable range. In combination 
with tobramycin, the concentration of daptomycin applied was 1.6 
μg/mL (S. aureus S48 and NCIM 5021) and 12.5 μg/mL (S. aureus J6) 
while that of vancomycin was 100 μg/mL (S. aureus S48). The concen-
tration of daptomycin is thus achievable; however, that of vancomycin is 
not. Also, the peak serum concentration of tobramycin is reported as 

Fig. 6. Time-kill curve of stationary-phase cells of S. aureus NCIM 5021and J6 using a 100X MIC of ciprofloxacin plus daptomycin against NCIM 5021 (a), cipro-
floxacin plus vancomycin against NCIM 5021 (b), daptomycin plus tobramycin against NCIM 5021 (c), and daptomycin plus tobramycin against J6 (d). The data 
shown are the mean values of CFU/mL (n = 3); the error bars indicate standard deviation. (C-ciprofloxacin, D-daptomycin, T-tobramycin, V-vancomycin). 
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20–35 μg/mL [31]. The tobramycin concentration applied in combina-
tion with daptomycin was 12.5 μg/mL (S. aureus S48), 6.2 μg/mL 
(S. aureus J6) and 3.1 μg/mL (S. aureus NCIM 5021) and that with 
vancomycin was 12.5 μg/mL (S. aureus S48). These concentrations of 
tobramycin are clinically achievable. Therefore, of the four combina-
tions tested, ciprofloxacin plus vancomycin can be tested to examine its 
effectiveness in clearing infections in vivo since the concentration of each 
of these antibiotics are clinically achievable. Daptomycin plus tobra-
mycin still showed presence of persister cells even at 100X MIC in 
combination against J6 and NCIM 5021. However, it can be tested at 
higher concentrations for eradication of stationary-phase planktonic 
culture of S. aureus which is still below the peak serum concentration of 
both antibiotics. More number of isolates need to be tested using these 
combinations at higher concentrations to conclusively establish them for 
potential use in therapy. 

Overall, there was a reduction in the survivors of stationary phase 
population when treated against combinations as compared to the in-
dividual antibiotics over a period of 72 h. The combination D + T 
showed complete eradication of S. aureus S48 which signifies the po-
tential of this combination in further exploration for its use against other 
isolates possibly in clinical settings. 

Several studies have successfully shown the effectiveness of targeting 
persister cells by various antimicrobials [5,32–37]. Since the mechanism 
of persistence is unclear most of these studies are conducted in a 
trial-and-error fashion. Schmidt et al. modified tobramycin by conju-
gating to it a 12 amino acid peptide [38]. The resultant compound 
named ‘Pentobra’ effectively killed S. aureus persisters. Other such 
compounds that have been shown to bring down the number of S. aureus 
persisters effectively include ADEP4 [39], Tosufloxacin (a fluo-
roquinolone) [40], and retinoids (CD437 and CD1530) [36]. The 
first-ever report of the effect of nanoparticles on persister cells showed 
that bimetal nanoparticles of CuO/ZnO were effective in controlling 
persister and biofilm cells of S. aureus, among other MDR bacteria [41]. 
However, this approach increases the rate of resistance occurring in the 
population. Therefore, strategies must be developed such that all types 
of cells in a given population are targeted without risk of inducing 
resistance. Acetic acid has been tested in this regard with promising 
results [42]. It is less likely that a population of cells will develop 
resistance against a combination of two or more antibiotics [10]. 
Therefore, antibiotic combinations prove to be promising to eliminate 
S. aureus persisters and could be studied for synergistic killing at higher 
concentrations along with eukaryotic cell cytotoxicity studies. 
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