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Awide variety of microbial infections in the body (B80%) are caused
by bacterial biofilm,1,2 which are hardly treated because of the
development of resistance against antimicrobial agents through
various mechanisms.3 Klebsiella pneumoniae is the causative agent
of B14–20% of hospital-acquired urinary tract infections, respiratory
tract infections and septicemia.4 It has been observed that the
extended spectrum b-lactamases producing K. pneumoniae strain is
not susceptible to third-generation cephalosporins viz., ceftizoxime,
cefotaxime, ceftriaxone and ceftazidime etc.5 Analysis performed in
Europe with 5000 Enterobacteriaceae isolates showed a high degree of
resistance to many antibiotics6 due to bacterial biofilm formation.7 It
has earlier been reported that curli fibers are a major factor in
adhesion to surfaces and biofilm formation in many enterobacteria.8

The increasing rate of the biofilm problem and its impact on
antibiotic resistance triggered us to think a new means, which could
disrupt the biofilm formation by inhibiting bacterial adhesion and
curli formation. In view of the above-mentioned antibiotic resistance
because of the bacterial biofilm, we introduced a nonantibiotic
adjuvant EDTA along with b-lactam and b-lactamase inhibitor, which
altogether termed as CSE1034, has the potential to break bacterial
biofilms significantly. Therefore, current study is focused on the role
of EDTA and CSE1034 in curli formation, bacterial adhesion and
biofilm eradication of K. pneumoniae and its comparison with other
drugs.
For the current study, a total of fifteen clinical isolates of

K. pneumoniae were obtained from four different medical colleges
of North India including Postgraduate Institute of Medical Science,
Lucknow, UP., India, Vijayanagara Institute of Medical Sciences,
Bariely, UP, India, Aligarh Muslim University, Aligarh, UP, India
and Government Medical College and Hospital, Chandigarh, India.
The isolates were then tested for extended spectrum b-lactamases
production using the screening criteria described by Clinical and
Laboratory Standards Institute 2009.9

The drugs, meropenem (1 g), imipenem plus cilastatin (500mg),
cefoperazone plus sulbactam (2 g), piperacillin plus tazobactam
(4.5 g), amoxycillin plus clavulanic acid (1.2 g) and CSE1034 (cef-
triaxone 1 g plus sulbactam 500mg plus 37mg EDTA) injections were
included in the study. EDTA disodium was used as a nonantibiotic
adjuvant to CSE1034 and was tested separately. Susceptibility testing
of each drug on all of the isolates was performed on planktonic
culture using Clinical and Laboratory Standards Institute guidelines.9

Curli production was measured using a congo red agar plate as
described elsewhere.10 To assess the effect of EDTA disodium and
drugs on curli formation, different concentrations of EDTA including
1.25, 2.5, 4.0, 5.0, 10.0 and 20mM and half of minimum inhibitory
concentration (MIC) of drugs were used. Adhesion study was carried
out by taking 150ml of 106 cfuml�1 of K. pneumoniae in 10ml of
Mueller-Hinton broth (Himedia, Mumbai, India) containing the
same concentration of EDTA and drugs as used in curli study.
Following incubation for 4 days at 37 1C, the tubes were washed twice
with phosphate-buffered saline (7mM Na2HPO4, 3mM NaH2PO4 and
130mM NaCl at pH 7.4) to remove nonadherent cells. Adherent
bacteria were fixed with 95% (v/v) ethanol and stained with 1% (w/v)
crystal violet (Merck, Paris, France) for 5min. The excess stain was
washed with sterile distilled water and then the tubes were air-dried.
Bacterial adhesion prevention values represents the lowest concen-
tration of EDTA and drugs at which bacteria failed to adhere and
hence stained purple color were not found following staining.
Next, we examined the role of EDTA and drugs on biofilm

eradication. In vitro biofilm model of five selected clinical isolates
was developed using calgary biofilm device as described elsewhere.11

Minimum biofilm eradication concentration (MBEC) was deter-
mined of all of the isolates as reported earlier.12 To assess the effects
of EDTA and drugs on preformed biofilm, the EDTA concentration
was the same as mentioned above, however, four times of MIC of
different drugs were used in this experiment. Scanning electron
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microscope was also carried out of some of the treated samples of
drugs, as well as EDTA alone, using Hitachi S3700-N SEM (Hitachi
high Technology, Tokyo, Japan) as described elsewhere.13

Our results revealed that all of the strains were extended
spectrum b-lactamases positive. MIC values for extended spectrum
b-lactamases producing K. pneumoniae was 64–256 and 32–
128mgml�1 for meropenem and CSE1034, but rest of the drugs
exhibited eight times higher MIC of CSE1034. MIC of EDTA
disodium was 2048mgml�1. The MBEC value for CSE1034 was four
times of its MIC, whereas other comparative drugs exhibited several
folds higher MBEC values (Table 1). EDTA is a nonantibiotic
component and showed MBEC value of 8192mgml�1. These results
suggest microorganisms in planktonic cultures and biofilms behave
differentially toward antibiotic. The clinical isolates which developed
bright red colonies on CRA plates, were found to be curli producer
whereas the clinical isolate exhibited mild pink color considered to be
non-curli producer. Among all the 15 clinical isolates, only 11 (73%)

clinical isolates were found to be curli positive. Further results showed
the curli formation was inhibited at 5.0mM and higher concentration
of EDTA disodium. Similarly, when various drugs were evaluated on
the curli formation, interestingly, only CSE1034 could inhibit curli
formation and gave mild-pink color, whereas rest of the drugs showed
red color indicating failure to inhibit curli formation. Adhesion of the
bacterial cells onto the glass surface was inhibited with increasing
concentration of EDTA and complete adhesion was noted at 5.0mM

and higher concentration of EDTA. Similarly, when various drugs
were evaluated on the bacterial adhesion, only CSE1034 was able to
prevent bacterial adhesion, this suggest that the biofilm formation can
be controlled by preventing the adhesion of bacterial cells onto any
surface, as earlier it has been demonstrated that adhesion is the
necessary step while biofilm is developed.14

Biofilm formation is dependent on cell-to-cell adhesion and
cations, particularly calcium, are thought to have an important role
in bonding of polymer molecules in the biofilms, leading the cohesion
of the polymer layer.15 Earlier studies have shown that EDTA at
50mM is useful in disrupting the biofilm.16,17 Contrary to this, we
noted that EDTA at 10mM was found to be effective in disruption of
bacterial biofilm when used alone. A large number of antibiotics and
their combinations are available in the market.18,19 However, none of
these found to be effective in biofilms eradication as evident in this
study. Current studies demonstrated that CSE1034 at four times of
its MIC effectively eradicates the K. pneumoniae biofilm compared
with other drugs, including meropenem, imipenem plus cilastatin,
cefoperazone plus sulbactam, piperacillin plus tazobactam and
amoxycillin plus clavulanic acid.
In this study, we successfully demonstrated through the scanning

electron microscopy images that exposure of preformed biofilm for
24h to 10mM EDTA disodium caused little disorganization of
biofilm, as well as made the cell wall more porous probably by
chelating the divalent ions, thus enhancing the entry of drug into the

Table 1 MICs and MBECs of antibacterial agents for K. pneumoniae

clinical isolates

Name of drugs MIC in (mgml�1) MBEC in (mgml�1)

Piperacillin plus tazobactam 512–1024 44096

Amoxycillin plus clavulanic acid 4512 44096

Meropenem 64–256 2048–4096

Imipenem plus cilastatin 512–1024 2048–4096

CSE1034 32–128 256–512

Cefperazone plus sulbactam 4512 44096

EDTA disodium 1024–2048 4096–8192

Abbreviations: MBEC, minimum biofilm eradication concentration; MIC, minimum inhibitory
concentration.
MICs and MBECs of all antibacterial agents were performed on all of the clinical isolates.

Figure 1 Scanning electron microscopy of K. pneumoniae biofilm on the surface of pegs of the microplate lid. (a) Control. (b) K. pneumoniae biofilm

exposed to meropenem. (c) K. pneumoniae biofilm exposed to EDTA (little disorganization of the biofilm appeared). (d) K. pneumoniae biofilm exposed to

CSE1034 (significant disorganization of biofilm; a honeycomb like structure of disrupted biofilm).
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bacterial cells; CSE1034 treatment led to significant disorganization of
biofilm and formed a honeycomb like structure of disrupted biofilm,
whereas meropenem failed to break bacterial biofilm as observed
by scanning electron microscope analysis (Figure 1). Other drugs
including imipenem plus cilastatin, cefoperazone plus sulbactam,
piperacillin plus tazobactam and amoxycillin plus clavulanic acid were
not evaluated by scanning electron microscope because of very high
MIC and MBEC values.
Our result clearly demonstrates that EDTA as a nonantibiotic

adjuvant effectively inhibits curli formation and bacterial adhesion at
X5mM concentration when used alone and also reacts with divalent
ions of extracellular polysaccharides and bacterial cells thus damaging
the microbial biofilm. When the same concentration of EDTA is
incorporated in CSE1034, the antibacterial activity of CSE1034 is
enhanced synergistically and hence it can be concluded that CSE1034
shows good antibacterial activity and can be considered of choice in
biofilm infections caused by K. pneumoniae.
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