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Abstract
The present study examined the anti-biofilm efficacy of two short-chain antimicrobial peptides (AMPs), namely, indolicidin and
cecropin A (1-7)-melittin (CAMA) against biofilm-forming multidrug-resistant enteroaggregative Escherichia coli (MDR-
EAEC) isolates. The typical EAEC isolates re-validated by PCR and confirmed using HEp-2 cell adherence assay was subjected
to antibiotic susceptibility testing to confirm its MDR status. The biofilm-forming ability of MDR-EAEC isolates was assessed
by Congo red binding, microtitre plate assays and hydrophobicity index; broth microdilution technique was employed to
determine minimum inhibitory concentrations (MICs) and minimum biofilm eradication concentrations (MBECs). The obtained
MIC and MBEC values for both AMPs were evaluated alone and in combination against MDR-EAEC biofilms using crystal
violet (CV) staining and confocal microscopy-based live/dead cell quantification methods. All the three MDR-EAEC strains
revealed weak to strong biofilm-forming ability and were found to be electron-donating and weakly electron-accepting (hydro-
phobicity index). Also, highly significant (P < 0.001) time-dependent hydrodynamic growth of the three MDR-EAEC strains
was observed at 48 h of incubation in Dulbecco’s modified Eagle’s medium (DMEM) containing 0.45% D-glucose. AMPs and
their combination were able to inhibit the initial biofilm formation at 24 h and 48 h as evidenced by CV staining and confocal
quantification. Further, the application of AMPs (individually and combination) against the preformed MDR-EAEC biofilms
resulted in highly significant eradication (P < 0.001) at 24 h post treatment. However, significant differences were not observed
between AMP treatments (individually or in combination). The AMPs seem to be an effective candidates for further investiga-
tions such as safety, stability and appropriate biofilm-forming MDR-EAEC animal models.
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Introduction

Enteroaggregative Escherichia coli (EAEC) are implicated in
endemic as well as epidemic diarrhoeal episodes globally [1,
2]. Pathogenicity of EAEC is described in three distinct
stages, namely, an initial adherence to the intestinal mucosal
surface, biofilm formation and induction of inflammatory

response resulting in the release of toxins [1]. The biofilm-
forming ability of EAEC is an important attribute for the path-
ogenicity and is well correlated with its persistent infection
and resistance to conventional antimicrobial therapy. This col-
onization leads to long-term carrier status facilitating antibiot-
ic pressure, leading to an alarming rate of multidrug resistance
among EAEC strains [1, 3]. The pathogen causes chronic
inflammation and damage to the intestinal epithelium, thereby
causing malnutrition and intellectual deficits in infants [1],
while intestinal changes and chronic diarrhoeal episodes are
notable features in animal EAEC infections [2]. Generally,
antimicrobial therapy is recommended to ensure early resolu-
tion and to halt the progression to dehydration, hypovolaemic
shock and death [3]. Fluoroquinolones are the drugs of choice
for symptomatic EAEC infections; however, these are no lon-
ger effective due to high level of drug resistance observed
among EAEC strains across the globe [3, 4]. Further, due to
the physiological properties of biofilm, bacteria within the
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communities become highly resistant to many of the conven-
tional therapies, hence exhibiting much higher antimicrobial
resistance levels compared with those normally observed dur-
ing ‘planktonic’ growth [5, 6]. Moreover, bacterial cells em-
bedded within biofilm can withstand nutrient deprivation and
pH changes. The ‘persisters’ within the microbial biofilm are
primarily induced at high rate under adverse environmental
conditions and often constitute dormant, non-dividing cells
[7]. This protective nature of microbial biofilms not only limit
the efficacy but also provide refractoriness to antimicrobial
agents and biocides, especially in assuring the microbiological
safety [6]. Therefore, intensive research is directed towards
the identification of novel and unconventional anti-biofilm
therapies, including adjunctive or preventive approaches
[8, 9].

Antimicrobial peptides (AMPs) are evolutionarily con-
served molecules found in organisms ranging from prokary-
otes to humans that have been heralded as promising alterna-
tives to the currently available antibiotics [10, 11]. The com-
plex and often multimodal antimicrobial actions of AMPs are
refractory to develop perdurable resistance by the microbes
which offers notable advantage of AMPs over conventional
antibiotics [11, 12]. Intriguingly, synthetic short-chain cationic
peptides with potential anti-biofilm activity have recently
been documented [13, 14]. In particular, indolicidin, a
tridecapeptide peptide isolated from the cytoplasmic granules
of bovine neutrophils, was reported to exhibit antimicrobial
activity against Gram-negative and Gram-positive bacteria,
fungi, HIV-1 virus and protozoa [5, 6]. Moreover, cecropin A
(1-7)-melittin (CAMA), a cecropin-melittin hybrid peptide
with 15 amino acid residues, is composed of the cationic region
of ‘cecropin A’ and the hydrophobic as well as non-haemolytic
region of the bee venom peptide ‘melittin’. CAMA exhibited
potential antimicrobial effect against Gram-negative and
Gram-positive bacteria, fungi, Leishmania spp. [15].
However, studies addressing the anti-biofilm potential of these
peptides against multidrug resistant (MDR)-EAEC are lacking.
The objective of the present study was to evaluate the anti-
biofilm efficacy of two short-chain antimicrobial peptides with
different mechanisms of actions against biofilm-forming
MDR-EAEC isolates.

Materials and Methods

Bacterial Strains

The typical EAEC isolates from the laboratory repository
were re-validated by PCR assay (chromosomal genes: fimA,
aaiA, astA, pilS, ecp, irp2 and plasmid-encoded genes:
cvd432, aafII, agg3A, aggR, aggA) (Supplementary
Material S1) [16] and confirmed using the HEp-2 cell adher-
ence assay (Supplementary Material S2) [17]. The isolates

were tested for antibiotic susceptibility as per the Clinical
and Laboratory Standards Institute (CLSI) guidelines [18].
Three MDR-EAEC strains with GenBank accession num-
bers, KY941936.1 (MDR 1), KY941937.1 (MDR 2) and
KY941938.1 (MDR 3) were included in the study.
Furthermore, in order to detect the extended spectrum
beta-lactamase (ESBL)-producing ability of these isolates,
a double disc test using antibiotic discs of cefotaxime and
ceftazidime with clavulanic acid (BD Difco, USA) was
employed [18]. E. coli ATCC 25922 used as quality control
strain was provided by the Department of Veterinary Public
Health, College of Veterinary and Animal Sciences,
Pookode, India.

Antimicrobial Peptides

Two short-chain AMPs with different mechanisms of action,
namely, indolicidin and CAMA retrieved from Biofilm active
AMPs (BaAMPs) [19] were synthesized commercially
(Shanghai Science Peptide Biological Technology, China).
The peptides were resuspended in PBS (final stock concentra-
tion of 10 mg/mL) and stored at − 20 °C until further use. The
amino acid sequences and physico-chemical properties of the
AMPs [19] are provided in Supplementary Table 1.

Biofilm Formation by MDR-EAEC Isolates

Congo Red Binding Assay

The biofilm-producing ability of MDR-EAEC isolates was
assessed using Congo red binding assay [20]. The inoculated
Congo red agar (CRA) plates showing black streaks or colo-
nies with a dry crystalline consistency were regarded as strong
to moderate biofilm producers, whereas the presence of pink
or red colonies were regarded to be weak biofilm producers
[20].

Microbial Adhesion to Solvents

The hydrophobicity index was determined by microbial
adhesion to solvents using three solvents (n-hexadecane,
chloroform and diethyl ether) [21]. The suspension of
MDR-EAEC cells grown overnight in nutrient broth
(OD600 nm of 0.80) was prepared in 1.5 mM sodium chlo-
ride (A0); 2.4 mL of this suspension was overlaid by
0.4 mL of each solvents. After vigorous mixing, phases
were allowed to separate for 15 min at room temperature
and the OD600 nm of aqueous phase (A1) was measured.
The percentage of hydrophobicity was calculated [21] as,
hydrophobicity (%) = [1 − (A1/A0)] × 100.
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Time-Dependent Biofilm-Forming Ability in Different Media

Time-dependent biofilm-forming ability of the test isolates in
different media was assessed using microtitre plate assay [16,
22]. DMEM and nutrient broth each supplemented with either
0.45% D-glucose or 0.45% D-mannose were used. E. coli
ATCC 25922 and E. coli DH5α were used as positive and
negative biofilm controls, respectively. The optical density
values obtained for the test cultures with each respective me-
dium and time were statistically analysed to determine the
optimal medium and time requirement for biofilm formation
and also to classify the test cultures as high, moderate and
weak biofilm producers [16].

Minimum Inhibitory Concentration (MIC), Minimum
Bactericidal Concentration (MBC) and Fractional
Inhibitory Concentration Index (FICI) of AMPs

The MIC and MBC values of AMPs against ‘planktonic’
MDR-EAEC cells were determined using a micro-broth dilu-
tion method [18]. The lowest dilution of AMP revealing no
visible growth by naked eye were designated as MIC of re-
spective AMP, while MBC value for each AMP was deter-
mined at the end of 24 h incubation period. Approximately
10 μL of seeded inoculum was drawn from each well having
no visible growth and were placed on eosin methylene blue
agar (HiMedia, Mumbai, India). The lowest concentration that
produced at least 99.9% killing of the initial inoculum of
planktonic cells was considered as the MBC for the respective
AMP [23].

The FICI was assessed by the checkerboard micro dilution
assay [24]. It was calculated by comparing the MIC of each
individual AMPs against the concentrations achieved by the
AMP combination and was graded as synergy (FICI ≤ 0.50),
additiveness (0.50 ≤ FICI ≤ 1.0), indifference (1.0 ≤ FICI ≤
4.0) and antagonism (FICI ≥ 4.0) [24].

FICI = FICA + FICB = [MIC (Acomb A/B)/MIC (Aalone)] +
[MIC (Bcomb A/B)/MIC (Balone)]

Inhibition of Biofilm Formation by AMPs

Microtitre Plate Assay

The efficacy of AMP to inhibit the MDR-EAEC biofilm for-
mation was assessed using microtitre plate assay [25]. In brief,
200 μL of each MDR-EAEC (ca. 5 × 105 CFU/200 μL) iso-
late grown in 96-well flat-bottom microtitre plates in DMEM
containing 0.45% D-glucose having MIC concentrations of
each AMPs and their combinations were incubated at 37 °C
and monitored for inhibition of biofilm formation at 24 and
48 h post incubation. After each incubation period, the plates
were subjected to CV staining. The respective test culture in
DMEM medium served as biofilm formation control, while

sterile DMEMmediumwas kept as media control. The assays
were performed thrice independently.

Live/Dead Staining

The efficacy of AMP to inhibit the biofilm formation by
MDR-EAEC was assessed in the form of live/dead staining
[14]. In brief, circular polystyrene coverslips (15 mm diame-
ter, 1 mm thick) were inserted into each well (12-well plate),
which were later amenable for confocal microscopy for live/
dead cell count. TheMDR-EAECwere cultured and treated as
described in the ‘Microtitre plate assay’ section. The seeded
plates were then incubated at 37 °C and monitored for biofilm
inhibition at 24 and 48 h post incubation using BacLight kit
(Invitrogen, USA). Before staining, at each incubation inter-
val, the coverslips were removed from the wells, rinsed with
sterile water to remove any planktonic cells and dried at 50 °C
for 20 min. A solution of live/dead bacterial stain was pre-
pared (3:1000 dilution) using 1.5 μL each of SYTO 9 and
propidium iodide solution in 997 μL of sterile water.
Approximately 60μL of this BacLight solutionwas dispensed
on each coverslip and incubated in the dark for 25min at room
temperature. After incubation, the excess stain was washed off
with sterile PBS and the wells were air-dried. The stained
biofilms were examined separately using the red and green
filters of confocal microscope (Olympus FV 100, Japan) and
the captured images were merged using the Olympus
Fluoview v 3.0a software.

Minimum Biofilm Eradication Concentration (MBEC)

The MBEC of AMPs was estimated against preformed bio-
film (48 h) formed by the MDR-EAEC [25]. In brief, the
preformed biofilms in 96-well microtitre plates were added
with twofold serial dilutions of each AMPs (200 μL) ranging
from 512 to 0.125 mg/L prepared in DMEMmedium contain-
ing 0.45% D-glucose. The seeded plates were incubated at
37 °C for 24 h, later the supernatant was gently aspirated
and the plates were washed twice using PBS. The wells were
scrapped and the scraped biofilm material was collected with
the help of PBS (1 mL), mixed thoroughly for 5 min to disrupt
the biofilm and 100 μL of it was spread on to EMB agar
plates. The colonies were counted after 24 h incubation at
37 °C. The lowest concentration of AMP that prevented the
bacterial re-growth was designated as MBEC for each respec-
tive AMP under study [25].

Eradication of MDR-EAEC Biofilm Formation by AMPs

The efficacy of AMPs to eradicate the preformed biofilms
(48 h) of MDR-EAEC was assessed by CV staining and also
by live/dead staining. The preformed, washed and air-dried
biofilms of MDR-EAEC strains in 96-well microtitre plates
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were supplemented with 200 μL of fresh DMEM having 1×
MBEC of either individual AMPs and/or its combinations.
The seeded plates were then incubated at 37 °C for 24 h and
later subjected to CV staining. To assess the eradication of
preformed biofilm, biofilms (48 h) produced on circular poly-
styrene coverslips in 12-well format as described earlier were
exposed to 1× MBEC of either individual AMPs and/or its
combinations prepared in DMEM medium containing 0.45%
D-glucose for 24 h at 37 °C. After incubation, the treated
preformed biofilms were then subjected to live/dead staining.

Quantification of Live/Dead Cells

The confocal images were subjected to quantification of live
and dead cell analysis using Fiji ImageJ software ver. 1.51s
[26]. The varying proportions of green (live bacteria) as well
as red and yellow (dead bacteria) bio-volumes from the
analysed stacks deducting the background score were plotted
in intensity histogram and interpreted as function of red/green
intensity.

Statistical Analysis

All the experiments were repeated individually and indepen-
dently thrice and the data obtained is reflected as mean ±
standard deviation for each assay. The GraphPad Prism 5.01
software (GraphPad Software Inc., San Diego, CA) was used
for statistical analysis. A one-way analysis of variance with
the Bonferroni multiple comparison test was used to analyse
the data.

Results

The PCR profile of the EAEC isolates are given as
Supplementary Table 2. All the three typical MDR-EAEC
pathotype isolates were resistant to four or more classes of

antibiotics. Moreover, all the three MDR-EAEC isolates were
ESBL producers by a double disc test. The antibiotic suscep-
tibili ty results of the isolates are summarized in
Supplementary Table 3.

Biofilm Formation of MDR-EAEC Isolates

Congo Red Binding Assay

MDR-2 and MDR-3 exhibited black streaks and colonies
with dry crystalline consistency, suggestive of moderate to
strong biofilm-forming strains, while MDR-1 produced
pink or red colonies that is indicative of weak biofilm
former (Supplementary Fig. 1).

Microbial Adhesion to Solvents

A solvent-dependent microbial adhesion was observed for all
the three MDR-EAEC strains (Supplementary Fig. 2). All the
three strains displayed maximal affinity for the acidic solvent
(chloroform) and a low affinity for the basic solvent (diethyl
ether) despite having similar van der Waal’s properties
(Supplementary Fig. 2). With apolar solvent (n-hexadecane),
a moderate affinity (ca. 40%) was observed. Overall, the re-
sults suggested that all the three MDR-EAEC strains were
electron-donating (basic) and weakly electron-accepting
(acidic).

Time-Dependent Biofilm-Forming Ability of MDR-EAEC
in Different Media

A highly significant (P < 0.001) biofilm-forming ability was
observed among all the three MDR-EAEC isolates and posi-
tive biofilm control (E. coliATCC 25922) in DMEM contain-
ing 0.45% D-glucose when compared with negative biofilm
control (E. coli DH5α). Moreover, the results observed for
biofilm-forming ability in all the other media (plain DMEM,

Fig. 1 Biofilm biomass of MDR-
EAEC test isolates. The results of
biofilm-forming assay expressed
as numericals of optical density
values at 595 nm with respect to
the control. Error bars indicate the
standard deviation observed be-
tween three independent
experiments
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DMEMcontaining 0.45%D-mannose; nutrient broth; nutrient
broth containing 0.45% D-glucose and nutrient broth contain-
ing 0.45% D-mannose) were not significantly comparable.
Further, all the three MDR-EAEC isolates exhibited a highly
significant (P < 0.001) biofilm-forming ability at 48 h of in-
cubation than at 24 h and 72 h. Hence, DMEM containing
0.45% D-glucose was considered as an optimal medium for
biofilm formation on polystyrene surface at 48 h of incubation
(Supplementary Fig. 3a, b). Further, on employing the classi-
fication criteria [19], all the three MDR-EAEC strains were
moderate biofilm producers, as evidenced from OD595 values
ranging from 0.375 to 0.537 (Fig. 1).

Determination of MIC, MBC and FICI of AMPs

The MBC values for both the AMPs were either equal or
twofold greater than the MIC values (Table 1). However,
higher MIC and MBC values were observed for indolicidin
than CAMA (Table 1) against MDR-EAEC strains. The MIC
values for the antibiotics (ampicillin, ceftazidime and cipro-
floxacin) used against E. coli ATCC 25922 were within the
prescribed CLSI range (data not shown).

When indolicidin and CAMAwere used together in com-
bination against MDR-EAEC strains, an FICI value equal to
1.0 was obtained.

Table 1 In vitro antibacterial and anti-biofilm activity of AMPs against MDR-EAEC isolates

NCBI GenBank Accession No. Indolicidin Cecropin A (1-7)-melittin FICI

MIC (mg/L) MBC (mg/L) MBEC (mg/L) MIC (mg/L) MBC (mg/L) MBEC (mg/L)

KY941936.1 (MDR 1) 32.0 64.0 64.0 4.0 4.0 16.0 1.0

KY941937.1 (MDR 2) 32.0 64.0 64.0 2.0 4.0 16.0 1.0

KY941938.1 (MDR 3) 32.0 32.0 128.0 2.0 2.0 16.0 1.0

Fig. 2 Inhibition of MDR-EAEC
biofilm by AMPs alone and
combination at a 24 h and b 48 h
by CV staining. MDR-EAEC
biofilm inhibition at a 24 h and b
48 h expressed as numericals of
optical density of biofilm formed
with respect to control; error bars
indicate the standard deviation
between strains obtained in three
independent experiments. Biofilm
and negative control bars indicate
corresponding MDR-EAEC and
DH5α biofilms, respectively,
without any AMP. AMP-1 and
AMP-2 indicate indolicidin and
CAMA, respectively (**P < 0.01;
***P < 0.001)

709Probiotics & Antimicro. Prot. (2020) 12:705–715



In Vitro Efficacy of AMPs Against MDR-EAEC Biofilm
Formation

Inhibition of MDR-EAEC Biofilm Formation

In CV staining, a highly significant reduction in the biofilm
biomass was observed at 24 h (P < 0.001) and 48 h (P < 0.01)
on treatment with both the AMPs (individual and in combina-
tion) as compared to their respective controls (Fig. 2). Similar
reduction in biofilm mass formed by MDR-EAEC isolates
was observed when evaluated with confocal microscopy,
however, initially at 24 h, significant (P < 0.05) inhibition
was observed (Fig. 3; Supplementary Fig. 4), which after
48 h, resulted in highly significant (P < 0.01) inhibition of
the biofilm biomass (Fig. 4; Supplementary Fig. 5).
Significant differences (P > 0.05) were not observed between
AMP treatments, i.e. either employed individually or in
combinations.

Minimum Biofilm Eradication Concentration

TheMBEC values of indolicidin and CAMA obtained against
the MDR-EAEC strains (Table 1) were either equal to or
greater than the MBC values. Moreover, the higher MBEC
values were observed for indolicidin than CAMA (Table 1)
against MDR-EAEC strains.

Eradication of MDR-EAEC Biofilm Formation by AMPs

A highly significant (P < 0.001) reduction in the bacterial bio-
mass was observed on treating the AMPs (individual and in
combination at 1× MBEC concentration) on preformed bio-
film of MDR-EAEC, as evidenced by both CV staining (Fig.
5) and confocal microscopy (Fig. 6; Supplementary Fig. 6).
Hence, it was observed that indolicidin and CAMA eliminated
the preformed biofilms of MDR-EAEC. However, significant
differences (P > 0.05) were not observed between the AMP
treatments.

Discussion

Multidrug resistance developed as a result of the ‘antibiotic
selection pressure’ makes the pathogens impervious to varied

�Fig. 3 Red/green intensity plot of MDR-EAEC biofilm inhibition by
AMPs alone and in combination at 24 h. MDR-EAEC biofilm inhibition
(aMDR-1, bMDR-2 and cMDR-3) at 24 h expressed as RG intensity of
biofilm formed and confocal imaging (d) with respect to control; error
bars indicate the standard deviation between strains obtained in three
independent experiments. Biofilm and negative control bars indicate cor-
responding untreated MDR-EAEC and DH5α biofilms, respectively,
without any AMP. AMP-1 and AMP-2 indicate indolicidin and CAMA,
respectively (*P < 0.05)
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classes of antibiotics specifically recommended for their em-
pirical therapy [27]. Of late, multidrug resistance towards the

antibiotics of first-line empirical therapy (fluoroquinolones
and beta-lactams) have been evident globally among the
EAEC isolates [1, 3]. In India, majority of the MDR-EAEC
strains have been recovered from the diarrhoeic children less
than 5 years of age [28, 29].

It has been estimated that up to 80% of microbial infections
in the living system involve biofilm formation, greatly con-
tributing to morbidity and mortality [8]. Biofilms are encased
in a protective extracellular matrix containing water, polysac-
charides, proteins, extracellular DNA and lipids [5] and there-
by creating difficulty in therapeutic attainment of concentra-
tions of antimicrobial agents [5]. Biofilm-forming ability of
the MDR-EAEC strains in this study was examined using
Congo red binding assay. Congo red, an amyloid dye, stains
the exopolysaacharide and is considered to be a qualitative
indication of curli production of Gram-negative bacilli. Curli
and other amyloid fibres play significant role in modulating
the viscoelastic properties of bacterial biofilms [30, 31], hence
extensively used to score the production of polysaccharides
and other extracellular factors responsible for biofilm
formation.

The capacity of bacterial cell surfaces to adhere onto vari-
ous clinical, food and industrial surfaces were estimated by
microbial adhesion to solvents (MATS) test, a measure of
hydrophobicity index [32, 33]. The maximal affinity of
MDR-EAEC strains to acidic solvent, chloroform, as com-
pared to the basic solvent diethyl ether clearly emphasizes
the hydrophobic nature of cell surface. Moreover, the adhe-
sion of the EAEC strains was higher to monopolar solvent
(chloroform) than to the apolar solvent (n-hexadecane) with
similar van derWaal’s properties which could be suggestive of
the fact that the strains are of strongly electron-donating
(basic) in nature and weakly electron-accepting (acidic), as
reported earlier [21, 32, 33]. The microbial affinity to the
surfaces would be a result of interplay of electrostatic, van
der Waal’s and Lewis acid–base interactions as the microbes
adhere to the surfaces.

In the present study, the bacterial cells were observed to
bind at a significantly higher degree to the hydrophobic sur-
faces (SS 304 and PS) than the hydrophilic glass surface. We
used tissue coated PS microtitre plates to provide optimum
cell attachment. Moreover, PS plates have more hydrophobic
and rougher surfaces for enhanced attachment and which
eventually leads to maximum biofilm formation by the

�Fig. 4 Red/green intensity plot of MDR-EAEC biofilm inhibition by
AMPs alone and in combination at 48 h. MDR-EAEC biofilm inhibition
(aMDR-1, bMDR-2 and cMDR-3) at 48 h expressed as RG intensity of
biofilm formed and confocal imaging (d) with respect to control; error
bars indicate the standard deviation between strains obtained in three
independent experiments. Biofilm and negative control bars indicate cor-
responding untreated MDR-EAEC and DH5α biofilms, respectively,
without any AMP. AMP-1 and AMP-2 indicate indolicidin and CAMA,
respectively (**P < 0.01)
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pathogen [34]. Bacterial surface appendages (proteins and
other cell organelles) with adhesive properties as well as fac-
tors contributing to the charge of the cell surface depends on
the growth media and mostly on the adherence properties of
the EAEC strains [34]. Moreover, as reported in an earlier
study [35], the presence of 0.45% D-glucose was observed
to be a strong signal for biofilm formation of EAEC and there-
by, promoting the formation of biofilm significantly among
EAEC strains.Taken together, of the different surfaces, growth
media and time employing three MDR-EAEC strains studied
here, a significant hydrodynamic growth of MDR-EAEC
strains was observed on PS surface in DMEM containing
0.45% D-glucose at 48 h.

Characteristically, EAEC strains enhance mucous secretion
from the mucosa, with trapping of the bacteria in a bacterium-
mucus biofilm [1]. This mucus-containing biofilmmay explain
why the individuals infected with EAEC develop mucoid
stools, malnutrition and persistent colonization with prolonged
diarrhoea [1, 2]. Earlier studies reported grading pattern for
EAEC biofilm [16, 22], wherein EAEC strains were graded
as weak (OD595 < 0.323), moderate (OD595 = 0.324–0.648)
or strong biofilm formers (OD595 > 0.648). All the three
MDR-EAEC strains employed in this study were found to be
moderate biofilm producers, as observed earlier [16].

AMPs exhibit direct antimicrobial activity and carry immu-
nomodulatory properties [36] and are interesting compounds
for the development of novel therapeutics with anti-biofilm
activity [9]. Several recent studies have explored the effect of
AMPs and are discovered from all kingdoms of life such as
bacteria, fungi and protozoa [10]. There were 221 AMPs doc-
umented in the regularly updated biofilm active AMPs
(BaAMPs) [19]. In the present study, we investigated the
anti-biofilm activity of two short-chain cationic peptides with
high hydrophobicity residues, indolicidin and CAMA on

biofilm-forming MDR-EAEC strains. Earlier studies have
proven that short-chain (12–50 amino acid) peptides with cat-
ionic amino acids and high proportion of hydrophobic residues
(~ 50%) were effective against biofilm-forming bacteria [13,
37]. Indolicidin has been isolated from the cytoplasmic gran-
ules of bovine neutrophils [38]. In Gram-negative bacteria, the
antimicrobial activity of indolicidin is primarily due to the
disruption of cytoplasmic membrane by channel formation
and particularly in E. coli, it inhibits DNA replication leading
to bacterial filamentation [38]. CAMA, a cecropin-melittin hy-
brid peptide with 15 amino acid residues, is composed of the
cationic region of ‘cecropin A’ and the hydrophobic as well as
non-haemolytic region of bee venom peptide ‘melittin’ and
acts mainly by way of membrane disruption due to the forma-
tion of ‘toroidal’ pores and/or detergent-like mechanism [15].

We evaluated the anti-biofilm efficacy of indolicidin and
CAMA by focussing on preventing biofilm formation, dis-
persing existing ones, reducing biomass and/or killing micro-
bial cells within biofilms [9]. We also explored the combina-
torial use of AMPs, which could result in a rapid increase of
anti-biofilm activities [39, 40]. The combination of indolicidin
and CAMA exhibited an additive interaction with the FICI
value equal to 1, against the biofilm-forming MDR-EAEC
isolates. This additive combination of AMPs would be poten-
tial for the treatment of biofilm-related infections. Earlier re-
searchers also suggested similar additive or synergistic inter-
actions while using other AMPs in combinations against var-
ious biofilm-forming pathogens especially, Staphylococcus
aureus and Pseudomonas aeruginosa [24, 41, 42].

While assessing the biofilm biomass, CV stains surface
negatively charged molecules and EPS matrix; however, it
fails to differentiate viable or dead cells or extracellular matrix
[6] and provides a semi-quantitative biofilm biomass determi-
nation assay. We observed clusters of dead (red) and live

Fig. 5 Effect of treating MDR-EAEC preformed biofilms (48 h) with
AMPs alone and in combination for an additional 24 h by CV staining.
Eradication of MDR-EAEC preformed biofilm expressed as numericals
of optical density of biofilm formed with respect to control; error bars
indicate the standard deviation between strains obtained in three

independent experiments. Biofilm and negative control bars indicate cor-
responding MDR-EAEC and DH5α biofilms, respectively, without any
AMP. AMP-1 and AMP-2 indicate indolicidin and CAMA, respectively
(***P < 0.001)
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(green) bacteria and also a sub-population of bacteria with
compromised cell membrane (yellow) by confocal microsco-
py in the biofilms treated with indolicidin and CAMA. Earlier
studies reported the usage of double staining method to dis-
tinguish bacterial cells with compromised membrane integrity
[42] and determined biofilm biomass quantitatively.

A significant inhibition of the initial biofilm formation by
the AMPs at 24 h as compared to the control was observed by
CV staining and live/dead cell quantification. Furthermore,
the CV staining and confocal microscopy performed at 48 h
demonstrated that the interaction of peptides (at 1× MIC con-
centration) inhibited the initial biofilm biomass formation. It
could hence be well established that for a short duration of
time, AMPs act as coating agents covering either biomaterial
surfaces, bacterial surfaces or both [43, 44].

We evaluated the anti-biofilm potential of the individual
compounds and their combination on matured biofilm
established in 48 h using MBEC concentration. MBEC con-
centrations were found to be equal to or greater than MBC
values which might be due to the moderate biofilm-forming
pattern of MDR-EAEC strains. Earlier workers demonstrated
varying ranges ofMBEC concentration, which could either be
equal toMIC levels or even several fold higher [40, 45]. In the
present study, a 24-h treatment with the individual AMPs and
their combination resulted in significant eradication of the
preformed biofilms of MDR-EAEC at MBEC concentrations.
The eradication of mature biofilms could be achieved either
through the direct killing of embedded bacteria or by detach-
ment of live bacteria from biofilms by non-bactericidal pep-
tides [39, 40]. To the best of our knowledge, the release of live
bacteria from biofilms by AMPs had not been reported.
Interestingly, the inhibition as well as eradication levels of
biofilm formation using individual AMPs or their combina-
tion were not significantly different, probably due to the dif-
ferences in the mechanism of action of indolicidin and
CAMA.

Conclusions

In conclusion, we evaluated for the first time the anti-biofilm
potential of two short-chain AMPs and their combination
against three biofilm-producing MDR-EAEC isolates.

�Fig. 6 Red/green intensity plot of MDR-EAEC preformed biofilms
(48 h) treated with AMPs alone and in combination for an additional
24 h. Eradication of MDR-EAEC (a MDR-1, b MDR-2 and c MDR-3)
preformed biofilm expressed as RG intensity of biofilm formed and con-
focal imaging (d) with respect to control; error bars indicate the standard
deviation between strains obtained in three independent experiments.
Biofilm and negative control bars indicate corresponding untreated
MDR-EAEC and DH5α biofilms, respectively, without any AMP.
AMP-1 and AMP-2 indicate indolicidin and CAMA, respectively
(***P < 0.001)
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Interestingly, the peptides could inhibit the initial biofilm for-
mation and also eliminate the preformed biofilm of MDR-
EAEC strains as evidenced by CV staining and quantification
by confocal microscopy. Moreover, the inhibition as well as
eradication levels of biofilm formation using individual AMPs
or their combinations were not significantly different. Based
on the in vitro assays, both these AMPs could be suggested as
effective therapeutic candidates for future investigations.
Further, cytotoxicity as well as stability assays of the AMPs
could be performed before their trials in suitable in vivo
models against biofilm-forming MDR-EAEC strains.
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