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Abstract
We investigated the antibacterial activity of the antimicrobial peptides h-Lf1-11, MSI-78, LL-37, fengycin 2B, and 
magainin-2. The minimum inhibitory concentration (MIC) was determined by microdilution technique according to CLSI 
(M07-A9, 2012) against Escherichia coli, methicillin-resistant Staphylococcus aureus, Pseudomonas aeruginosa, carbape-
nem-resistant Klebsiella pneumoniae, and Acinetobacter baumannii. The MSI-78 showed potent bactericidal activity with 
MIC range of 1.25–40 mg/L against all bacterial strains. The h-Lf1-11, magainin-2, and LL-37 exhibited moderate activity 
(MIC range of 40–160, 80–160, and 40–160 mg/L, respectively) while the fengycin 2B did not show significant activity 
against all bacterial strains tested. These results revealed that MSI-78, h-Lf1-11, magainin-2, and LL-37 have great poten-
tial as antibacterial agents and their activity deserves to be more explored in further studies for the treatment of antibiotic-
resistant bacteria.

Keywords Antimicrobial peptides · Pexiganan · Antibiotic resistance · MSI-78 · Antibacterial activity

Introduction

Bacterial resistance to antibiotics is a growing problem, pre-
sent in all countries and which is being discussed worldwide 
[1, 2]. In Brazil, according to data from Brazilian Health 
Regulatory Agency (ANVISA), about 25% of registered 
infections are caused by multi-resistant microorganisms, 

those that become insusceptible to the action of available 
antibiotics [2, 3].

The antibiotic resistance crisis has been attributed to 
several facts, including the indiscriminate use of this type 
of medicine, as well as the difficulties faced by the phar-
maceutical industry in the development of new drugs. In 
this scenario, the antimicrobial peptides (AMPs) have been 
tested as alternatives to conventional antibiotics [4].

AMPs are low molecular mass molecules with inhibi-
tory activity against bacteria, viruses, and fungi [5–7]. They 
belong to a diverse and abundant group of molecules that 
are produced by cells, both in plants and in animals, as the 
first line of defense against microorganism attacks. They are 
grouped according to their intrinsic antimicrobial activity 
[4, 8].

A common feature of these peptides is the presence of 
(4, 6, or 8) cysteines, interconnected by disulfide bonds, 
that have high stability [9]. Its composition of amino acids, 
amphipathicity, cationic charge, and size cause these pep-
tides to readily enter lipid membranes killing the target 
microorganism [8, 10, 11].

It has been shown that the molecular basis of the mecha-
nisms of action by which the AMPs action against the patho-
gen is mainly the differences in membrane fluidity and lipid 
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composition that interfere in the association of peptides anti-
microbials to the target membranes, which may lead to their 
rupture [12]. A positive aspect of the use of peptides when 
compared to antibiotics is the interaction of AMPs with the 
bacterial cell membranes that occurs through the charge neu-
tralization and shortly afterwards penetration, reducing the 
possibility of bacterial drug resistance. In the present study, 
we investigate the in vitro antimicrobial activity of differ-
ent AMPs against antibiotic-resistant and sensitive bacterial 
strains.

Materials and methods

Antimicrobial peptides

The peptides used in this study were purchased from the 
Chinese company GL Biochem Ltd. (Shanghai, China) in 
powder form. Five different AMPs were acquired and evalu-
ated for antimicrobial activity: h-LF1-11, MSI-78 LL-37, 
fengycin 2B, and magainin-2. These AMPs were selected 
because they have already demonstrated antimicrobial activ-
ities against different microorganisms, including bacteria, 
fungi, and virus [5–7]. To perform the susceptibility tests, 
these compounds were solubilized in sterile ultrapure water 
and stored at − 20° C under dark conditions per the manu-
facturer’s instructions. At the time of use, the working solu-
tions were prepared in Mueller Hinton broth (MHB) (Merck, 
Brazil), and the concentration range tested was 0.008 to 
160.00 mg /L for each of the AMP. Ampicillin (Merck, Bra-
zil) (0.78 to 100 mg/L) was utilized as quality control on 
the tests.

Microorganisms

Bacterial strains recovered from diverse clinical specimens, 
belong to our private collection (Mycological Research Lab-
oratory of the Federal University of Santa Maria, Brazil), 
were evaluated: Escherichia coli (n = 5), methicillin-resist-
ant Staphylococcus aureus (n = 10), Pseudomonas aerugi-
nosa (n = 3), carbapenem-resistant Klebsiella pneumoniae 
(n = 3), Acinetobacter baumannii (n = 2). A control strain of 
S. aureus ATCC 29,213 was included as quality control. All 
strains were identified by the fully automated microbial iden-
tification system VITEK® 2 Compact (BioMérieux, Brazil). 
They were stored in 10% of glycerol solution at − 80 °C and 
were subcultured in Mueller Hinton agar (MHA) for 24 h at 
37° C for the susceptibility tests.

Antimicrobial activity tests

For the evaluation of AMP activity, the minimum inhibitory 
concentration (MIC) was determined by broth microdilution 

according to the methodology described in document M07-
A9 of the Clinical and Laboratory Standards Institute (CLSI, 
2012) [13], supplemented with the protocol suggested by 
Wiegand et al. (2008) [14] for test antimicrobial peptides, 
using polypropylene microtiter plates. Bacterial suspensions 
were standardized from a 24-h culture grown on MHA. 
Some colonies were then collected and resuspended in ster-
ile PBS (phosphate-saline buffer) until they reached turbid-
ity of the 0.5 McFarland standard tube (~ 1.0 ×  108 CFU / 
mL), spectrophotometer reading at 625 nm. Then, a 1:100 
dilution in MHB was performed to obtain a suspension of 
1.0 ×  106 CFU / mL, which was used in the assays.

For microplate preparation, 50 μL of each dilution of the 
AMPs was distributed. Also, 50 μL of the bacterial suspen-
sions was distributed in each well, except in the sterility 
control. The final bacterial concentration on the plate was 
1.0 ×  105 CFU / mL. Sterility and growth controls will be 
performed on all tests. The plates were incubated at 37° C 
for 16 to 20 h. The readings were performed on a microtiter 
plate reader (620 nm) after 30 min of incubation with 50 μL 
of 0.1% TTC (2,3,5-triphenyltetrazolium chloride) (Merck, 
Brazil). The MIC was considered the concentration resulting 
in 90% growth inhibition compared to the positive control.

To determine the bactericidal activity, a 10-μL aliquot 
was collected from the wells where there was no detectable 
growth in the microdilution plates and seeded in Petri dishes 
containing MHA. MBC (minimum bactericidal concentra-
tion) was considered in which there was no bacterial growth 
after 24 h at 37 °C of incubation. All experiments were per-
formed in triplicates to guarantee test reproducibility.

Statistical analyses

The statistical analysis was performed using BioEstat 5.3 
(Mamirauá Institute, Brazil) using one-way ANOVA with 
post hoc Tukey to compare the MIC means of different 
AMPs and microorganisms tested. The differences between 
the MIC means were considered significant if p ≤ 0.05. For 
results above 160 mg / L, to facilitate statistical analysis, a 
concentration of 320 mg / L was assigned.

Results

The antibacterial activity of all AMPs is reported in Table 1. 
MSI-78 differed statistically from all other AMPs present-
ing the smallest MICs (MIC range of 1.25–40 mg/L), the 
magainin-2, h-LF1-11, and LL-37 exhibited moderate 
activity (MIC range of 40–160, 80–160, and 40–160 mg/L, 
respectively) and did not differ in antibacterial activity, 
while the fengycin 2B did not inhibit bacterial growth even 
at the highest concentrations tested and differed significantly 
from all other AMPs (Table 1, Fig. 1).
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Table 1  Minimal inhibitory 
(MIC) (and bactericidal, 
MBC) concentration geometric 
mean (mg/L) of antimicrobial 
peptides h-LF1-11, MSI-78, 
LL-37, fengycin 2B, and 
magainin-2 against gram-
positive and gram-negative 
pathogenic bacteria

MIC mean, geometric mean of minimal inhibitory concentration of all strains; E. coli, Escherichia coli; S. 
aureus, Staphylococcus aureus – methicillin resistant; P. aeruginosa, Pseudomonas aeruginosa; A. bau-
mannii, Acinetobacter baumannii; K. pneumoniae, Klebsiella pneumoniae -carbapenem resistant

Bacterial strains h-LF1-11 MSI-78 LL-37 Fengycin 2B Magainin-2

E. coli 01 160
(> 160)

5
(10)

80
(80)

 > 160
(> 160)

80
(> 160)

E. coli 02 80
(> 160)

2,5
(2,5)

80
(80)

 > 160
(> 160)

160
(> 160)

E. coli 05 160
(> 160)

5
(5)

160
(> 160)

 > 160
(> 160)

160
(> 160)

E coli 06 160
(> 160)

10
(10)

160
(> 160)

 > 160
(> 160)

160
(> 160)

E. coli 09 80
(> 160)

2,5
(5)

80
(80)

 > 160
(> 160)

80
(> 160)

MIC mean 121.25
(> 160)

4.35
(5.74)

105.56
(138.28)

 > 160
(> 160)

121.25
(> 160)

S. aureus ATCC 29,213 160
(> 160)

20
(20)

80
(80)

 > 160
(> 160)

160
(> 160)

S. aureus R1 160
(> 160)

40
(40)

160
(> 160)

 > 160
(> 160)

160
(> 160)

S. aureus R2 160
(> 160)

40
(80)

160
(> 160)

 > 160
(> 160)

160
(> 160)

S. aureus R3 160
(> 160)

2,5
(5)

160
(> 160)

 > 160
(> 160)

160
(> 160)

S. aureus R4 160
(> 160)

40
(80)

160
(> 160)

 > 160
(> 160)

160
(> 160)

S. aureus R5 160
(> 160)

40
(80)

160
(> 160)

 > 160
(> 160)

160
(> 160)

S. aureus R6 160
(> 160)

10
(20)

160
(> 160)

 > 160
(> 160)

160
(> 160)

S. aureus R7 160
(> 160)

10
(20

80
(> 160)

 > 160
(> 160)

160
(> 160)

S. aureus R8 160
(> 160)

40
(80)

160
(> 160)

 > 160
(> 160)

160
(> 160)

S. aureus R9 160
(> 160)

20
(20)

160
(> 160)

 > 160
(> 160)

160
(> 160)

S. aureus R10 160
(> 160)

40
(80)

160
(> 160)

 > 160
(> 160)

160
(> 160)

MIC mean 160
(> 160)

21.30 (35.26) 141.05
(282.11)

 > 160
(> 160)

160
(> 160)

P. aeruginosa 01 160
(> 160)

2,5
(10)

160
(> 160)

 > 160
(> 160)

160
(> 160)

P. aeruginosa 02 160
(> 160)

5
(10)

160
(> 160)

 > 160
(> 160)

160
(> 160)

P. aeruginosa 03 160
(> 160)

5
(10)

160
(> 160)

 > 160
(> 160)

160
(> 160)

MIC mean 160
(> 160)

3.96
(3.96)

160
(> 160)

 > 160
(> 160)

160
(> 160)

A. baumannii 01 40
(> 160)

5
(10)

160
(> 160)

 > 160
(> 160)

40
(> 160)

A. baumannii 02 40
(> 160)

5
(10)

160
(> 160)

 > 160
(> 160)

80
(> 160)

MIC mean 40
(> 160)

5
(10)

160
(> 160)

 > 160
(> 160)

160
(> 160)

K. pneumoniae 01 160
(> 160)

5
(5)

160
(> 160)

 > 160
(> 160)

160
(> 160)

K. pneumoniae 02 160
(> 160)

1,25
(1,25)

80
(> 160)

 > 160
(> 160)

160
(> 160)

K. pneumoniae 03 160
(> 160)

1,25
(1,25)

160
(> 160)

 > 160
(> 160)

160
(> 160)

MIC mean 160
(> 160)

1.98
(1.98)

126.99
(> 160)

 > 160
(> 160)

160
(> 160)
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The AMP MSI-78 peptide stood out for its pro-
nounced activity against carbapenem-resistant K. 
pneumoniae strains (MIC and MBC geometric mean 
(GM) = 1.98 mg / L). This AMP also showed excellent 
activity against the other gram-negative bacteria tested, 
such as P. aeruginosa (MIC and  MBC(GM) = 3.96 mg / 
L), E. coli  (MIC(GM) = 4.35;  MBC(GM) = 5.74 mg / L), 
and A. baumannii  (MIC(GM) = 5;  MBC(GM) = 10 mg/L), 
while against S. aureus the MSI-78 was shown to be less 
active than for gram-negative bacteria  (MIC(GM) = 21.30; 
 MBC(GM) = 35.26 mg / L), although it remains the most 
significant AMP activity against all bacterial strains eval-
uated in this study (Table 1, Fig. 1).

The antibacterial activities of magainin-2 and h-Lf1-
11 were similar; both showed MICs ranging from 80 to 
160 for most of the bacteria evaluated and showed more 
pronounced activity against A. baumannii (h-Lf1-11 
showed MICs of 40 mg / L for both strains tested, while 
magainin-2 showed MICs of 40 and 80 mg / L). LL-37, 
despite also presenting MIC averages like the two AMPs 
mentioned above, did not show to be more active against 
A. baumannii compared to the other bacteria tested 
(Table 1, Fig. 1).

When evaluating the bactericidal activity of AMPs, it 
was observed that MSI-78, which obtained the most sig-
nificant activity in inhibiting bacterial growth, was also 
capable of causing the death of the tested bacterial strains 
at concentrations equal to or up to two times higher than 
those that inhibited growth. The AMPs LL-37 and h-Lf1-
11 also showed bactericidal activity, however, most of 
them at the highest tested concentration of 160 mg / L 
while magainin-2 and fengycin 2B showed no bactericidal 
activity (Table 1, Fig. 2).

Discussion

Peptides with potent antimicrobial activity are part of the 
first line of defense against pathogens from a wide range 
of species, including vertebrates and invertebrates. These 
compounds are extracted from different types of plants, ani-
mals, insects, and many others that have been synthesized to 
obtain a more pronounced antimicrobial activity and lower 
cytotoxicity. In recent years, studies on its structure, func-
tion, and antimicrobial activity have increased and shown 
that these agents have great potential for clinical use [4].

Magainins are a group of peptides with broad-spectrum 
antimicrobial activity isolated from African clawed frog 
(Xenopus laevis) skin. Magainin-2, an α-helical peptide, has 
been found to form a toroidal pore in the cell membranes. 
Its presence in the frog’s skin suggests that this peptide acts 
as the first line of defense against pathogens; however, it 
has already been observed that magainin-2 acts together 
with other AMPs derived from frog’s skin, as magainin-1, 
caerulein-precursor fragment (CPF), and peptide glycine-
leucine-amide (PGLa) having a synergistic effect against 
microorganisms [15, 16].

In this study, we consider that magainin-2 had moder-
ate antimicrobial activity and had no bactericidal effect, 
which could be explained by the need for joint action with 
other AMPs in the same family to obtain a maximum anti-
microbial effect. Previous studies report magainin-2 MICs 
ranging from 32 to 128 mg / L for S. aureus and P. aerugi-
nosa, and 1–4 mg / L for E. coli, results that correspond to 
those obtained here, although the MICs found for E. coli are 
slightly higher [17].

 The MSI-78, also named pexiganan, is a synthetic analog 
of maganin-2. Currently, a topical formulation of pexiga-
nan (0.8%) is in clinical trials for the treatment of infec-
tion associated with diabetic foot ulcers (ClinicalTrials.gov 
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registration numbers NCT01594762/NCT01590758). This 
AMP was found to have broad-spectrum antimicrobial activ-
ity, and to increase the antimicrobial activity of magainin-2 
some researchers have made modifications to the molecule, 
such as Gly to Ala substitution, which was made to increase 
the stability of the α-helical structure; other systematic sin-
gle amino acid substitutions were performed, affording the 
MSI-78 with enhanced antimicrobial activity [18]. It meets 
the results obtained in this study, in which magainin-2 
showed less or no activity against the tested bacteria; how-
ever, MSI-78 showed excellent activity against all of them.

The bactericidal action of MSI-78 is thought to result from 
irreversible membrane-disruptive damage. Due to their effect 
on the bacterial membrane, AMPs have fast action and infre-
quent resistance development [19]. The potential toxicity of 
MSI-78 has been established by measuring the hemolytic 
activity that showed at least 250 mg/L is necessary to induce 
100% hemolysis in human red blood cells [20], which guar-
antees its safety profile since the highest concentration that 
killed all bacteria tested was 80 mg / L.

We also highlight the great action of MSI-78 against 
the strains of K. pneumoniae carbapenem-resistant; these 
Enterobacterales constitute a serious threat to public health 
that has emerged in several countries causing several types 
of life-threatening infections, including pneumonia, uri-
nary tract infections, bloodstream, wound, or surgical site 
infections, and is associated with high mortality rates [21]; 
thus, the finding of possible treatment alternatives is very 
welcome.

Likewise, the bactericidal activity against A. baumannii 
also deserves to be highlighted; this Gram-negative bacte-
rium is frequently a multidrug-resistant agent that causes 
complicated infections, mainly in immunosuppressed 
patients on intensive care units [22]. In a previous study, it 
was demonstrated that MSI-78, in addition to causing the 
death of A. baumannii planktonic cells (MIC = 4 mg / L), is 
also capable of inhibiting biofilms formed by this pathogen 
in higher concentrations (256 mg / L) [23].

LL-37 belongs to the cathelicidin family of peptides; it is 
a cationic, amphipathic α-helical peptide that has a 37 amino 
acids sequence [24]. It is produced by different defense cells 
such as neutrophils, macrophages, and natural killer lym-
phocytes, as well as skin and intestine cells. The LL-37 
has already shown to have an important role not only in the 
direct destruction of microorganisms interacting with the 
phospholipids of bacterial membranes resulting in segrega-
tion of its hydrophobic residues but also in the modulation 
of inflammation [25].

Although other authors have already described the broad 
antimicrobial action of LL-37 [26, 27], in this study this 
AMP did not show pronounced activity against the tested 
bacteria, inhibiting the growth of E. coli, K. pneumoniae, 
and S. aureus at concentrations close to 100 mg / L. It is 

noteworthy that the highest concentration tested in this study 
was 160 mg / L, and that MICs described in other studies 
reach 224 mg /L [26] indicating that a higher concentration 
of LL-37 may be required at the site of action for it to exert 
its antimicrobial activity directly.

On the other hand, the LL-37 has been successfully used 
to treat autoimmune disorders such as psoriasis and atopic 
dermatitis, indicating that they may be more effective as an 
immunomodulator than directly acting against microorgan-
isms like bacteria. It has been shown that LL-37 modulates 
the TLR function, it can be considered an anti-inflammatory 
effect, and LL-37 also modulates type I IFN responses and 
regulates the cell death through inhibition of the caspase-3 
and caspase-8 and the apoptosis in neutrophils [28].

The h-Lf1-11 is a human lactoferrin-derived peptide. It 
has also an α-helical conformation and hydrophobic and 
cationic characteristics. The h-Lf1-11 increases the produc-
tion of cytokines and chemokines by monocytes in response 
to stimulation by microorganisms [29]. This AMP has been 
shown to have antibacterial and antifungal action, being 
able to inhibit the growth of multidrug-resistant strains of 
A. baumannii [30] and methicillin-resistant S. aureus [31], 
as well as Candida species strains [32]. The antimicrobial 
activity has been attributed to the two first arginines at the 
N-terminus of human lactoferrin [33].

In accordance with the study of Dijkshoorn (2005) [30], 
the most pronounced effect of h-Lf1-11 on bacterial inhibi-
tion was against A. baumannii (MIC = 40 mg / L), whereas 
against strains of methicillin-resistant S. aureus and other 
bacteria evaluated, h-Lf1-11 inhibited growth only at the 
highest concentration (160 mg/L). The h-LF1-11 despite 
inhibiting growth showed no bactericidal activity (> 160 mg 
/L). It is speculated that the antimicrobial action mechanism 
of this AMP is mitochondrial damage, with the extracellu-
lar ATP being essential but not enough for the microbicidal 
activity [32].

Fengycin 2B is a biologically active lipopeptide pro-
duced by several Bacillus subtilis strains. The structure is 
composed of a β-hydroxy fatty acid linked to a peptide part 
comprising 10 amino acids, where 8 of them are organized 
in a cyclic structure [34]. Like most natural antimicrobial 
peptides, fengycin likely acts by making the plasma mem-
brane of the target cell more permeable. The molecular 
mechanism underlying this membrane perturbation is not 
yet fully understood [35]. Besides, this lipopeptide is known 
to develop antifungal activity against filamentous fungi; it 
showed no antibacterial activity.

The mechanism of action against filamentous fungi is 
based on the interaction of fengycin 2B with specific com-
ponents of fungal membrane, as ergosterol and phospholip-
ids, leading to their destabilization [36]. We can speculate 
that there is possibly no affinity between the fengycin 2B 
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molecule and the components of the bacterial membrane, 
which would explain the lack of activity.

Conclusions

In conclusion, the MSI-78 has been shown to exhibit broad-
spectrum antibacterial activity and acts with a bactericidal 
mechanism against which the likelihood of the development 
of resistance may be low. AMPs LL-37, magainin-2, and 
h-Lf1-11 have also been shown to inhibit bacterial growth 
at higher doses, which suggests that these AMPs deserve 
further evaluation considering their toxicity. Finally, likely 
fengycin 2 B is not useful as an antibacterial agent. Our 
study has limitations that warrant further study, mainly due 
to the limited number of bacteria strains. Further studies 
evaluating a large number of isolates, on action mechanism, 
toxicity, and murine infections models, should be made to 
consider these compounds as candidates for antibacterial 
agents.
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