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Emergence and rapid spread of antibiotic resistance has become one of the leading causes of 
treatment failures in case of bacterial infections. Antibiotic combinations are generally used to enhance 
the overall efficacy of therapy with the aim to generate synergistic outcomes. It further helps in 
reduction of total antibiotic dosage. Phytochemicals are known to have multiple bacterial targets that 
modulate or modify resistance in bacteria. In the present study, a microchannel-based device and 
monitoring system was used to demonstrate and investigate short and long term effects of antibiotic-
phytochemical combinations in different proportions on Staphylococcus aureus as test organism. 
Novel and unconventional combinations of antibiotic ciprofloxacin with the phytochemicals, quercetin, 
rutin, protocatechuic acid and ethyl gallate, were tested. Based on the experimental results, the strains 
exposed the antibiotic, generated resistant strains in four days, with 8 to 64 fold increase in their 
minimum inhibitory concentration (MIC) from the parent strain. The strains exposed to antibiotic-
phytochemical combinations, however, showed no resistance causing mutations. The results were 
verified by standard laboratory practices such as disk-diffusion, mutation frequency, population 
profiling and molecular studies on the exposed strains. The phytochemicals were able to potentiate 
antibiotic activity; thereby, increasing the antibacterial efficacy and time span of the treatment with a 
common antibiotic.   
 
Key words: Antibiotic combination therapy, antibiotic resistance, ciprofloxacin, microfluidic-device, 
phytochemical, potentiation, Staphylococcus aureus.  

 
 
INTRODUCTION 
 
Traditionally, phytochemicals and plant extracts have 
been used in medicine for centuries to treat  a  number of 

diseases and disorders that include high blood pressure, 
pain, asthma, depression, viral infection, cancer, diabetes,   
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etc (Cragg and Newman, 2005; Fiore et al., 2008; Sarris, 
2007). Their intrinsic antibacterial property has been 
harnessed in a number of occasions to treat bacterial 
infections (Cushnie and Lamb, 2005; Gibbons, 2004; 
Raos and Recio, 2005). However, with discovery of 
antibiotics and other modern medicines, the use of herbal 
remedies and phytochemicals as therapeutic agents has 
generally reduced. On the other hand, antibiotic 
discovery rate has drastically reduced in recent years 
(Barrett, 2005; Bax et al., 2000; Norrby et al., 2005). 

Phytochemicals have been under close and careful 
scrutiny by many researchers for their antibacterial 
properties (Alviano and Alviano, 2009; Cowan, 1999; 
Lewis and Ausubel, 2006; Raos and Recio, 2005; Shibata 
et al., 2005). These have been used in combination with 
antibiotics to treat multi-drug resistant or extensively drug 
resistant (MDR and XDR, respectively) bacterial species. 
Increasing resistance in bacteria to old and existing 
antibiotics (Grundmann et al., 2006; Levy and Marshall, 
2004), forms the basis for such investigations. The 
pathogen is either reported to become totally resistant to 
the drug or is susceptible at a higher dose (8 folds or 
higher). Particularly, Staphylococcus aureus has been 
reported as one of the superbugs due to its resistance to 
many classes of antibiotics (Lindsay and Holden, 2004; 
Livermore, 2000). Alternative and newer antibacterial 
solutions are hence, constantly required to check the 
ever growing resistance in bacterial populations (Bax et 
al., 2000).  

To overcome the fast pace of adaptive resistance in 
pathogenic bacteria, combination therapy is of significant 
interest (Cottarel and Wierzbowski, 2007; Moellering Jr, 
1983). Screening of drugs in combination with other 
drugs, and more recently, with herbal-based extracts has 
thus, become increasingly popular (Cottarel and 
Wierzbowski, 2007; Sibanda and Okoh, 2007). The main 
interest behind these studies is to find beneficial 
combinations that typically occur at sub-minimum 
inhibitory concentration (MIC) levels of the antibiotic 
(Sakharkar et al., 2009). Combination of an antibiotic with 
an appropriate phytochemical may help to reduce the 
antibiotic dosage as well as harness the benefits of plant-
derived antibacterials (Kyaw et al., 2011). They are 
believed to modify and/or modulate bacterial internal 
resistance and potentiate the effect of antibiotics when 
used in combination (Sibanda and Okoh, 2007). 
Generally, these may thus, increase the efficacy of the 
treatment by inhibiting the phenomenon of resistance 
causing elements, such as mutation of genes encoding 
target enzymes, proteins and efflux pumps (Marquez et 
al., 2005; Sibanda and Okoh, 2007; Stapleton et al., 
2004a; Stapleton et al., 2004b; Tegos et al., 2002).  

In this study, selected phytochemicals were shown to 
delay the antibiotic resistance when used in combination 
with ciprofloxacin as test antibiotic on S. aureus. A 
previously   validated    and   tested   microchannel-based  

 
 
 
 
system (Arora et al., 2009), was used to perform the long 
term screening of drug combinations on the pathogen.  
 
 
METHODS AND MATERIALS 
 
The current study was performed on a microchannel-based, 
microfluidic-device and monitoring system. The design, fabrication 
and validation of the system for drug combination studies have 
been reported by the authors previously (Arora et al., 2009, 2011). 
A brief description of the setup and the microchannel device has 
been explained in the following section. Novel combinations of 
ciprofloxacin and purified phytochemicals were investigated against 
two strains of S. aureus. Four phytochemicals were chosen based 
on their previous antibacterial reports and positive interaction with 
ciprofloxacin (tests not shown in this study), quercetin and rutin-
flavanoids, ethyl gallate - a major tea catechin, and protocatechuic 
acid - a phenolic antioxidant. 
 
 
Experimental system and microchip 
 
The setup consisted of a microfluidic-device (micro-device), 
designed to simultaneously separate and mix two injected fluids 
into six varying mixtures including their original concentrations. The 
same device was also used as a platform for cell culturing (Arora et 
al., 2009). An incubation chamber was designed to provide a 
controlled optimum growth environment for the cells and manipulate 
the micro-device for monitoring. Temperature control and heating 
was maintained by a programmed microcontroller circuitry 
(ATmega16 8-bit microcontroller). The wells were monitored using a 
spectrometer detector at 600 nm wavelength to measure optical 
density (OD) of the bacteria growing under influence of drug 
combination at specific time intervals. The OD was translated using 
a conversion equation to measure bacterial growth into cell count 
and when compared with the laboratory-based gold standards of 
microbial plating and counting. The schematic diagram of the 
incubation chamber, nutrient supply and monitoring system is 
illustrated in Figure 1. The fluids were injected using pre-
programmed syringe pumps into two inlets marked A and B via 
silicone tubings. The same inlets could be used to extract fluid, as 
necessary.   

 
 
Bacterial strains and media 
 
S. aureus ATCC 29213 and ATCC 43300 for methecillin sensitive 
and resistant species (MSSA and MRSA), respectively, were used 
as test organisms. Both strains were kept suspended in Luria-
Bertani (LB) broth containing 40% glycerol (v/v) and stored at -
80°C. Iso-sensitist (IS) broth and agar powders were used as liquid 
and solid media, respectively, procured from Oxoid, Biomedia 
Bloxwich, Singapore. The bacterial stocks were prepared in IS agar 
plates and stored at 4°C. Bacteria from the stock was further sub-
cultured onto IS agar plates one day before each experiment. 

 
 
Antibiotics and phytochemicals 

 
Purified powders of ciprofloxacin, quercetin (quer), rutin (rut), 
protocatechuic acid (PCA or 3,4-dihydroxybenzoic acid) and ethyl 
gallate (EG) were procured from Sigma-Aldrich, Singapore. Stock 
solutions were prepared in DI water and the respective diluent to 
aid dissolution. Ciprofloxacin was dissolved in 40% (v/v) 1 M NaOH 
to a concentration of 10 mg/mL. Quercetin and rutin  were dissolved  
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Figure 1. Schematic illustration of the monitoring system. The incubation chamber was connected to a 
microcontroller circuitry, pre-programmed to maintain the temperature inside the chamber at 37°C (± 0.2°C). 
The tubing from each syringe was connected on one side to the respective inlet (A or B) of the micro-device 
and on the other side connected to its respective reservoir.  

 
 
 
in 60 and 50% (v/v) 0.1 M NaOH, respectively to a concentration of  
102.4 mg/mL. PCA and EG were dissolved in 50 and 100% (v/v) 
ethanol (99.9%) to a concentration of 102.4 mg/mL. The stock 
solutions were filtered, aliquoted and stored at -20°C as per 
recommendations by CLSI (Standards, 2000).  
 
 
MIC and FIC determination 
 
The MICs of the drugs were determined in triplicates by broth 
microdilution method in IS broth as explained by Andrews (2001). 
The antibiotic concentration ranged from 0.0125 to 128 µg/mL and 
8 to 8152 µg/mL for the phytochemicals. The titer plate was 
inoculated by bacteria of 0.5 Macfarland standards (Standards, 
1992) and incubated at 37°C for 24 h aerobically. The MIC endpoint 
was determined as absence of turbidity in the wells followed by 
spectrometer analysis at 600 nm wavelength. The fractional 
inhibitory concentration (FIC) was established to interpret the 
combination effect of the drug-phytochemical pair under 
investigation. This was determined by checkerboard broth 
microdilution method as explained elsewhere (Pillai et al., 2005). 
The FIC index (FICI) for the drug combination was calculated as the 
sum of FIC of the two drugs. 
 
 
Antibiotic-phytochemical combination tests  
 
The tests were performed   separately  on  MSSA  and  MRSA  with  

ciprofloxacin in combination with one of each of the 
phytochemicals: quercetin, rutin, PCA and EG. A total of four 
combinations were tested on both strains, viz. ciprofloxacin with 
quercetin at starting concentrations equal to the MICs determined 
earlier (abbreviated as Cip1-Quer512, numbers indicating the MIC 
in µg/mL), ciprofloxacin with rutin (Cip1-Rut4096), ciprofloxacin with 
PCA (Cip1-PCA4096) and ciprofloxacin with EG (Cip1-EG1024). 
The combinations studies were performed on the experimental 
system explained earlier. Growth and sterility controls of the same 
volumes were also prepared to obtain comparative results. All 
experiments were performed in triplicates. A translation curve for 
OD versus bacterial cell number was established using exponential 
regression to determine the equation relating the two entities. The 
combinations indicating maximum bacterial growth reduction, with 
optical density < 0.055 and/or with cell count < 2.5 × 107 CFU/ml, 
after 24 h (represented as T24) were then tested with the standard 
methods to obtain the time-kill plots to determine bactericidal 
activity of the selected antibiotic-phytochemical combination pair 
(Lorian, 2005).  Bactericidal activity was established at T24 from the 
time-kill assays as greater than 3 Log10-fold decreases from the 
starting concentration (at T0) (Schwalbe et al., 2007). The 
procedures for combination screening and time-kill assays are 
briefly explained in the following paragraphs. 

Overnight bacterial culture in IS broth was injected from the two 
inlets of the microchip to fill the wells to 45 µl. Subsequently, 
ciprofloxacin and one of the four phytochemicals were 
simultaneously injected from the microchip inlets. 5 µl of total 
solution  at   the   required  concentration  were  fed  into  each  well  
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containing the bacterial suspensions. The end solution in the wells 
hence, consisted of six concoctions of the two drugs, including the 
original drug concentration. The resulting volume after drug 
injection in each well was 50 µl. The wells contained decreasing 
concentrations of ciprofloxacin in steps of 20% below its MIC and 
vice-versa for the phytochemicals. The following combinations were 
obtained, 20% ciprofloxacin with 80% phytochemical, denoted as 
Cip20-Phy80 (Phy = quer, rut, PCA or EG), similarly, Cip40-Phy60, 
Cip60-Phy40, Cip80-Phy20 and 100% (=MIC), Cip100 or Phy100. 
The microchip was incubated at 37°C in the incubation chamber 
(Figure 1) for 24 h. Bacterial growth was monitored by directly 
reading the OD of the wells at 600 nm wavelength and later 
translating to bacterial number using the regression equation, after 
2, 4, 6, 8 and 24 h. An identical protocol was used for MRSA.  

As a control experiment for comparison of combination efficacy, 
another experiment was performed on both strains with ciprofloxacin 
at one inlet and sterile DI water at the other, to check the sole 
effects of ciprofloxacin diluted at concentrations less than its MIC at 
20% step reduction.     

After analyzing the results of the above experiments for the 
combination of drugs and ciprofloxacin at sub-MIC concentrations, 
a time-kill assay was performed on the combination that suggested 
maximum growth inhibition indicated by the T24 readings from the 
micro-device (for cell counts < 2.5 × 107 CFU/mL). The colony 
counts as CFU/mL (colony forming units) were plotted against time 
for statistical analysis. The time-kill assay procedure is explained 
elsewhere (Pillai et al., 2005).   
 
 
Long term behavioral study and mutant selection under drug 
combination effect 
 
After the selection of useful combination mixtures of ciprofloxacin 
and phytochemicals, a 15-day long study was conducted. Five 
sterile micro-devices were inoculated with MSSA suspensions 
(~107-108 CFU/ml). Ciprofloxacin from inlet A and phytochemical or 
DI water from inlet B at concentrations equal to their respective 
MICs were then injected into the device. The zero hour reading or 
T0 was taken at the start of Day 1. The inoculated devices 
incubated at 37°C for 24 h in the incubation chamber of the system. 
At the following day at T24, 80% of the fluid in the wells (~40 µl) was 
extracted directly from the wells for analysis in order for fresh drug 
combinations and media to be added from the inlets. The extracted 
fluid was used to conduct disk diffusion test with 5 µg ciprofloxacin 
disks (Becton Dickinson, Singapore) following the procedure as 
previously reported (Schwalbe et al., 2007). Each sample was 
analyzed for ciprofloxacin susceptibility using standard manufacturer 
guidelines regarding the zone diameters in millimeters. This 
process was repeated every 24 h.  

A part of the T72, T144, T216 and T360 samples was diluted in sterile 
phosphate buffer saline and plated onto agar plates for storage. 
These samples were sub-cultured seven times on drug free agar, 
followed by population analysis profiling (PAP), to study the 
heterogeneity of the bacterial population after continuous drug 
exposure (Schwalbe et al., 2007). The PAP was carried out using 
standard protocol on IS agar plates drugged with ciprofloxacin at 
concentrations ranging from 0 to 2 µg/mL (0, 0.06, 0.125, 0.25, 0.5, 
1 and 2 µg/mL). Together with the disk diffusion and PAP tests, the 
susceptibility of ciprofloxacin was established for each sample after 
continuous exposure to ciprofloxacin alone (at MIC and sub-MIC 
levels) and to ciprofloxacin-phytochemical combinations.  

The T360 samples (15th day samples) were stored and sub-
cultured at least seven times on drug free IS agar medium and 
used to determine the mutation frequency and mutation prevention 
concentration (MPC) of ciprofloxacin after continuous drug 
exposure. These would reveal information on whether the addition  

 
 
 
 
of phytochemicals delays the emergence of resistance in S. aureus 
with continuous antibiotic external pressure. The MPC window of 
mutation selection (window: minimum-MIC and maximum-MPC) for 
ciprofloxacin on S. aureus would also elucidate the antibiotic 
potentiation by the addition of phytochemicals.  Calculation and 
determination of mutation frequency was carried out as explained 
elsewhere (Schwalbe et al., 2007).  

For MPC calculation, an inoculum containing 109 CFU/ml was 
spread on agar plates (100 µl each plate) drugged with 2, 4, 8, 16 
times MIC of the sample for ciprofloxacin. They were allowed to 
incubate for 72-120 h and mutation selection window was 
determined. The mutants selected at 2× and 4× respective MICs 
were also assessed further for their MICs to determine the stability 
of resistance. Five to ten random colonies were taken and streaked 
on drug free agar at least seven times before their MICs were 
determined. The MIC microdilution assay was carried out in 
triplicates to get consistent MIC values. The strains with 8-fold or 
higher increase in MIC from the parent MSSA ATCC 29213 strain 
were scrutinized further by molecular analysis to confirm 
occurrence of genetic mutations, if any.  

Ciprofloxacin resistance was confirmed by carrying out molecular 
studies. Amplification of quinolone resistance-determining regions 
(QRDR) of gyrA, gyrB, grlA and grlB genes and norA promoter were 
performed using polymerase chain reaction (PCR), as explained by 
Sutandar et al. (2008).   

 
 
RESULTS  
 
The results of the antimicrobial susceptibility tests 
performed on MSSA and MRSA strains are summarized 
in Table 1. It can be noted from the preliminary micro-
dilution studies and checker board analysis that the FICI 
for the combination of ciprofloxacin with the phyto-
chemicals is > 0.5 and ≤ 1.0 that suggest synergistic/ 
additive outcome of the selected phytochemical with the 
antibiotic.  

The preliminary data from the micro-device experiments 
provided useful combinations for further tests. In the 
observations from the control tests that were performed 
with ciprofloxacin and its dilution with DI water for MIC 
and sub-MIC levels (0 to 100 % ciprofloxacin), the wells 
showed significant bacterial growth (CFU/ml > 7 × 10

10
) 

for concentrations less than MIC up to 20% (0.2, 0.4, 0.6, 
0.8 µg/mL) and 0% as the control (data not shown) for 
both MSSA and MRSA. The addition of phytochemicals 
in place of DI water showed enhanced bacterial reduction 
at T24. Quercetin and EG addition had a potentiating 
effect on ciprofloxacin dose and were able to suppress 
bacterial growth for 24 h for both MSSA and MRSA. All 
combinations of ciprofloxacin with quercetin and EG, on 
the micro-device gave CFU/ml < 2.5 × 10

7
 and hence, 

were further tested with ciprofloxacin to determine long 
term usage and bactericidal activity, if present. However, 
for PCA and rutin on MSSA, only two combinations each 
were selected for further testing, Cip20-PCA/Rut80 and 
Cip20-PCA/Rut80. The combinations selected for PCA 
and rutin on MRSA were Cip20-PCA80, Cip40-PCA60, 
Cip80-PCA20, Cip20-Rut80 (results not shown in this 
study). 
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Table 1. MIC, FIC and FICI of Ciprofloxacin (cipro) with quercetin (quer), PCA, rutin and EG.  

 

Organism 

MIC when single drug was 
used (µg/ml) 

MIC when drug used in 
combination (µg/ml) 

FICI 

Cipro Phytochemical Cipro Phytochemical  

MSSA 

1 Quer - 512 0.25 Quer - 256 0.75 

1 Quer - 512 0.5 Quer - 128 0.75 

1 PCA - 4096 0.25 PCA - 2048 0.75 

1 PCA - 4096 0.5 PCA - 1024 0.75 

1 Rutin - 4096 0.5 Rutin - 2048 1.00 

1 EG - 1024 0.25 EG - 512 0.75 

1 EG - 1024 0.5 EG - 256 0.75 

      

MRSA 

1 Quer - 512 0.25 Quer - 256 0.75 

1 Quer - 512 0.5 Quer - 128 0.75 

1 PCA - 4096 0.25 PCA - 2048 0.75 

1 Rutin - 4096 0.5 Rutin - 2048 1.00 

1 EG - 1024 0.25 EG - 512 0.75 

1 EG - 1024 0.5 EG - 256 0.75 

 
 
 
The bactericidal activity of the selected combinations was 
determined by time-kill assays. The time-kill plots are 
shown in Figure 2 for combinations against MSSA. From 
the graphs in Figure 2, it can be observed that for 
quercetin and EG, three out of four combinations showed 
total bactericidal activity, and one of the combinations 
showed bacterial growth suppression or inhibition only. 
For PCA, both the selected combination percentages 
showed bactericidal effects. For rutin, out of the two 
selected combinations from the previous experiments, 
one of the combinations showed bactericidal effect while 
the other showed bacteristatic effects.  

After the 15-days experiment, the PAP studies of the 
samples collected at T72, T144, T216 and T360, revealed the 
presence of subpopulations capable of growing on plates 
with ≥ 1 µg/ml (MIC) of ciprofloxacin. These sub-
populations were not seen in the T0 (or parent strain) 
PAP. Several samples from the ciprofloxacin combination 
pairs, including the ciprofloxacin-rutin combination 
(Cip20-Rut80 and Cip80-Rut20), the ciprofloxacin-
quercetin combination (Cip80-Quer20) and the 
ciprofloxacin-EG combination (Cip20-EG80 and Cip80-
EG20) showed growth on plates with 1 µg/mL 
ciprofloxacin in the T72 PAP, but no growth was observed 
on 2 µg/mL at T360 (PAP data not shown). The averaged 
MICs of the T360 samples and their respective mutation 
frequencies are tabulated in Table 2. 

Based on the MICs and mutation frequency 
calculations, the ciprofloxacin exposed strains of S. 
aureus obtained at the end of 15 days (T360 sample) 
showed higher selection of mutants as compared to 
those exposed to combinations. Selection of mutants was 
also observed at 4× MIC for  the  respective  ciprofloxacin 

exposed strain. Whereas, the MIC of the final strains 
increased up to 64 folds as compared to the starting MIC, 
and also compared to the T360 sample of the control 
strain. The mutation prevention concentration or MPC 
window for the control strain was determined as 1-4 
µg/mL of ciprofloxacin. However, as seen from the table, 
there were mutants selected from significantly higher 
concentration of ciprofloxacin (32-64 µg/mL), indicating 
the development of ciprofloxacin-resistant S. aureus. For 
the T360 samples exposed to combination, the mutation 
frequency remained lower than the corresponding 
ciprofloxacin exposed strains (≤ 10

-6
). In some cases, 

there were no mutants selected at two and four times 
MIC. The mutation frequency was hence less than 10

-9
. 

The MIC of these strains was also maintained at ≤ 2 
µg/mL, with Cip80-Quer/EG20 being the exceptions. The 
MICs of the isolates obtained from plates with respective 
MIC or twice MIC of ciprofloxacin is summarized in Table 
3. Strains exposed to ciprofloxacin at MIC and sub-MIC 
(strains - Cip100-20) showed resistance to ciprofloxacin 
with MIC ≥ 32 µg/ml. This resistance was further 
confirmed by genetic analysis.  

For isolates with MIC ≥ 8 µg/ml, genetic evaluation of 
the QRD region and norA promoter sections of the 
bacterial genome was performed. For all the ciprofloxacin 
exposed strains, the gyrA, gyrB, grlA and norA genes 
sections remained unaltered. However, a point mutation 
in grlB gene at codon 470 was found, the original 
asparagine amino acid was substituted by isoleucine. 
The resultant strain was similar to the one found by 
Sutandar et al. (2008) where they had exposed the 
parent S. aureus strain (ATCC strain) to 50% MIC (0.5 
µg/mL)  of  ciprofloxacin  for  seven   days.   Interestingly,  
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Figure 2. Time-kill plots of ciprofloxacin with a phytochemical in working combinations. (A) Ciprofloxacin in combination with 
quercetin (1 µg/mL – Cip1, 512 µg/mL – Quer512), (B) with protocatechuic acid (4096 µg/mL – PCA4096), (C) with rutin (4096 
µg/mL – Rut4096) and (D) ethyl gallate (1024 µg/mL – EG1024).. All percentage mixtures given in the form of antibiotic to 
phytochemical percentage (C-Q, C-P, C-R, C-E).  

 
 
 
there was no genetic variation found in isolates (MIC ≥ 8 
µg/mL) exposed to ciprofloxacin-phytochemical 
combination.   
 
 
DISCUSSION 
 
In this study, the authors used ciprofloxacin that belongs 
to the fluoroquinolone family. It is a broad spectrum 
antibiotic that inhibit bacterial enzyme, DNA 
topoisomerase II, important for DNA replication and cell 
division. However, due to its increased and over use in 
the past, many bacterial species including S. aureus have 
acquired ciprofloxacin resistance (Campion et al., 2004; 
Nakanishi et al., 1991). Reduction of antibiotic dosages 
may contribute to minimizing the side effects associated 
with many antibiotics and in some cases also play  a  role 

in delaying the occurrence of resistance (Amyes et al., 
2007). The reduction of antibiotic dose can be 
augmented by alternative antimicrobial agents in 
combination with it to give plausible synergy. In the 
present work, phytochemicals were used in combination 
with the antibiotic with the aim of facilitating the reduction 
of synthetic drug dose, thereby reducing toxicity and 
adverse interactions; at the same time, modulating 
development of adaptive resistance.  

Similar to the quinolones, quercetin and rutin (plant 
flavanoids) target type II DNA topoisomerases and 
induces DNA cleavage. These are therefore, also 
referred to as topoisomerase poisons (Plaper et al., 
2003). As seen from the results, the potentiating activity 
of quercetin with ciprofloxacin can be attributed to the 
high selectivity of quercetin for prokaryotic DNA gyrase, 
while ciprofloxacin primarily target topoisomerase IV in S.  
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Table 2. Mutation frequency of T360 samples of S. aureus exposed to ciprofloxacin alone and in 
combination with phytochemicals. The strain names are represented as drug, to which it was exposed to for 
15 days, followed by the percentage of its starting MIC. The MICs given in the table were determined after 
15 days of drug exposure. 
 

Control 
Strain 

MIC of 
Ciprofloxacin 

(µg/ml) 

Mutation frequency 

2× MIC 4× MIC 

MSSA (ATCC 29213) 1 4×10
-7

 < 10
-9

 

Ciprofloxacin only 

Ciprofloxacin MIC 
and sub-MIC 
concentrations 

Cip100 16 10
-1

 10
-6

 

Cip80 8 10
-1

 9×10
-7

 

Cip60 8 10
-1

 9×10
-7

 

Cip50 8 10
-1

 2×10
-7

 

Cip40 8 10
-1

 3×10
-7

 

Cip20 4 10
-1

 5×10
-7

 

     

Ciprofloxacin in combination 

With PCA 

Cip20-PCA80 1 < 10
-9

 < 10
-9

 

Cip40-PCA60 1 < 10
-9

 < 10
-9

 

Cip80-PCA20 2 1.5×10
-6

 < 10
-9

 

With Rutin 
Cip20-Rut80 2 1.6×10

-6
 < 10

-9
 

Cip80-Rut20 2 2×10
-6

 < 10
-9

 

With Quercetin 

Cip20-Quer80 1 < 10
-9

 < 10
-9

 

Cip40-Quer60 2 < 10
-9

 < 10
-9

 

Cip60-Quer40 2 1.6×10
-6

 < 10
-9

 

Cip80-Quer20 4 3×10
-6

 < 10
-9

 

With EG 

Cip20-EG80 2 2.3×10
-6

 < 10
-9

 

Cip40-EG60 2 1.5×10
-6

 < 10
-9

 

Cip60-EG40 2 < 10
-9

 < 10
-9

 

Cip80-EG20 4 3×10
-6

 < 10
-9

 

 
 
 
aureus (Bearden and Danziger, 2001; Hilliard et al., 
1996). This brings about cell lysis due to irreversible DNA 
damage upon replication and hence, gives a bactericidal 
effect. This was also observed in the long term bacterial 
physiological analysis (Figure 2 and Tables 2 to 3). The 
low mutation frequency and non-mutation selection for 
some combinations are suggestive of delayed mutation. 
This delay can be due to the fact that both the drugs work 
on different and essential targets of the bacterial cell to 
bring about cell death. Ciprofloxacin resistance in S. 
aureus is mainly due to altered target, usually mutation in 
genes coding enzyme DNA gyrase and by multi-drug 
resistant or MDR efflux pumps (Bearden and Danziger, 
2001; Hooper, 2002). As seen in the DNA evaluation of 
the ciprofloxacin exposed strains, a point mutation was 
observed in one of the genes coding the topoisomerase II 
protein sub-units. Quercetin in some studies has also 
shown to make the bacterial cell wall more permeable, 
allowing the drugs to enter through the cell wall (Mirzoeva 
et al., 1997). This explains the potentiating activity of the 
plant medicine on the antibiotic action.  

In the case of ciprofloxacin with rutin, the same 
potentiation was not observed (Figure 2 and Table 2) 
even though rutin belongs to the same class of plant 
flavanoids. Here, the primary target for both drugs is 
bacterial toposisomerase IV, making it a competitive site 
(Bernard et al., 1997). Hence, even at high concentrations 
of rutin (3277 µg/mL or 80% MIC), potentiating activity 

was not observed at any combination.  
The activity of ciprofloxacin with EG was comparable to 

that of ciprofloxacin with quercetin, in terms of bactericidal 
activity, potentiating activity and exhibiting lower mutation 
frequency. In general, alkyl gallates have an amphipathic 
molecular structure with a hydrophobic alkyl part (tail) 
and a hydrophilic pyrogallol moiety (head). They are 
known to disrupt the fluidity of the lipid bilayer of the 
bacterial cell membrane. Due to their molecular structure, 
they act as surfactants and inhibit the electron transport 
chain of the membrane, thereby inhibiting the bacterial 
respiratory system (Kubo et al., 2002, 2003). Since they 
do not have to enter the cell for their action, they are 
usually not affected by the mechanisms that cause  
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Table 3. Ciprofloxacin MIC (µg/mL) for mutants selected from S. aureus drug exposed strains. The 
mutants were selected from 2× and 4× respective MICs of T360 samples. 
 

Strain × MIC MIC of selected mutant strains (µg/mL) 

Control (MSSA ATCC 29213) 1 2 

Cip100 2 64 

Cip80 2 32 

Cip60 2 32 

Cip50 2 64 

Cip40 1 32 

Cip20 1 8 

Cip20PCA80 1 2 

Cip40PCA60 1 2 

Cip80PCA20 2 4 

Cip20Rut80 2 8 

Cip80Rut20 2 16 

Cip20Quer80 - 1 

Cip40Quer60 2 2 

Cip60Quer40 2 2 

Cip80Quer20 1 8 

Cip20EG80 2 2 

Cip40EG60 2 2 

Cip60EG40 1 2 

Cip80EG20 2 4 

 
 
 
resistance in bacteria. By further addition of ciprofloxacin, 
the potentiation might have taken place due to 
disturbance in the fluid membrane by EG, allowing easy 
access for the antibiotic to its intracellular target. The low 
mutation frequency and absence of any genetic variation 
in the T360 sample also supports the potentiation of 
ciprofloxacin by EG.  

The activity of ciprofloxacin with PCA also showed 
bactericidal effect in both short term and the long term 
studies. The MIC was consistent with the parent strain 
throughout the 15 days and no mutants were selected at 
higher MIC values from these samples. The molecular 
mechanism of action for PCA and related compounds is 
not completely understood, but their antibacterial 
properties have been demonstrated by several 
researchers (Liu et al., 2005; Rahman et al., 2005).  

The results of the present study of antibiotic 
potentiation by phytochemicals and their role in the delay 
of adaptive resistance or mutational events in S. aureus 
suggest a possible incorporation of these ubiquitous 
elements of nature into the treatment of resistant 
bacterial infection by common antibiotics. However, more 
research and in-vivo trials need to be conducted with 
these combinations.  Even though plant-derived 
antimicrobials have been shown to be effective both in-
vitro and in-vivo, and known for their resistance 
modulating capabilities, they are not yet available in 
mainstream medicine (Lewis and Ausubel, 2006; Simoes 

et al., 2009). Plant antibacterials tend to be less potent as 
compared to most antibiotics and unable to be used 
alone for treatment of infections. As also seen in this 
paper, their MIC is 10 to 12 fold higher than ciprofloxacin. 
For them to be used in a clinical scenario, the 
pharmacokinetic and pharmacodynamic (PK/PD) models 
of the drug must be taken into account. With such high 
MIC values in vitro, the bioavailability of the drug in vivo 
as effective dose becomes difficult to reach. Many 
academic researchers have reviewed attractive potential 
of plant-derived antimicrobials, and have suggested that 
they cannot be used alone (Alviano and Alviano, 2009; 
Lewis and Ausubel, 2006; Sibanda and Okoh, 2007; 
Simoes et al., 2009). Plant antimicrobials with their 
narrow spectrum of action can target multiple sites in a 
bacterial cell, many of which are potentiating targets for a 
selected antibiotic. Their addition, as resistance modifying 
agents can be beneficial when used in combination with a 
strong antibiotic. The bacterial cell acquires resistance 
against the antibiotic within a few days, but the addition of 
phytochemicals can make the treatment constructive for 
long term.   
 
 
Conclusions 
 
In this paper, the authors have demonstrated the use of 
phytochemicals as resistance modulating agents in  



 

 

 
 
 
 
combination with test antibiotic, ciprofloxacin against 
common nosocomial bacteria, S. aureus. It was observed 
in the-long term study that S. aureus developed 
ciprofloxacin resistance in as few as four days of 
continuous exposure to the antibiotic. The T360 samples 
exposed only to ciprofloxacin were genetically mutated to 
a similar ciprofloxacin-resistant strain shown by Sutandar 
and co-workers (2008). This was further validated by disk 
diffusion tests, PAP tests and mutant selection studies. 
The mutation frequencies of ciprofloxacin exposed strains 
were much higher when compared with those of the 
combinations. The results suggested a delay, if not total 
reversal, in the process of acquiring ciprofloxacin-
resistance with the addition of phytochemicals as 
modulators or potentiating agents.  

The microchannel monitoring system used in the study 
was capable of expediting the process of simultaneous 
drug combination investigations. This system may be 
useful to enhance the study of antimicrobial combinations 
on bacterial pathogens by taking into consideration other 
combination ratios not usually investigated in accordance 
with the existing methods of FICI.  
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