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Multidrug-resistant carbapenemase-producing Klebsiella pneumoniae (KpC) strains are becoming a common cause of infections in health care centers. Furthermore, Klebsiella can develop multicellular biofilms, which lead to elevated adaptive antibiotic resistance. Here, we describe the antimicrobial and antibiofilm activities of synthetic peptides DJK-5, DJK-6, and 1018
against five KpC isolates. Using static microplate assays, it was observed that the concentration required to prevent biofilm formation by these clinical isolates was below the MIC for planktonic cells. More-sophisticated flow cell experiments confirmed the
antibiofilm activity of the peptides against 2-day-old biofilms of different KpC isolates, and in some cases, the peptides induced
significant biofilm cell death. Clinically relevant combinations of DJK-6 and ␤-lactam antibiotics, including the carbapenem
meropenem, also prevented planktonic growth and biofilm formation of KpC strain1825971. Interestingly, peptide DJK-6 was
able to enhance, at least 16-fold, the ability of meropenem to eradicate preformed biofilms formed by this strain. Using peptide
DJK-6 to potentiate the activity of ␤-lactams, including meropenem, represents a promising strategy to treat infections caused
by KpC isolates.

K

lebsiella pneumoniae is a Gram-negative, encapsulated, opportunistic pathogen of the family Enterobacteriaceae (1). It has
become a significant cause of infections, especially pneumonia,
but also meningitis, sepsis, and urinary tract, device-associated,
and surgical wound site infections (2–7). The most severe clinical
cases of such infections are often associated with K. pneumoniae
strains that produce a plasmid-borne carbapenemase (KpC).
The rate of fatality from KpC-producing K. pneumoniae is high
(⬎50%) among patients with bloodstream infection (2, 8, 9).The
treatment of these infections is difficult since KpC strains are resistant to all ␤-lactam antibiotics, including carbapenems, which
are typically used as a last resort (10). In addition, bacteria harboring carbapenemase genes are often resistant to other antibiotics.
As a consequence of this multidrug resistance, failure in treatment
contributes to increased rates of morbidity and mortality (9, 11,
12). Tigecycline, aminoglycosides, and the polymyxins (polymyxin B and colistin) are currently the best treatment options for
carbapenemase-producing strains (13). However, these strains
also have the potential to develop resistance to these antibiotics
(14–16).
The treatment of infections caused by multidrug-resistant bacteria is a challenge, and the ability of bacterial pathogens to form
biofilms can further complicate this scenario. Biofilms, a distinct
microbial lifestyle of bacteria, are surface-associated multicellular
communities of bacteria encased in a protective polymeric matrix
that can include polysaccharides, proteins, and DNA (17). They
represent a substantial problem in the clinic, as they can lead to the
development of chronic long-lived infections on body surfaces,
including the lung, skin, heart, and bones (18–21), and can also be
formed on medical devices (central venous catheters, urinary tract
catheters, mechanical heart valve, contact lenses, endotracheal
tubes, and implants) (18, 22–25).
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Biofilms are highly (adaptively) resistant to antibiotics as well
as to removal by host immune defense mechanisms and thus are
very difficult to eradicate compared to their planktonic (freeswimming) counterparts, leading to increased health care costs
(26). Although biofilms have a significant impact on public health,
most research to date has focused on developing natural or synthetic antimicrobial agents that inhibit planktonic bacteria. Cationic amphipathic antimicrobial peptides have emerged in recent
years as an alternative strategy for the treatment of antibioticresistant bacteria (27). Other so-called host defense peptides function as immunomodulatory agents with anti-infective, anti-inflammatory, and wound-healing properties, independent of
direct antimicrobial activity (27).
Recently, it was shown that some cationic amphipathic peptides could prevent and/or eradicate bacterial biofilms in a manner that was independent of direct antimicrobial activity against
free-swimming bacteria (28–30). Other studies demonstrated that
the antibiofilm peptides 1018 (a synthetic variant of host defense
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TABLE 1 Susceptibility of KPC-producing K. pneumoniae isolates to different antibioticsa
MIC and susceptibility of KpC isolate:
1450421

1789769

MIC

Interpretation MIC

ⱕ16
⬎16
⬎16/8
⬎16
⬎16
⬎32
⬎32
⬎16
⬎32
⬎16
⬎16
⬎2
⬎4
⬎8
⬎8
⬎4
⬎8
⬎64
⬎64
⬎64
⬎8
ⱕ2
8
⬎2/38

S
R
R
R
R
R
S
R
R
R
R
R
R
R
R
R
R
R
R
R
R
S
I
R

a

ⱕ16
⬎16
⬎16/8
⬎16
⬎16
⬎32
⬎32
⬎16
⬎32
⬎16
⬎16
⬎2
⬎4
⬎8
⬎8
ⱕ2
⬎8
⬎64
⬎64
⬎64
8
ⱕ2
⬎8
ⱕ2/38

2144392

Interpretation MIC

Interpretation MIC

S
R
R
R
R
R
R
R
R
R
R
R
R
R
R
S
R
R
R
R
I
S
R
S

I
R
R
R
R
R
R
R
R
R
R
R
R
R
R
I
R
I
R
R
I
S
R
R

32
⬎16
⬎16/8
⬎16
⬎16
⬎32
⬎32
16
⬎32
⬎16
⬎16
⬎2
⬎4
⬎8
⬎8
4
⬎8
64
⬎64
⬎64
8
ⱕ2
⬎8
⬎2/38

ⱕ16
⬎16
⬎16/8
⬎16
⬎16
⬎32
32
8
⬎32
⬎16
⬎16
⬎2
⬎4
⬎8
⬎8
⬎4
8
⬎64
⬎64
⬎64
ⱕ4
ⱕ2
⬎8
ⱕ2/38

2210477
Interpretation MIC

Interpretation

S
R
R
R
R
R
I
I
R
R
R
R
R
R
R
R
R
R
R
R
S
S
R
S

I
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
S
R
R

32
⬎16
⬎16/8
⬎16
⬎16
⬎32
32
⬎16
⬎32
⬎16
⬎16
⬎2
⬎4
⬎8
⬎8
⬎4
⬎8
⬎64
⬎64
⬎64
⬎8
ⱕ2
⬎8
⬎2/38

S, susceptible; I, intermediary; R, resistant.

peptides) and DJK-5 and DJK-6 (both designed D-enantiomeric
protease-resistant peptides) had the ability to work synergistically with several conventional antibiotics, thus uncovering a
novel approach to potentiating antibiotic action against bacterial biofilms (31, 32). Based on these studies, we hypothesized
that the small cationic antibiofilm peptides 1018, DJK-5, and
DJK-6 could both prevent biofilm formation and target preformed biofilms formed by carbapenemase-producing K. pneumoniae. The objective of this study was to investigate the biofilmforming ability of KpC clinical strains isolated from patients at
Brasilia Hospital and to test the activity of antibiofilm peptides
against these isolates.
MATERIALS AND METHODS
Bacterial strains. Clinical isolates of K. pneumoniae were obtained from
hospitalized patients in Brasilia, Brazil, between 2010 and 2012. The isolate 1825971 was obtained from an endotracheal aspirate, and the isolates
1789769, 2144392, 2210477, and 1450421 were obtained from blood. The
isolates were suspended in Mueller-Hinton broth and incubated for 18 to
24 h at 36°C. They were confirmed as Klebsiella pneumoniae strains using
the MicroScan WalkAway automated system (Siemens Healthcare Diagnostics) according to the manufacturer’s instructions. Standard biochemical tests were also used to confirm the species (33). Isolates were preserved at ⫺70°C with the addition of 8% dimethyl sulfoxide.
Peptide synthesis. DJK-5 (VQWRAIRVRVIR-NH2) and DJK-6 (VQ
WRRIRVWVIR-NH2), both D-enantiomeric peptides, and the peptide
1018 (VRLIVAVRIWRR-NH2) were synthesized by CPC Scientific using solid-phase 9-fluorenylmethoxy carbonyl (Fmoc) chemistry and
purified to 95% using reverse-phase high-performance liquid chromatography (HPLC). Peptide mass was confirmed by mass spectrometry.
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Antibiotic susceptibility of K. pneumoniae clinical isolates, screening for carbapenemases, and detection of blaKPC genes. Susceptibility
testing was performed using the MicroScan WalkAway automated
method. The susceptibility breakpoints were interpreted in accordance to
the CLSI protocols (34). Resistance to carbapenem antibiotics was due to
the production of a carbapenemase, which was detected using the modified Hodge test (35). K. pneumoniae ATCC 700603 was used as a negative
control, and K. pneumoniae IOC (a carbapenemase-producing strain
from the culture collection of the Oswaldo Cruz Institute, Rio de Janeiro,
Brazil) was used as a positive control. Specific primers were used under
standard PCR conditions to detect and confirm the presence of genes
encoding K. pneumoniae carbapenemase, blaKPC genes (F, 5=-TGTCACT
GTATCGCCGTC and R, 5=-CTCAGTGCTCTACAGAAAACC) (36).
The strains used as controls for the modified Hodge test were also used as
negative and positive controls for PCR.
Biofilm formation and MIC of planktonic cells and biofilms. K.
pneumoniae biofilm formation was assessed both in rich media, i.e.,
Luria-Bertani (LB) broth (BD Difco) and Todd-Hewitt broth (BD
Difco), and in BM2 minimal medium [62 mM potassium phosphate
buffer, pH 7.0, 7 mM (NH4)2SO4, 2 mM MgSO4, 10 M FeSO4, 0.5%
glucose]. Overnight cultures of K. pneumoniae strains grown in LB broth
were diluted 1 in 100 in each of these media, and 100 l per well was added
into 96-well round-bottom microplates. Planktonic cell growth was assessed by measuring absorbance at 600 nm. Nonadherent planktonic cells
were removed from microtiter wells and washed twice with deionized
water. Adherent cells were stained with 0.01% crystal violet for 20 min.
The microplate wells were washed twice with deionized water, air dried,
and solubilized with 110 l of 70% ethanol. Biofilm formation was assessed by measuring the absorbance at 595 nm using a microplate reader
(Bio-Tek Instruments, Inc., United States). Three biological replicates
were performed for each experiment involving eight technical replicates.
After establishing the best conditions for biofilm growth, antimicrobial
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Antibiotic
Amikacin
Ampicillin
Ampicillin-sulbactam
Aztreonam
Cefepime
Cefotaxime
Cefotetan
Ceftazidime
Ceftriaxone
Cefuroxime
Cephalothin
Ciprofloxacin
Ertapenem
Gentamicin
Imipenem
Levofloxacin
Meropenem
Nitrofurantoin
Piperacillin
Piperacillin-tazobactam
Tetracycline
Tigecycline
Tobramycin
Trimethoprim-sulfamethoxazole

1825971

Ribeiro et al.

TABLE 2 Assessment of biofilm formation of KPC-producing K. pneumoniae isolates in different mediaa
Growth (mean absorbance ⫾ SD) in:
Luria broth

Todd-Hewitt broth

BM2 glucose

Planktonic cells

Biofilm cells

Planktonic cells

Biofilm cells

Planktonic cells

Biofilm cells

1.29 ⫾ 0.04
1.18 ⫾ 0.05
1.30 ⫾ 0.06
1.20 ⫾ 0.05
1.25 ⫾ 0.07

0.20 ⫾ 0.05
0.05 ⫾ 0.03
0.27 ⫾ 0.06
0.02 ⫾ 0.01
0.15 ⫾ 0.03

1.48 ⫾ 0.04
1.53 ⫾ 0.03
1.51 ⫾ 0.04
1.52 ⫾ 0.03
1.46 ⫾ 0.05

0.17 ⫾ 0.03
0.11 ⫾ 0.02
0.12 ⫾ 0.02
0.04 ⫾ 0.02
0.14 ⫾ 0.06

1.17 ⫾ 0.06
1.22 ⫾ 0.06
1.15 ⫾ 0.04
1.16 ⫾ 0.06
1.13 ⫾ 0.01

1.28 ⫾ 0.11
0.80 ⫾ 0.07
0.79 ⫾ 0.02
0.62 ⫾ 0.04
1.18 ⫾ 0.04

a

Adherence to the surfaces of the wells of 96-well microtiter plates was examined. After incubation for 24 h at 37°C, the growth of planktonic cells was measured as the absorbance
at 600 nm (A600), while biofilm cell growth was assessed at A595 after crystal violet staining and ethanol extraction.

peptides were evaluated for their ability to inhibit biofilm formation. The
microdilution method for cationic peptides (37) was used to determine
the MIC for planktonic cells and the minimal biofilm inhibitory concentration (MBIC) to inhibit biofilm formation by 50% (MBIC50) or 100%
(MBIC100).
Checkerboard assay. Synergy between DJK-6 and various antibiotics
was assessed by checkerboard titration in 96-well microplates, wherein the
peptide was diluted along the rows of a microtiter tray and the antibiotics
were diluted along the columns. Planktonic growth and biofilm formation were assessed as described above. The results were expressed as the
fractional inhibitory concentration index (FIC), which is determined as
follows: FIC ⫽ ([A]/MICA) ⫹ ([B]/MICB), where MICA and MICB are the
MICs of antibiotic A and peptide B alone and [A] and [B] are the MICs of
A and B when in combination. The FIC index was interpreted as follows:
FIC ⱕ 0.5, synergistic effect; 0.5 ⬍ FIC ⱕ 1, additive effect; 1 ⬍ FIC ⱕ 2,
indifferent effect. The same approach was used to calculate biofilm inhibition in combination using the MBIC100 in place of the MIC. All FIC
calculations were determined taking the next-lowest MBIC100 value (e.g.,
for ⬎64 g · ml⫺1, we used 128 g · ml⫺1). The antibiotics used in this
assay included imipenem (Merck), meropenem (Sigma-Aldrich), cefotaxime (Sigma-Aldrich), cefepime (Bristol), polymyxin B (Sigma-Aldrich), and colistin sulfate (Sigma-Aldrich).
Flow cell assays. Flow cell experiments were performed to assess the
effects of antimicrobial treatments on preformed biofilms as described
previously (28).

RESULTS

Susceptibility of KpC to multiple antibiotics and biofilm formation assessments in different media. It was observed that clinical
isolates of K. pneumoniae from patients admitted to Brasilia hospitals were often resistant to multiple antibiotics (Table 1). All
isolates were positive for carbapenemase production, according to
the modified Hodge test. Further, genotyping of ␤-lactamase resistance by PCR and DNA sequencing showed that all isolates
harbored blaKPC genes. We also assessed the ability of the KpC
clinical isolates to form static biofilms in nutrient-rich media such

as LB and Todd-Hewitt and in a nutrient-limited medium (i.e.,
BM2). These isolates produced increased biofilm biomass (optical
density at 595 nm [OD595] range, ⬎0.7 absorbance units [AU]) in
BM2 medium compared to the biomass of those grown in nutrient-rich media like LB and Todd-Hewitt broth (Table 2). In contrast, using different media did not affect the planktonic growth of
these strains (Table 2).
Effects of small cationic antibiofilm peptides in the prevention and eradication of KpC biofilms. To investigate the effects of
the small synthetic cationic peptides 1018, DJK-6, and DJK-5 on
planktonic growth of KpC isolates, we performed microdilution
susceptibility assays using BM2 medium and peptides at concentrations ranging between 0.5 and 64 g · ml⫺1. The five tested KpC
isolates showed variable susceptibility to the peptides under the
conditions tested (Table 3).
The peptides were quite ineffective versus planktonic cells with
MICs of 8 to ⬎64 g · ml⫺1. In contrast, the peptides showed good
antibiofilm activity versus Klebsiella with MBIC50 ranging from 1
to 32 g · ml⫺1. The MBIC100, which reflects inhibition of both
biofilm formation and nonspecific binding to the microtiter wells,
was 2- to 32-fold higher than the MBIC50 but still often lower than
the MIC. Among individual clinical isolates, there was some variability, with biofilms from strains 1450421,1825971, and 2210477
showing higher MBICs and strains 1789769 and 2144392 biofilms
being more susceptible.
To test the ability of the antibiofilm peptides to eradicate preformed biofilms, we used the more accurate and sensitive flow cell
method to test the susceptibility of biofilms of four KpC isolates
(1450421, 1789769, 1825971, and 2144392) to peptides 1018 and
DJK-6. Interestingly, strain 1450421 formed the most robust biofilms in our flow cell experiments (Fig. 1), consistent with its ability to form biofilms in microtiter plates (Table 2). The results for
peptide addition to preformed biofilms revealed that at very low

TABLE 3 Evaluation of the antimicrobial activity of peptides against planktonic (MIC) and biofilm (MBIC) cells of KPC-producing K. pneumoniae
isolates using microtiter assaysa
IDR 1018

KpC
isolate
1450421
1789769
1825971
2144392
2210477
a

DJK-5

DJK-6

MIC

MBIC50

MBIC100

MIC

MBIC50

MBIC100

MIC

MBIC50

MBIC100

32
32
⬎64
32
32

16
4
2
1
8

32
32
64
4
32

8
16
⬎64
32
16

4
4
32
1
4

8
8
⬎64
4
8

16
8
64
8
⬎64

8
2
4
1
8

16
4
32
2
⬎64

Values are in g · ml⫺1.
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KpC isolate
1450421
1789769
1825971
2144392
2210477
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formed biofilms of KpC 1825971. Biofilms were grown in the flow cell system.
Treatments were applied to 2-day-old biofilms for 24 h. After this time, bacteria were stained green with the all-bacteria stain Syto-9 and red with the
dead-bacteria stain propidium iodide (merge shows as yellow to red) prior to
confocal imaging. Each panel shows reconstructions from the top in the large
panel and sides in the right and bottom panels (xy, yz, and xz dimensions).

FIG 1 Effects of peptides 1018 and DJK-6 against preformed biofilms of KpC
isolates. Biofilms were grown using the flow cell system. Treatments were
applied on 2-day-old biofilms for 24 h. After this time, bacteria were stained
green with the all-bacteria stain Syto-9 and red with the dead-bacteria stain
propidium iodide (merge shows as yellow to red) prior to confocal imaging.
Each panel shows reconstructions from the top in the large panel and sides in
the right and bottom panels (xy, yz, and xz dimensions).

concentrations (2 g · ml⫺1), the peptides 1018 and DJK-6 were
able to disrupt and cause dispersal of 2-day-old biofilms of KpC
isolates, reducing most preexisting biofilms to only a monolayer of
cells or a few single cells attached to the surface of the flow cell
chambers (Fig. 1). In most cases, the peptides triggered considerable cell death (yellow- and red-stained cells) among the cells remaining associated with the flow cell chambers, although the
numbers of cells were considerably diminished, indicating also
considerable dispersal. Intriguingly, the high sensitivity to peptides occurred even for isolate 1450421, which was considerably
less susceptible in microtiter plate assays, potentially due to the

high contribution of nonspecific binding to the microtiter plate
surfaces in these assays.
Synergy studies to prevent and eradicate KpC biofilms. Since
peptide DJK-6 exhibited high antibiofilm action against KpC
isolates, this peptide was chosen for synergy studies using
checkerboard titration assays with the multidrug-resistant
isolate KpC1825971. Despite choosing antibiotics to which
these KpC isolates were highly resistant (MICs and MBICs of
⬎64 g · ml⫺1), we observed that peptide DJK-6 enhanced the
activity of the ␤-lactam antibiotics meropenem, imipenem,
and cefepime, preventing biofilm growth of strain KpC
1825971 (Table 4). In contrast, the combinations between peptide DJK-6 and cefotaxime, polymyxin B, or colistin were unable to prevent biofilm formation by this Klebsiella strain.
The finding of synergy with two carbapenem antibiotics was
very surprising, especially given the presence of a highly active
carbapenemase in this isolate. Therefore, we further explored the
combination of peptide DJK-6 with meropenem to eradicate preformed flow cell biofilms of KpC 1825971. We determined the
concentrations of both DJK-6 and meropenem, alone or combined, required to eradicate the majority of biofilm cells (DJK-6, 8
g · ml⫺1; meropenem, 1 g · ml⫺1) and those that did not affect
preformed biofilms compared to the untreated control cells
(DJK-6, 0.125 g · ml⫺1; meropenem, 0.0625 g · ml⫺1). The
results revealed that the combination of only 0.125 g · ml⫺1 of
peptide DJK-6 and 0.0625 g · ml⫺1 of meropenem cleared preexisting biofilms (Fig. 2), thus reducing at least 16-fold the concentration of meropenem required to clear biofilms formed by
strain KpC 1825971. Other KpC isolates, 2144392 and 1450421,

TABLE 4 Evaluation of the antimicrobial activity of conventional antibiotics in preventing planktonic (MIC) and biofilm (MBIC) growth of K.
pneumoniae KpC strain 1825971 in microtiter assays and effects of the combination of peptide DJK-6 and the conventional antibiotics by
checkerboard titration assessing the fractional inhibitory concentration index (FIC)a

Antibiotic

MIC

MBIC50

MBIC100

MBIC of antibiotic in
combination with
DJK-6

Meropenem
Imipenem
Cefepime
Cefotaxime
Colistin
Polymyxin

⬎64
⬎64
⬎64
⬎64
⬎64
⬎64

⬎64
⬎64
⬎64
⬎64
⬎64
⬎64

⬎64
⬎64
⬎64
⬎64
⬎64
⬎64

4
8
8
64
64
64

a
b

MBIC of DJK-6 in
combination with
antibiotic

FIC with
peptide

Interpretationb

Fold reduction in
antibiotic concn
at the FIC

12
12
12
32
48
48

0.4
0.4
0.4
1.5
2.0
2.0

Syn
Syn
Syn
Ind
Ind
Ind

32
16
16
2
2
2

All MIC and MBIC values are in g · ml⫺1. FIC calculations were determined taking the next-lowest MBIC100 value (e.g., for ⬎64 g · ml⫺1, we used 128 g · ml⫺1).
Syn, synergy; Ind, indifferent.
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FIG 2 Effects of the combination of peptide DJK-6 and meropenem on pre-
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cell system. Treatments were applied to a 2-day-old biofilm for 24 h. After this time, bacteria were stained green with the all-bacteria stain Syto-9 and red with
the dead-bacteria stain propidium iodide (merge shows as yellow to red) prior to confocal imaging. Each panel shows reconstructions from the top in the large
panel and sides in the right and bottom panels (xy, yz, and xz dimensions).

showed similar susceptibility to this combination of DJK-6 plus
meropenem (Fig. 3).
DISCUSSION

We found that clinical isolates of K. pneumoniae were resistant to
multiple antibiotics, harbored KPC genes, and formed more biofilm in minimal medium than in nutrient broth. Previous studies
showed that bacteria harboring KPC genes are resistant to several
antibiotics, including the ␤-lactam antibiotics carbapenems, considered to be last-resort agents to treat serious infections caused by
Gram-negative bacteria (13). The highest growth of biofilms in
limited-nutrient medium in relation to nutrient-rich medium
could be associated with the stress caused by limitation of one or
more nutrients. For example, limitation of iron, magnesium, and
lactose can induce a higher biofilm formation in Legionella pneumophila (38), Pseudomonas aeruginosa (39), and Citrobacter sp.
(40), respectively.
Carbapenemase-producing strains represent a serious worldwide problem due to their multidrug resistance, easy dissemination, and limited available treatment options (41). Moreover, the
potential of these strains to form biofilms on medical devices and
body surfaces contributes to worsen this scenario. Many studies
have shown that biofilm formation contributes to highly recalcitrant bacterial infections (20). However, few reports have focused
on the development of new antimicrobials that target biofilms.
Even more limited are studies focusing specifically on targeting
carbapenemase-producing Enterobacteriaceae.
In our experiments, we investigated whether small synthetic
peptides exhibited antibiofilm properties against KpC isolates. We
observed that antibiofilm peptides 1018, DJK-6, and DJK-5 prevented biofilm formation of the different KpC strains tested (Table 3). In all cases, the concentration required to inhibit biofilm
formation by 50% was lower than the MIC. Antibiofilm peptides,

3910

aac.asm.org

including peptide 1018, have demonstrated similar effects against
other pathogenic bacteria (28, 29).
In experiments looking at the effects of the peptides on preformed flow cell biofilms (Fig. 1), we observed that both peptides
1018 and DJK-6 efficiently reduced biofilms to either a monolayer
of cells or a few attached cells and many of the remaining cells were
stained yellow or red, indicating that they were killed. These findings are consistent with recent studies showing that peptides 1018
(28) and DJK-6 (32) reduce biofilms of several bacteria, including
K. pneumoniae. However, in our studies we used carbapenemresistant K. pneumoniae strains instead of the carbapenem-susceptible strains used in those investigations.
Surprisingly, peptide DJK-6 was able to increase the antibiofilm activity of ␤-lactam antibiotics, including two carbapenems, in preventing biofilm formation (Table 4). Indeed, exceptionally small amounts of meropenem were required
together with very low levels of peptide to completely eradicate
preexisting biofilms of KpC (Fig. 2 and 3). Previous studies had
indicated no other classes of antibiotics that were synergistic
with DJK-6 (32). More specifically, the ability of DJK-6 to make
biofilms of KpC isolates susceptible to carbapenems could be a
potential approach to treat serious infections caused by carbapenem-resistant strains. In particular, this combination has
the potential to treat biofilms formed on body surfaces, since it
was able to clear biofilms grown in flow cells. These results
confirm that small cationic antibiofilm peptides constitute a
promising approach to increase the potency of conventional
antibiotics against biofilms formed by resistant strains (32).
Recent studies also showed that LL-37-derived peptides were
able to eradicate existing biofilms of methicillin-resistant
Staphylococcus aureus (MRSA) in thermally wounded human skin
equivalents (42). Taken together, our results indicate that the com-
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FIG 3 Effects of the combination of peptide DJK-6 and meropenem on preformed biofilms of KpC strains 1450421 and 2144392. Biofilms were grown in a flow
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bination of DJK-6 and meropenem could be a promising topical
treatment strategy against infections caused by biofilms.
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