
R E S E A R C H Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Bayatinejad et al. BMC Microbiology          (2023) 23:298 
https://doi.org/10.1186/s12866-023-03039-w

BMC Microbiology

*Correspondence:
Fereshteh Jabalameli
jabalamf@tums.ac.ir
1Department of Microbiology, School of Medicine, Tehran University of 
Medical Sciences, Tehran, Iran

2Department of Infectious Diseases and Tropical Medicine, Imam 
Khomeini Hospital Complex, Tehran University of Medical Sciences, 
Tehran, Iran
3Research Center for Antibiotic Stewardship and Antimicrobial Resistance, 
Tehran University of Medical Sciences, Tehran, Iran

Abstract
Background Hospital infections such as ventilator-associated pneumonia (VAP) due to multidrug-resistant Klebsiella 
pneumoniae (MDR-KP) strains have increased worldwide. In addition, biofilm production by these resistant isolates 
has confronted clinicians with higher treatment failure and infection recurrence. Given the paucity of new agents and 
limited data on combination therapy for MDR-KPs, the present study sought to evaluate the in vitro activity of several 
antibiotic combinations against planktonic and biofilm MDR-KPs isolated from patients with VAP.

Results All 10 carbapenem-resistant Klebsiella pneumoniae (CRKP) isolates demonstrated multidrug resistance against 
the tested antibiotics. At planktonic mode, combinations of colistin-meropenem and amoxicillin/clavulanate in 
combination with meropenem, colistin, or amikacin showed synergism against 60–70% isolates. On the other hand, 
in the biofilm state, colistin-based combinations exhibited synergism against 50–70% isolates and the most effective 
combination was colistin-amikacin with 70% synergy.

Conclusions The results revealed that combinations of amoxicillin/clavulanate with colistin, meropenem, or amikacin 
in the planktonic mode and colistin with amoxicillin/clavulanate, meropenem, or amikacin in the biofilm mode could 
effectively inhibit CRKP isolates, and thus could be further explored for the treatment of CRKPs.

Keywords Combination therapy, Synergism, Synergistic effect, Colistin, Carbapenem-resistant Klebsiella pneumoniae, 
Multidrug resistant pathogen, Klebsiella pneumoniae, Biofilm, Checkerboard method, Fractional inhibitory 
concentration (FIC).
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Introduction
Klebsiella pneumoniae (K. pneumoniae) is one of the 
most common pathogens responsible for various fatal 
infections, such as ventilator-associated pneumonia 
(VAP), which is the most common nosocomial infection 
[1].

The rising number of cases of antibiotic-resistant K. 
pneumoniae infection is a prominent health problem 
worldwide, presenting as a clinically important bacte-
rium causing VAP among patients in intensive care units 
(ICUs) [2–4]. In addition to antibiotic resistance, one 
of the causes of death in these types of infections is the 
biofilm formation. Biofilm formation in the endotracheal 
tube of ventilated patients has been suggested to play a 
major role in the development of VAP [2, 5]. Compared 
with planktonic K. pneumoniae, bacterial cells in bio-
film exhibit increased resistance to antibiotics and host 
immune responses, which may lead to chronic and recur-
rent infection, or treatment failure [6].

Carbapenem-resistant K. pneumoniae (CR-KP) 
remains a significant challenge associated with high mor-
tality rate, exacerbated by the significant increase in the 
worldwide prevalence rate [7, 8]. Because of rising anti-
biotic resistance and biofilm tolerance to both antimi-
crobial and host immunological responses, clinicians are 
confronted with higher mortality rates, especially in criti-
cally ill patients [9].

Restricted therapeutic options retain activity against 
CR-KP infections, such as polymyxins. Polymyxins 
including colistin are important treatment options [10]. 
After being mostly abandoned in the 1970s, has led to 
renewed interest in reviving these cationic antimicro-
bial peptides as a last-resort antimicrobials, mainly for 
use against several carbapenem-resistant bacterial iso-
lates [11, 12]. With the rise in colistin consumption, the 
emergence of colistin- and carbapenem-resistant K. 
pneumoniae (CCR-KP) strains has been reported globally 
[13, 14]. Resistance emergence to “last-line” drugs, such 
as colistin in CR-KP creates a therapeutic challenge that 
threatens to return clinicians and patients to a “pre-anti-
biotic era.”

Finding new and effective antimicrobial agents may be 
the ultimate strategy to combat these resistant bacteria, 
but its development takes a lot of resources and time. 
Hence, there’s a demand for a substitute, more fruitful, 
and more durable approach to deal with the status. Pres-
ently, numerous scientists are working on various aspects 
to tackle drug-resistant pathogens involving antimicro-
bial peptides, drug repurposing, antivirulence drugs, 
vaccination, phage therapy, and antibiotic combination 
therapy.

Antibiotic combination therapy can expand the sweep 
of clinical treatment, quicken bacterial clearance, reju-
venate old drugs, reduce the toxicity of used antibiotics, 

ameliorate antibiotic resistance, and consequently pro-
vide the solution [12, 15–25]. Therefore, optimizing the 
use of current antimicrobials and strategies based on syn-
ergistic effects is necessary to battle these resistant bacte-
ria [26, 27].

It has been reported that several antimicrobial com-
binations suggest synergistic activity in vitro studies, 
and also some clinical observational studies indicate the 
superiority of combination therapy over monotherapy in 
the treatment of severe infections caused by carbapene-
mase-producing Enterobacteriaceae [12, 28–30]. How-
ever, conflicting results have been observed between 
studies, which might be due to strain-dependent factors 
and different methodologies.

When two antibiotics are used simultaneously, three 
types of interactions may occur. First, the “antagonistic 
effect”, where the potency of the combination is less than 
that of any single agent. Second, the” indifferent effect”, in 
which the strength of an antibiotic combination is more 
or less equal to the vigor of the combination of either 
antibiotic alone; and third, a” synergistic effect,“ in which 
two antibiotics produce a stronger effect than the com-
bined strengths of each antibiotic alone [31, 32]. Since 
many of antimicrobials are candidates for combination 
therapy, selection based on the fractional inhibitory con-
centration index (FICI) [33] and utilization of the check-
erboard assay [34] have been reported. In this study, we 
aimed to compare the activities of dual combinations of 
colistin, meropenem, amikacin, and amoxicillin/clavu-
lanate against planktonic and biofilm CR-KPs and CCR-
KPs isolates harboring different β-lactamase genes from 
patients with VAP.

Results
Characteristics of bacterial isolates
All of 10 isolates were obtained from the hospital labo-
ratory of adults hospitalized in ICU setup. All isolates in 
addition to being carbapenem-resistant were Extended-
Spectrum Beta-Lactamases (ESBL) and Metallo-Beta-
Lactamase (MBL) producers (Table  1). In 8 strains, 
blaOXA−48, blaCTX-M and blaSHV genes were present simul-
taneously, and blaVIM−1 was also detected in 5 of these 8 
isolates.

Antibiotic resistance in K. pneumoniae isolates studied 
was remarkably high. 90% (9/10) of them were resistant 
to ceftriaxone, ampicillin/sulbactam, and cefepime. In 
addition, 80% (8/10) of them were resistant to temocillin, 
trimethoprim/sulfamethoxazole, ciprofloxacin, tobramy-
cin, piperacillin/tazobactam, and gentamicin, as shown 
in Table 1.

Minimum Inhibitory Concentration (MIC) ranges were 
0.5–32 mg/mL, 4–256 mg/mL, 64/32-4096/2048 mg/mL, 
and 8–1024  mg/mL for colistin, meropenem, amoxicil-
lin/clavulanate, and amikacin, respectively (Table 2). All 
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isolates were resistant to meropenem and amoxicillin/
clavulanate. 60% (6/10) and 50% (5/10) of isolates were 
resistant to amikacin and colistin, respectively. Three 
strains (30%) were resistant to all four antibiotics. Anti-
microbial resistance patterns of the studied isolates are 
shown in Table 2.

On average, Minimum Biofilm Eradication Concen-
tration (MBEC) was 5, 7, and 11-fold higher than MIC 
for colistin, amikacin, and meropenem, respectively. 
The MBEC of amoxicillin/clavulanate was greater than 
the concentration range investigated and reported as 
> 4096/2048 for all ten isolates (Table 2).

Checkerboard studies in planktonic mode
As shown in Table 3, in most cases the MIC was reduced 
in the combination mode compared to the single mode. 
Among the most obvious reductions, we can point out 

the 2-128-fold decrease in MIC of amikacin in combina-
tion with amoxicillin/clavulanate, the 4-32-fold decrease 
in MIC of amoxicillin/clavulanate in combination with 
colistin, and the 2-64-fold decrease in MIC of merope-
nem in combination with colistin.

Regarding the synergism studies on planktonic bacte-
ria, meropenem-colistin combination, and amoxicillin/
clavulanate combined with meropenem or colistin pro-
duced a synergistic activity against 7 of the 10 isolates 
(70%), while 3 isolates showed indifference results (30%) 
(Fig.  1). Amikacin combined with amoxicillin/clavula-
nate, meropenem, and colistin were synergistic against 
60% (6/10), 40% (4/10), and 30% (3/10) of the isolates, 
respectively, other combinational effects were indif-
ferent according to the FICIs (Fig.  1). Although colistin 
combined with amikacin showed indifference effect to 
most strains but this combination increased sensitivity to 

Table 1 Phenotypic and genotypic pattern of antibiotic resistance of 10 K. pneumoniae isolates
Isolates Beta-Lactamases genes Antibiotic resistance pattern
CR-KP
 K.1 blaSHV, blaTEM, blaOXA-48, blaCTX-M, blaVIM-1 TEM, TZP, IMI, MEM, GM, SXT, CIP, CRO, SAM, FEP, 

TOB, AMC

 K.2 blaSHV, blaTEM, blaOXA-48, blaCTX-M, blaNDM-1 TEM, IMI, MEM, GM, CIP, CRO, SAM, AK, FEP, TOB, 
AMC

 K.3 blaSHV, blaTEM, blaOXA-48, blaCTX-M TEM, TZP, IMI, MEM, GM, SXT, CIP, CRO, SAM, AK, 
FEP, AMC

 K.4 blaSHV, blaVIM-1 TEM, TZP, IMI, MEM, GM, SXT, CIP, CRO, SAM, AMC

 K.5 blaSHV, blaIMP, blaTEM, blaOXA-48, blaCTX-M, blaNDM-1, 
blaVIM-1

TEM, TZP, IMI, MEM, GM, SXT, CIP, CRO, SAM, AK, 
FEP, TOB, AMC

CCR-KP
 K.6 blaSHV, blaTEM, blaOXA-48, blaNDM-1 IMI, MEM, CRO, SAM, FEP, TOB, AMC, COL

 K.7 blaSHV, blaTEM, blaOXA-48, blaCTX-M TZP, IMI, MEM, SXT, AK, FEP, TOB, AMC, COL

 K.8 blaSHV, blaTEM, blaOXA-48, blaCTX-M, blaVIM-1 TEM, TZP, IMI, MEM, GM, SXT, CIP, CRO, SAM, AK, 
FEP, TOB, AMC, COL

 K.9 blaSHV, blaOXA-48, blaCTX-M, blaVIM-1 TEM, TZP, IMI, MEM, GM, SXT, CIP, CRO, SAM, FEP, 
TOB, AMC, COL

 K.10 blaSHV, blaOXA-48, blaCTX-M, blaNDM-1, blaVIM-1 TEM, TZP, IMI, MEM, GM, SXT, CIP, CRO, SAM, AK, 
FEP, TOB, AMC, COL

CR-KP: Carbapenem-resistant Klebsiella pneumoniae; CCR-KP: Colistin- and carbapenem-resistant Klebsiella pneumoniae:

TEM: temocillin; TZP: piperacillin/tazobactam; IMI: imipenem; MEM: meropenem; GM: gentamicin; SXT: trimethoprim/sulfamethoxazole; CIP: ciprofloxacin; CRO: 
ceftriaxone; SAM: ampicillin/sulbactam; AK: amikacin; FEP: cefepime; TOB: tobramycin; AMC: amoxicillin clavulanate; COL: colistin.

Table 2 MIC (mg/L) and MBEC (mg/L) antibiotics for 10 K. pneumoniae isolates
Clinical Isolate Colistin Meropenem Amoxicillin/clavulanate Amikacin

MIC MBEC MIC MBEC MIC MBEC MIC MBEC
K.1 0.5 16 16 128 1024/512 > 4096/2048 32 128

K.2 1 16 16 256 1024/512 > 4096/2048 1024 4096

K.3 2 32 32 128 1024/512 > 4096/2048 256 2048

K.4 1 16 64 256 64/32 > 4096/2048 16 1024

K.5 2 16 256 4096 2048/1024 > 4096/2048 1024 8192

K.6 4 8 4 16 512/256 > 4096/2048 8 64

K.7 32 256 16 512 1024/512 > 4096/2048 64 1024

K.8 32 128 32 256 2048/1024 > 4096/2048 128 2048

K.9 32 64 32 64 512/256 > 4096/2048 32 512

K.10 16 64 256 2048 4096/2048 > 4096/2048 256 1024
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amikacin from 40 to 80% (Table 3). There was no signifi-
cant difference in FICI values between CR-KP and CCR-
KP isolates in the planktonic state.

In-vitro synergism results showed that synergy could 
be observed even though the isolate was resistant to one 
or both of the antibiotics in combination. In addition, the 
number of sensitive strains to antibiotics increased in all 
these studied combinations (Table 3), and no antagonism 
interaction was observed in planktonic mode.

Checkerboard studies in biofilm mode
As shown in Table  4, in most cases, the MBEC was 
reduced in the combination mode compared to the single 
mode. Among the most obvious reductions, decline of 
at least 2–64 fold in MBEC of amoxicillin/clavulanate in 
combination with colistin and the 2-32-fold decrease in 
MBEC of meropenem and amikacin in combination with 
colistin could be mentioned.

Colistin-amikacin combination produced a synergis-
tic activity against 70% (7/10) isolates, while 30% (3/10) 
isolates showed indifference results. Colistin combined 
with meropenem, or amoxicillin/clavulanate exhibited a 
synergistic activity against half of the isolates (50%), while 
the other half isolates produced indifference results (50%) 
(Fig.  1). In biofilm mode, amoxicillin/clavulanate com-
bined with meropenem, or amikacin exhibited indiffer-
ence effect against 6 of the 10 isolates, and just 4 isolates 
showed synergistic activity (Fig. 1). The lowest synergism 
was related to meropenem-amikacin combination (3 of 
the 10 isolates). There was no significant difference in 
FICI values between CR-KP and CCR-KP isolates in the 
biofilm state, and none of the isolates showed antagonism 
effect for the studied combinations in the biofilm mode.

Discussion
The rapid spread of multiple-drug resistant CR-KP iso-
lates threaten the continued usage of antibiotics che-
motherapy and places an enormous burden on global 
healthcare systems. Furthermore, the search, finding, 
and development of new antibiotics is extremely time-
consuming with no novel discovery over the last 30 years. 
This shortage of effective therapeutic agents has encour-
aged the use of combination therapy of existing agents 
for synergistic effects against drug-resistant isolates [35–
38]. In addition combination therapy is needed not only 
to inhibit microbial proliferation through a multi-target 
approach but also to prevent the emergence of the resis-
tance during the treatment.

In this study, we applied the checkerboard techniques 
for the evaluation of the efficacies of colistin-meropenem, 
colistin-amoxicillin/clavulanate, meropenem- amoxicil-
lin/clavulanate, amikacin-colistin, amikacin–merope-
nem and amikacin- amoxicillin/clavulanate combinations 
against selected CR-Kp tracheal isolates in planktonic Ta
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and biofilm modes, and the obtained results classified 
based on FICI parameter (Tables 3 and 4).

Antibiotic combinations demonstrated 2-to 32-fold 
reduction in MIC of colistin and amoxicillin/clavulanate, 
2-to 64-fold reduction in MIC of meropenem, and 2-to 
128-fold reduction in MIC of amikacin.

A summary of the results indicates that in the plank-
tonic mode meropenem-colistin and amoxicillin/clavu-
lanate with meropenem, or colistin combinations were 
synergistic against 70% (7 of 10 isolates). Amikacin with 
amoxicillin/clavulanate exhibited synergism against 60% 
(6 of 10 isolates), while combination of amikacin with 
meropenem and colistin displayed 40% (4 in 10 isolates), 
and 30% (3 of 10 isolates) synergism, respectively.

In our study, similar to several previous studies, the 
high synergism of colistin-meropenem combination was 
illustrated [35, 39]. Goel et al. detected the higher syner-
gism by the Etest (82%), checkerboard (88%) and time-kill 
(78%) methods for this combination compared to us [35, 
39]. Conducted studies by Dhandapani et al. and Daoud 
et al. with the combination of meropenem and colistin 
showed 56% and 54% synergy, respectively [40, 41], which 
is less than our study results. A study by V.L. Minh et al. 
with the combination of colistin with various antibiotics 
on carbapenem resistant isolates of Acinetobacter spp 
showed 68% synergy which is close to our results. The 
present experience showed high synergism for amoxicil-
lin/clavulanate based combinations. The use of amoxicil-
lin/clavulanate in combinations caused a 20% increase in 
susceptible to second antibiotic. In the insights of these 
results, despite the high MIC of amoxicillin/clavulanate, 
this antibiotic in combination with meropenem, colistin, 
and amikacin exhibited a synergy effect comparable to 
colistin-meropenem; therefore, amoxicillin/clavulanate 
combined with colistin, meropenem, or amikacin could 
be suggested as a treatment option against CR-KPs in 
order to further investigations.

Our in vitro results on combination activity proposed 
different behaviors for bacteria in a planktonic and bio-
film states.

In the biofilm mode, combinations of colistin with ami-
kacin was synergistic against 70% (7 of 10 isolates), and 
colistin combined with meropenem or amoxicillin/clavu-
lanate exhibited a synergistic activity against 50% (5 of 10 
isolates). The results revealed that colistin in combination 
with three other antibiotics could effectively inhibit the 
biofilm of K. pneumoniae isolates. Furthermore, colistin 
showed the least increase in MBEC compared to MIC 
(on average, about 5-fold) and was the most successful 
antibiotic in reducing adjuvant antibiotic’s MBEC. As a 
result, colistin, both alone and in combination, was the 
most effective antibiotic in our study at the biofilm state. 
In another study, Wang et al. were assessed the activity 
of colistin-amikacin combination against Pseudomonas 

aeruginosa isolates both in vitro and in vivo by counting 
the live bacteria in biofilm and an animal biofilm infec-
tion model. They reported that colistin-amikacin combi-
nation could shorten the eradication time of biofilm than 
monotherapy [42].

The mechanism of synergy in colistin-based combina-
tions in the biofilm state is likely to be linked to colis-
tin-mediated changes in biofilm structure including 
reduction of cell density and swelling of biofilm matrix 
[43] which allowed entry of colistin and second antibi-
otic into the biofilm matrix. Furthermore, to weaken the 
biofilm, colistin affects the cells embedded in the inner 
layers of the biofilm structure, which are metabolically 
inactive [44].

In our study, effective antibiotic combinations in the 
planktonic state were different from the biofilm state, 
consequently it can be concluded that the effective com-
binations in acute infections are probably different from 
chronic infections.

No significant correlation was detected between the 
resistance genotypic pattern and the interaction of anti-
biotics in the combination, and therefore, the observed 
synergy could not be considered dependent on the 
molecular pattern of beta-lactamase resistance.

Furthermore, there was no significant difference 
between the FICI values in the two CR-KP and CCR-
KP groups in the planktonic and biofilm states. Con-
sequently, it seems that the sensitivity or resistance to 
colistin had not a predictable effect on the results of 
using the studied antibiotic combinations against MDR-
KP isolates.

Conclusions
In conclusion, we demonstrated that amoxicillin/clavu-
lanate combined with colistin, meropenem, or amikacin 
effectively inhibit CRKPs in planktonic mode and colis-
tin-based antibiotic combinations, especially in combina-
tion with aminoglycosides such as amikacin are effective 
at CRKPs biofilm. Therefore, we suggest these combina-
tions be further explored in the future study for the treat-
ment of CRKPs.

There are a few limitations in this study. Firstly, while 
our in vitro tests showed antimicrobial activity of stud-
ied antibiotic combinations, the findings from this study 
need to be validated in vivo and in clinical trials. Sec-
ondly, we only tested 10 CRKP isolates from a Healthcare 
Center with combination treatments which calls for fur-
ther evaluation against a wider group of CRKP isolates.

Materials and methods
Bacterial isolates
From a collection of K. pneumoniae isolates, 10 MDR and 
strong biofilm producer isolates (five CR-KPs and five 
CCR-KPs), which were obtained from tracheal aspirate 
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specimens of patients with VAP in a tertiary hospital 
clinical laboratory, selected for the present study. The 
phenotypic and genotypic resistance profile of studied 
isolates are listed in Table  1. The primers used in poly-
merase chain reaction (PCR) tests in order to detect the 
resistance genes are listed in Supplementary file 1.

Determination of MIC
MIC, defined as the lowest antibiotic concentration (µg/
ml) required to stop bacterial growth was determined for 
meropenem, colistin, amoxicillin/clavulanate and amika-
cin by using the Clinical Laboratory Standards Institute 
(CLSI) [45].

The MIC results were interpreted per CLSI criteria 
except for colistin results, which were analyzed based on 
the European Committee on Antimicrobial Susceptibil-
ity Testing (EUCAST) breakpoint recommendations [46]. 
Escherichia coli ATCC 25,922, Staphylococcus aureus 
ATCC 29,213, Enterococcus faecalis ATCC 29,212, and K. 
pneumoniae ATCC700603 were used as quality control.

Determination of MBEC
The MBEC was determined based on the modified previ-
ous protocol [47]. Biofilms were grown on the surface of 
flat-bottomed 96-well microtiter plates at 37 °C for 24 h, 
and then wells were washed carefully twice with sterile 
PBS. Biofilms were subsequently incubated with 2-fold 
dilutions of colistin, meropenem, amoxicillin/clavula-
nate, and amikacin at concentrations ranging from 0.5 
to 512 time MIC for 24  h. Drug-free biofilms served as 
untreated controls.

Metabolic activity was evaluated through the 
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium 
bromide) MTT (DNAbiotech Co) reduction assay, and 
the concentration producing a ≥ 50% biofilm damage 
compared to untreated controls was defined as MBEC. 
The percent biofilm damage was calculated according to 
the formula that was described by Geladari et al. [48]. 
Whenever the highest antibiotic concentration failed to 
achieve a 50% reduction in metabolic activity, the MBEC 
was defined as a concentration higher than the highest 
concentration tested.

Checkerboard experiments in planktonic and biofilm 
models
The two-dimensional checkerboard microdilution 
method was used to evaluate synergism between anti-
biotics in colistin-meropenem, colistin-amoxicillin/
clavulanate, meropenem- amoxicillin/clavulanate, ami-
kacin-colistin, amikacin–meropenem and amikacin- 
amoxicillin/clavulanate combinations on K. pneumoniae 
isolates in planktonic and biofilm modes [49].

In planktonic mode, the antibiotics were diluted in 
Mueller Hinton Broth (MHB) to achieve a starting Ta
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concentration equivalent to 2 time MIC. First antibiotic 
was serially diluted along the x-axis (the abscissa) of the 
96-well microtiter plate, whereas second compound was 
serially diluted along the y-axis (the ordinate) to form a 
matrix. Antibiotics concentrations ranged from 0.031 to 
2 time MIC for each isolate was studied. Bacteria equiva-
lent to a McFarland standard of 0.5 were prepared in 
normal saline. The bacteria were then diluted in MHB to 
achieve a starting cell density of 1 time 105 CFU/ml. The 
bacterial suspension was transferred to the microtiter 
plate. Wells containing MHB with or without bacterial 
cells were used as positive or negative controls, respec-
tively. The microtiter plate was incubated for 24  h at 
37 °C, and record the MIC of the single drug and the dual 
combination.

The activity of the combinations against bacterial bio-
film was evaluated as follows:200 µL of antibiotic dilu-
tions alone or in combination were added to each well 
where a 24  h biofilm had formed, and then the plates 
were incubated at 37  °C for 24  h. Antibiotic concentra-
tions ranged from 0.031 to 2 time MBEC of each isolate 
was studied. MBEC was evaluated through the MTT 
reduction assay as described above. Experiments were 
repeated two times, and the results were concordant.

The effects of the antimicrobial combinations were 
defined according to the FICI as follows: FICI ≤ 0.5, syn-
ergism; 0.5 < FICI ≤ 4, indifferent; or FICI > 4, antagonistic 
[49].
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