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Dimeric and tetrameric peptides derived from LfcinB (20–25): RRWQWR, LfcinB (20–30): RRWQWRMKKLG,

LfcinB (17–31): FKARRWQWRMKKLGA, or the palindromic sequence LfcinB (21–25)Pal: RWQWRWQWR

were obtained by means of the SPPS-Fmoc/tBu methodology. The antibacterial activity of these

molecules was evaluated against Escherichia coli (ATCC 25922 and ATCC 11775), Staphylococcus aureus

(ATCC 25923), Enterococcus faecalis (ATCC 29212), and Pseudomonas aeruginosa (ATCC 27853). The

dimer LfcinB (20–25)2: (RRWQWR)2K-Ahx, the tetramer LfcinB (20–25)4: (RRWQWR)4K2-Ahx2-C2, and

the palindromic sequence LfcinB (21–25)Pal exhibited the highest antibacterial activity against the tested

bacterial strains. In all cases, the antibacterial activity was dependent on peptide concentration. The

polyvalent molecules LfcinB (20–25)2 and LfcinB (20–25)4 exhibited bacteriostatic and bactericidal

activity against E. coli, P. aeruginosa, and S. aureus strains; additionally, this dimer and this tetramer

combined with ciprofloxacin exhibited a synergistic antibacterial effect against E. coli ATCC 25922 and P.

aeruginosa, respectively. Furthermore, the peptides LfcinB (20–30)4, LfcinB (20–25)4, and LfcinB (21–

25)Pal combined with vancomycin exhibited a synergistic antibacterial effect against S. aureus and E.

faecalis, respectively. This study showed that polyvalent peptides derived from LfcinB exhibit significant

antibacterial activity, suggesting that these peptides could have a therapeutic application. Furthermore,

our results suggest that polyvalent peptide synthesis could be considered as an innovative and viable

strategy for obtaining promising antimicrobial molecules.
1 Introduction

According to the World Health Organization (WHO), antibiotic
resistance (AR) is a great threat to global health, affecting people
regardless of age, race, or geographic region. AR occurs natu-
rally due to the misuse of antibiotics in humans and animals,
and as a result it increases hospital stays, medical costs, and
mortality.1 Currently, AR bacteria associated with opportunistic
infections are: (i) E. coli, which mainly causes three syndromes:
nal de Colombia, Carrera 45 No 26-85,

nal de Colombia, Carrera 45 No 26-85,

lombia

nal de Colombia, Carrera 45 No 26-85,

lombia

Colombia, Carrera 45 No 26-85, Building

rca, Calle 28 No. 5B-02, Bogotá, 110311,
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enteric/diarrheal disease, urinary tract infection, and sepsis/
meningitis.2 (ii) P. aeruginosa, which affects immunocompro-
mised patients, especially those using medical equipment such
as catheters or mechanical ventilators. It causes respiratory
tract infections and urinary infections, and affects the skin and
so tissue. This bacterium can migrate through blood circula-
tion, causing septicemia and high mortality rates.3 (iii) S.
aureus, which causes bacteremia, infective endocarditis, skin
and so tissue infections (impetigo, folliculitis, boils, carbun-
cles, and cellulitis), lung infections (pneumonia and empyema),
gastroenteritis, meningitis, toxic shock syndrome, and urinary
tract infections.4 (iv) E. faecalis is an important nosocomial
pathogen, and infects the urinary tract, the bloodstream, the
endocardium, the abdomen, the biliary tract, and burn wounds.
E. faecalis forms a biolm in external medical devices and has
been implicated in endodontic infections.5

Infections caused by pathogens resistant to conventional
antibiotics limit therapeutic options. It is necessary to identify
promising molecules for developing new drugs against bacterial
RSC Adv., 2019, 9, 7239–7245 | 7239
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infections.6,7 Chemical synthesis is considered to be a feasible
and novel tool for designing and obtaining therapeutic
peptides.8 Synthetic peptides are safe, since their amino acid
sequence is determined, and they can be obtained quickly and
with high purity. Solid-phase peptide synthesis (SPPS) allows
obtaining short peptides with high purity and enough quantity
for preclinical and clinical phases in drug development.
However, synthetic peptides are susceptible to proteases and
can be rapidly eliminated by the body.9 To overcome these
drawbacks, various strategies have been designed, such as (i)
inclusion of non-natural amino acids, and (ii) conjugation with
sugars, lipids, and proteins, and (iii) polyvalent peptide
synthesis (dimers, tetramers, etc.).10

Bovine lactoferricin (LfcinB: 17FKCRRWQWRMKKLGAP-
SITC-VRRAF41) is a 25-amino acid peptide with antibacterial,
antifungal, antiparasitic, antiviral, and antitumoral activity.11–16

LfcinB-derived short peptides have exhibited higher antibacte-
rial activity than LfcinB and Lactoferrin themselves.10,17–21

Previous studies have shown that the inclusion of non-natural
amino acids in some LfcinB-derived sequences improved their
antibacterial activity13,17–20 Furthermore, dimeric and tetrameric
peptides containing the RRWQWR motif exhibited higher
antibacterial activity than Lactoferrin or LfcinB. In like manner,
tetrameric and dimeric peptides containing 20RRWQWR25 or
17FKARRWQWRMKKLGA31 sequences exhibited higher anti-
bacterial activity against E. coli strains than their monomeric
peptide analogues.13,17–20 High antibacterial activity was also
found when the palindromic sequence RWQWRWQWR was
tested.13,17,19 In the present study, the antibacterial activity of
polyvalent peptides derived from LfcinB was evaluated against
E. coli ATCC 43827, S. aureus ATCC 25923, E. faecalis ATCC
29212, and P. aeruginosa ATCC 27853. Our results indicate that
polyvalence of LfcinB-derived sequences signicantly enhances
antibacterial activity. The tetrameric peptide containing the
RRWQWR motif exhibited a bactericidal effect against the
evaluated strains. Additionally, the peptides LfcinB (20–25)4 or
LfcinB (20–25)2 combined with vancomycin or ciprooxacin
exhibited a signicant synergistic antibacterial effect.

2 Experimental details
2.1 Reagents

Muller–Hinton, Agar SPC, Muller Hinton Broth (MHB), cipro-
oxacin (Bayer), vancomycin (Hospira. Inc- Pzer). Bacterial
strains (E. coli ATCC 43827, S. aureus ATCC 25923, E. faecalis
ATCC 29212, and P. aeruginosa ATCC 27853) were obtained from
ATCC (Manassas, VA, USA). N,N-Diisopropylethylamine
(DIPEA), triisopropylsilane (TIPS), 1,2-ethanedithiol (EDT), 4-
methylpiperidine, pyridine, and ninhydrin were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Rink amide resin, Fmoc-
amino acids, 6-chloro-1-hydroxybenzotriazole (6-Cl-HOBt), and
N,N-dicyclohexylcarbodiimide (DCC) were purchased from
AAPPTec (Louisville, KY, USA). Methanol, diethyl ether, N,N-
dimethylformamide (DMF), absolute ethanol, dichloromethane
(DCM), acetonitrile (ACN), isopropylalcohol (IPA), and tri-
uoroacetic acid (TFA) were obtained from Merck (Darmstadt,
Germany). All reagents were used without further purication.
7240 | RSC Adv., 2019, 9, 7239–7245
Silicycle® SiliaPrep™ C18 cartridges were kindly donated by
EcoChem Especialidades Qúımicas.

2.2 Solid-phase peptide synthesis

Peptides were synthesized using the manual SPPS-Fmoc/tBu
methodology.18,22 Briey, Rink amide resin (100 mg, 0.46 meq
g�1) was swilled in DCM for 2 h at room temperature (RT). (a)
Fmoc group removal was carried out with 20% 4-methylpiper-
idine in DMF, for 10 min at RT, twice. (b) Amino acid coupling
reaction was carried out as follows: the Fmoc-amino acid (0.23
mmol) was mixed with DCC/6-Cl-HOBt (0.23/0.23 mmol) in
2 mL of DMF, and the mixture was gently shaken for 15 min at
RT. Then preactivated Fmoc-amino acid was added to the free
amino resin and the reaction mixture was stirred at RT for 3 h.
(c) Side-chain deprotection reactions and peptide separation
from solid support were carried out via the treatment of the
resin-peptide with a solution containing TFA/water/TIPS/EDT
(93/2/2.5/2.5 v/v/v) for 4 h at RT. Aerward, the resin was l-
trated and cooled. Ethyl ether was added to the solution for
precipitating the peptide, and then the solid was washed ve
times with cool ethyl ether and dried at RT.

2.3 Reverse-phase HPLC

Crude peptides were analysed using an Agilent 1200 liquid
chromatograph (Omaha, Nebraska, USA) with UV-Vis detector
(210 nm) and a Merck Chromolith® C18 (50� 4.6 mm) column.
For the analysis, 10 mL of peptide solution (1.0 mg mL�1) was
injected and eluted with a linear gradient, ranging from 5% to
70% of solvent B in solvent A. The gradient time was 11.5 min.,
and the analysis was performed at a ow rate of 2.0 mLmin�1 at
RT.13,17 Solvent B was 0.05% TFA in ACN and solvent A was
0.05% TFA in water.

2.4 Peptide purication

The peptides were puried using solid-phase extraction
columns (Silicycle® SiliaPrep™ C18 cartridges, 2.0 g resin).
Columns were activated and equilibrated in accordance with
supplier recommendations. The peptides were eluted with
a solvent B gradient and the fractions were analysed using RP-
HPLC (as described above), and those that contained the pure
peptide were collected and lyophilized.17,18,22

2.5 MALDI-TOF MS

The peptide (1 mg mL�1) was mixed with the matrix (1.0 mg
mL�1 of 2,5-dihydroxybenzoic acid, or sinapinic acid) (2 : 18, v/
v), and then 1 mL of this mixture was seeded on a steel target.
The experiment was carried out on a Microex TOF mass
spectrometer (Bruker Daltonics, Bremen, Germany), laser: 250
shots and 25–30% power.17,18,22

2.6 Antibacterial activity assays

The minimal inhibitory concentration (MIC) was determined
using a microdilution assay.17–19 In brief, using a 96-well
microtiter plate, 90 mL of peptide (200, 100, 50, 25, 12.5, and 6.2
mg mL�1) and 10 mL of inoculum (5 � 106 CFU mL�1) were
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra00708c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ar
ch

 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
/8

/2
02

5 
4:

59
:5

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
added to each well. Aerward, the bacteria were incubated for
24 h at 37 �C and absorbance at 620 nm was measured. The
minimum bactericidal concentration (MBC) was determined as
follows: a small sample was taken from each well where there
was no visible growth, using an inoculation loop, which was
then spread on MHA plates and incubated overnight at 37 �C.
MBC was considered to be the plate that exhibited no bacterial
growth. Each of these tests was performed twice (n ¼ 2).
2.7 Time-kill curve

The time-kill curve was constructed using the CLSI protocol,
with some modications (CLSI, 1999). 270 mL of peptide (nal
concentrations 0.25 MIC, MIC, 2 MIC and 4 MIC), and 30 mL
inoculum (5 � 105 CFU mL�1) were added to a 100-well
microtiter plate. The samples were incubated in Bioscreen
equipment for 48 h at RT, and the absorbance (600 nm) was
measured every hour.23
2.8 Synergy test

The synergy test was performed according to the checkerboard
method.23,24 25 mL of peptide and 25 mL of antibiotic were mixed
(nal concentrations: 0; 0.06; 0.12; 0.25; 0.50; 1 and 2 times the
MIC) in order to obtain all possible combinations between
them. Then, 50 mL of inoculum (5 � 105 CFU mL�1) was added
and incubated at 37 �C for 16–20 h, and the new MIC was
established. The fractional inhibitory concentration (FIC) index
was calculated as follows: [A/MICA] + [P/MICP] ¼ FIC, where
MICA and MICP are the MICs of the antibiotic and peptide,
respectively. The MICs of the antibiotic and the peptide deter-
mined in combination correspond to A and P, respectively.
Combinations were classied as synergistic (FIC # 0.5), indif-
ferent (0.5 < FIC < 4), and antagonist (FIC > 4).
2.9 Haemolysis assay

5 mL of heparinized peripheral blood was centrifuged at 1000g
for 7 min. The erythrocyte fraction was suspended in 10 mL of
Table 1 LfcinB derived peptides antibacterial activity

Peptide code Sequence

Antibacterial ac

E. coli

ATCC 11775

LfcinB (20–25) 20RRWQWR25 203 (203)a

LfcinB (20–25)2 (RRWQWR)2K-Ahx 22 (22)a

LfcinB (20–25)4 ((RRWQWR)2K-Ahx-C)2 22 (44)a

LfcinB (20–30) 20RRWQWRMKKLG30 130 (130)a

LfcinB (20–30)2 (RRWQWRMKKLG)2K-Ahx 60 (60)a

LfcinB (20–30)4 ((RRWQWRMKKLG)2K-Ahx-C)2 15 (15)a

[Ala19]-LfcinB (17–31) 17FKARRWQWRMKKLGA31 >102 (>102)a

[Ala19]-LfcinB (17–31)2 (FKARRWQWRMKKLGA)2K-Ahx >48 (>48)a

LfcinB (21–25)Pal RWQWRWQWR 17 (17)
LfcinB (21–25)Pal2 (RWQWRWQWR)2K-Ahx 31 (63)
LfcinB (21–25)Pal4 ((RWQWRWQWR)2K-Ahx-C)2 >30 (>30)

a Data reported by ref. 17.

This journal is © The Royal Society of Chemistry 2019
saline solution (SS) and washed twice by centrifugation at 1000g
for 7 min. The erythrocytes (2% hematocrit) were incubated
with peptide (ranging from 6.2 to 200 mg mL�1), for 2 h at 37 �C.
SS was used as negative control, while distilled water was used
as positive control. The mixtures were centrifuged, the super-
natants were collected, and the absorbance was determined to
be 540 nm.25
3 Results and discussion

Linear, dimeric, and tetrameric peptides containing sequences
derived from LfcinB (Table 1) were designed and synthesized
through SPPS, using the Fmoc/tBu strategy. Dimeric peptides
((sequence)2-K-Ahx) were synthesized using the MAPs (multiple
antigen peptides) methodology, and tetrameric peptides were
obtained by oxidation of a precursor dimeric peptide whose
sequence contained a C-terminal cysteine residue ((sequence)2-
K-Ahx-C).17,26 The linear, dimeric, and tetrameric peptides were
obtained with high chromatographic purity, and the nal
products had the expected monoisotopic mass.17

Previously we reported the antibacterial activity of peptides
containing LfcinB (20–25), LcnB (20–30), and [Ala19]-LfcinB
(17–31) sequences against two E. coli strains (ATCC 25922 and
11 775).17 It was established that dimeric and tetrameric
peptides exhibited higher antibacterial activity than their
monomeric analogue peptides. In the present investigation, the
antibacterial activity of LfcinB-derived monomeric, dimeric,
and tetrameric peptides was evaluated against E. coli ATCC
43827, P. aeruginosa ATCC 27853, E. faecalis ATCC 29212, and S.
aureus ATCC 25923. Our results conrm that dimeric and
tetrameric peptides derived from LfcinB (20–25) exhibited
higher antibacterial activity against the evaluated strains than
their monomeric counterpart. Furthermore, the tetrameric and
dimeric peptides LfcinB (20–25)4 and LfcinB (20–25)2 exhibited
high antibacterial activity against all the tested E. coli strains;
specically, their MICs ranged from 5 to 22 mM. Additionally,
LfcinB (20–25)4 exhibited the highest antibacterial activity
tivity, MIC (MBC) mM

P. aeruginosa E. faecalis S. aureus

ATCC 25922 ATCC 43827 ATCC 27853 ATCC 29212 ATCC 25923

203 (203)a 102 (203) 203 (>203) >203 (>203) 203 (>203)
6 (11)a 11 (91) 23 (91) 91 (>91) 91 (91)
22 (22)a 5 (44) 11 (22) 44 (>44) 22 (44)
130 (130)a 65 (130) >130 (>130) >130 (>130) 130 (>130)
30 (60)a 8 (15) 15 (30) 60 (60) 60 (>60)
15 (15)a 7 (15) 15 (30) 30 (30) 30 (>30)
102 (102)a 102 (>102) 102 (>102) >102 (>102) >102 (>102)
24 (24)a 12 (24) 48 (48) 48 (>48) >48 (>48)
17 (34) 17 (67) 67 (135) 67 (67) 135 (>135)
16 (63) 63 (63) 63 (>63) 31 (>63) 63 (>63)
>30 (>30) >30 (>30) >30 (>30) >30 (>30) >30 (>30)

RSC Adv., 2019, 9, 7239–7245 | 7241
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Table 2 Haemolytic, bacteriostatic and bactericide activity of LfcinB derived peptides

Bacterial strain Peptide (MIC) Haemolysis (%)

Effect (mM)

Bacteriostatic Bactericide

E. coli ATCC 25922 LfcinB (20–25)2 (6 mM) 1 6 >24
E. coli ATCC 11775 LfcinB (20–25)Pal (17 mM) 5 34 >68
P. aeruginosa ATCC 47853 LfcinB (20–25)4 (11 mM) 14 11 22
S. aureus ATCC 25923 LfcinB (20–25)4 (22 mM) 22 22 44
E. faecalis ATCC 29212 LfcinB (20–30)4 (30 mM) 26 30 120

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ar
ch

 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
/8

/2
02

5 
4:

59
:5

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
against S. aureus (MIC 22 mM) and P. aeruginosa (MIC 11 mM), so
this molecule could be considered to be a promising candidate
for drug development. On the other hand, LfcinB (20–30)2 and
LcnB (20–30)4 exhibited high antibacterial activity against P.
aeruginosa and E. coli ATCC 43827. The dimeric peptide [A19]-
LfcinB (17–31)2 exhibited signicant antibacterial activity
against E. coli ATCC 43827 (MIC 12 mM), while it did not exhibit
high antibacterial activity against S. aureus, P. aeruginosa, and E.
faecalis.

The results obtained in this investigation, together with our
previous reports, indicate that polyvalence enhanced the anti-
bacterial activity of LfcinB-derived sequences. The increase in
antibacterial activity caused by polyvalence could be due to: (i)
a greater number of both positively-charged (Arg) and hydro-
phobic (Trp) side chains. Dimeric peptides have two chains
containing the RRWQWR sequence (six Arg and four Trp resi-
dues), while tetrameric peptides have four chains (twelve Arg
and eight Trp residues). It has been established that Arg and Trp
residues are found in unusually high proportion in many anti-
microbial peptides.27 It is common knowledge that positively-
charged side chains are involved in the interaction between
the peptide and the bacterial surface, while the hydrophobic
side chains interact with the lipidic bilayer, causing their
disruption, which causes cellular lysis. (ii) Complexity of
peptide structure and/or presence of non-natural amino acid
(Ahx). It has been reported that peptides containing non-natural
amino acids are less susceptible to enzymatic degradation and
in some cases the potency of the biological activity. On the other
hand, dimeric and tetrameric peptides could have better
stability and resistance to proteolytic degradation caused by
bacterial enzymes than monomeric sequences. Linear peptides
are oen easily proteolytically degraded.27–30

Our results agree with previous reports, which showed that
LfcinB polyvalent peptides (dimers, trimers, tetramers, octam-
ers, etc.) exhibited signicant antibacterial activity.20,31 It has
been suggested that the MAP structure increases the antibiotic
peptides' activity to an extent that makes them comparable to
classical antibiotics.31 The antibacterial activity of dimeric and
tetrameric peptides is in agreement with both (i) the mecha-
nism suggested for LfcinB, which involves electrostatic inter-
action between positively-charged side chains of LfcinB and
negatively-charged molecules on the bacterial surface,14,32,33

and (ii) studies that suggest that LfcinB peptides self-assemble,
forming polymeric structures that are requisite for the interac-
tion with molecules on the bacterial surface.14,32,33
7242 | RSC Adv., 2019, 9, 7239–7245
On the other hand, the palindromic monomeric peptide
LfcinB (21–25)Pal exhibited antibacterial activity against the
tested bacterial strains, with MICs ranging from 17 to 135 mM.
Its highest activity was against E. coli strains, while, the dimeric
and tetrameric peptides containing a palindromic sequence did
not exhibit signicant antibacterial activity against the strains
evaluated. Interestingly, the tetrameric peptide LfcinB (21–
25)Pal4 practically did not exhibit antibacterial activity at the
tested concentrations (Table 1). Peptides containing
RWQWRWQWR exhibited a behaviour opposite from peptides
containing LfcinB (20–25), LfcinB (20–30), and [Ala19]-LfcinB
(17–31) sequences. The antibacterial activity of the peptide
LfcinB (21–25)Pal suggests that the amphipathic properties of
the RWQWRWQWR sequence are relevant for the antibacterial
activity. The cationic nature and the hydrogen bonding geom-
etry of Arg and the complex properties of Trp seem to comple-
ment each other well for antibacterial activity. The cationic
charge of Arg is essential for electrostatic interaction, and
hydrogen bonding facilitates its interaction with negatively-
charged surfaces such as LPS, teichoic acid, or phosphatidyl
glycerol phospholipid head groups.32–35 Studies have shown that
Trp residues penetrating into the interfacial layer of the
membrane could be associated as well with the positively-
charged choline headgroups of the lipid bilayer. Thus it has
been proposed that the complex electrostatic nature of the
interfacial region of lipid bilayers is ideal for accommodating
Trp residues. Trp enables the prolonged association of the
peptide with the membrane. Furthermore, it has been proposed
that Trp solely acts as an anchoring force, possibly allowing the
peptide to penetrate through membrane towards an intracel-
lular target.27,36,37

For the sequence RWQWRWQWR, polyvalence does not
increase antibacterial activity, indicating that the number of
positive charges is not the unique fact that inuences this
activity. Also, it is possible that the palindromic sequence
polyvalence diminished the peptide amphipathicity caused by
chain aggregation.

The haemolysis assays and time-kill curves were carried out
with peptides that exhibited the greatest antibacterial activity
against each strain. Thus LfcinB (20–25)Pal, LfcinB (20–25)2,
LfcinB (20–25)4, and LfcinB (20–30)4 were selected. The peptides
LfcinB (20–25)Pal and LfcinB (20–25)2 did not exhibit a high
haemolytic effect at the evaluated concentrations. It was #5%
(Table 2), indicating that these peptides have a high therapeutic
index. In contrast, the tetrameric peptides LfcinB (20–25)4 and
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Time-kill curve plot. Peptide LfcinB (20–25)4 against S. aureus
ATCC 25923. The peptide was tested at concentrations corresponding
to MIC (blue line), 2 MIC (pink line) and 4 MIC (orange line) values.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ar
ch

 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
/8

/2
02

5 
4:

59
:5

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
LfcinB (20–30)4 exhibited a haemolytic effect ranging from 14%
to 26% at concentrations corresponding to the MICs (Table 2).
The dimeric and tetrameric peptides showed higher haemolytic
affect than monomeric peptides, suggesting that the increase of
positive charges in the molecule could cause the haemolytic
effect. These results are according with previous reports where it
is stated that positively charged dendrimers are mostly toxic
both in vitro and in vivo.38 Drug development based on these
kinds of molecules requires pharmaceutical technology in order
to design strategies for the administration of the drugs.

The time kill curves show that at tested concentrations (MIC,
2 MIC, and 4 MIC), the tetrameric peptides LfcinB (20–25)4 and
LfcinB (20–30)4 exhibit a bactericidal effect, and for LfcinB (20–
25)2 and LfcinB (21–25)Pal, a bacteriostatic effect was found
(Table 2).

As an example, Fig. 1 shows the time-kill curve of S. aureus
25 923 treated with tetramer LfcinB (20–25)4 used at 22, 44, and
88 mM. As can be seen, when the peptide concentration was 22
mM (MIC), the bactericidal effect was observed only up to 23 h of
incubation, while at higher concentrations, 2 MIC and 4 MIC,
the bactericidal effect was observed all along the 48 h. These
results conrm the potentiating effect of polyvalence on the
antibacterial action of peptides derived from LfcinB.
Table 3 Synergy test. Antibacterial activity of peptides combined with a

Bacterial strain Antibiotic Peptide

Gram negative E. coli 25 922 C LfcinB (20–25)2
E. coli 11 775 C LfcinB (21–25)Pal
P. aeruginosa 27 853 C LfcinB (20–25)4

Gram positive E. faecalis 29 212 V LfcinB (20–30)4
LfcinB (21–25)Pal

S. aureus 25 923 V LfcinB (21–25)Pal
LfcinB (20–25)4

a MICA, MICP,A and P in mg mL�1. S: synergy; I: indifference.

This journal is © The Royal Society of Chemistry 2019
Finally, the synergy test was performed by means of the
checkerboard method. For each bacterial strain, the peptides
with antibacterial activity were selected (Table 1), and antibi-
otics were selected according to the CLSI protocol, specically
ciprooxacin and vancomycin for Gram-negative and Gram-
positive bacteria, respectively. The results are summarized in
Table 3. The peptide LfcinB (20–25)2 exhibited synergy with
ciprooxacin against E. coli 25 922. Ciprooxacin antibacterial
activity increased up to 15 times (MICA/A) when it was combined
with this dimeric peptide.

The peptide LfcinB (20–25)4 exhibited an antibacterial effect
synergistically with ciprooxacin and vancomycin (P. aeruginosa
and S. aureus) (Table 3). These results indicate that cipro-
oxacin or vancomycin antibacterial activity increased by 20
and 64 times, respectively, when they were combined with
tetramer LfcinB (20–25)4. Interestingly, the tetrameric peptide
exhibited synergism with ciprooxacin and vancomycin inde-
pendently of the mechanism associated with these antibiotics.
It is possible that this peptide affects membrane permeability,
facilitating the internalization of ciprooxacin or vancomycin.
In a similar manner, the tetrameric molecule LfcinB (20–30)4
exhibited synergy when it was mixed with vancomycin, and it
enhanced the activity of this antibiotic by 30 times against E.
faecalis. Furthermore, vancomycin antibacterial activity against
S. aureus and E. faecalis increased by 107 and 64 times,
respectively, when this antibiotic was mixed with the palin-
dromic peptide. Additionally, the antibacterial activity of the
tetrameric peptides LfcinB (20–30)4 and LfcinB (20–25)4
increased by at least 30 times when combined with vancomycin
or ciprooxacin. This implies that tetrameric peptides could be
used in low concentrations, which will not induce a haemolytic
effect. The palindromic peptide exhibited synergism only with
vancomycin, suggesting that this peptide acts on the bacterial
surface. On the other hand, when the palindromic peptide was
combined with ciprooxacin, a synergistic effect was not
observed, indicating that the peptide does not cause membrane
permeation.

These results agree with other studies, which indicate that
many antimicrobial peptides increase their antibiotic action,
since they induce membrane perturbation or pore formation on
the bacterial cell wall, and this enhances the uptake of antibi-
otics.39 It has been reported that LfcinB mixed with each of the
following antibiotics: penicillin G, vancomycin, gentamicin,
cycloserine, or erythromycin, did not exhibit a synergistic effect
ntibiotics. C (ciprofloxacin), V (vancomycin)a

MICA MICP A P FIC, index MICA/A Activity

0.09 25 0.006 0.75 0.09 15 S
0.04 50 0.020 50 1.50 2 I
0.40 100 0.020 3.1 0.09 20 S
6.4 400 0.200 12.5 0.06 32 S
6.4 200 0.100 25 0.14 64 S
6.4 400 0.060 0.06 0.01 107 S
6.4 100 0.100 3.1 0.04 64 S
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against S. aureus. In the present investigation, it was possible to
identify two LfcinB-derived peptides that exhibited a synergistic
effect with vancomycin against a S. aureus strain. On the other
hand, our results are in accordance with reports that showed
that LfcinB combined with conventional antibiotics exhibits
a synergic effect against Gram-negative and Gram-positive
strains.40–43

In summary, our results indicate that polyvalence of LfcinB-
derived sequences increases their antibacterial activity. The
tetrameric peptide LcnB (20–25)4 combined with vancomycin
or ciprooxacin exhibited a synergistic effect for antibacterial
activity. The palindromic peptide LfcinB (21–25)Pal exhibited
signicant antibacterial activity and a synergistic effect with
vancomycin. The obtained results suggest that the peptides
LfcinB (20–25)2, LfcinB (20–25)4, LfcinB (20–30)4, and LfcinB
(21–25)Pal could be considered as candidates for drug
development.
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23 SEIMC, Sociedad Española de Enfermedades Infecciosas y
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