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Peptides FK-12, KR-12 

and VQ-12
V26

 derived 

from human LL-37 have 

antibiofilm properties. 

In addition, KR-12 and 

VQ-12
V26

 have wound 

healing potential and 

should be used as lead 

peptides for eradication 

of biofilms in catheters 

and infected wounds. 

Remarkably, in VQ-12
V26

 

the single substitution 

aspartate to valine in 

position 26 leads to gain 

of antimicrobial 

function against S. 

epidermidis biofilms and 

enhanced wound 

closure in vitro. 
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ABSTRACT 

Staphylococcus epidermidis is a common nosocomial pathogen able to form biofilms in indwelling 

devices, resulting in chronic infections which are refractory to antibiotics treatment. Staphylococcal 

biofilms are also associated with the delayed reepithelization and healing of chronic wounds. The 

human cathelicidin peptide LL-37 has been proven active against S. epidermidis biofilms in vitro 

and to promote wound healing. As previous studies have demonstrated that fragments of LL-37 

could possess an equal antibacterial activity as the parent peptide, we tested whether shorter (12-

mer) synthetic fragments of LL-37 maintained the anti-biofilm and/or immune modulating activity, 

aiming at the identification of essential regions within the LL-37 parent sequence.  Three fragments 

of LL-37 displayed improved activity against S. epidermidis in terms of biofilm inhibition and 

eradication, a reduced cytotoxicity to human keratinocytes and erythrocytes. In addition, KR-12 and 

VQ-12
V26

 enhanced wound healing potential, relative to LL37. FK-12 and KR-12 are truncated 

version of the cathelicidin, previously reported as valid antimicrobials, whereas VQ-12
V26

 is a 

single substituted LL-37 fragment. Remarkably, the single substitution aspartic acid to valine in 

position 26 caused gain of antimicrobial function in the inactive VQ-12 fragment. The combination 

of anti-biofilm, wound healing potential and low cytotoxicity makes KR-12 and VQ-12
V26

 

promising therapeutic agents and lead compounds for further improvement and understanding of 

anti-biofilm and wound healing properties.
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INTRODUCTION 

The excessive use of antibiotics in human and veterinary medicine, as well as agriculture, harms the 

community in the long term [1-5].  In fact, the misuse of antibiotics accelerates the natural-

occurring mutation-driven antimicrobial resistance by selecting notsusceptible bacteria which can 

then spread vertically or horizontally [6].  Multidrug resistant bacteria or superbugs are now 

commonly found and impact both in and outside of hospitals and retirement homes. The scientific 

community is therefore pressured to find new and more effective drugs to halt this treat.  

A promising alternative to antibiotics resides in the broad-spectrum and evolutionarily-conserved 

antimicrobial peptides (AMPs), or host defense peptides which may work as effectors of the 

immune response triggered in eukaryotes, upon infection by microbial agents [7, 8]. AMPs are 

generally short (10- 50 amino acids) and characterized by an amphiphilic configuration, derived 

from the presence of cationic residues on one side of the peptide and hydrophobic residues on the 

opposite side [9]. The amphipathic nature of AMPs allows them to interact with negatively-charged 

bacterial membranes and perturb the membrane bilayer, promoting either cell lysis, upon membrane 

disruption, or inhibition of intracellular processes such as nucleic acids and proteins synthesis 

[10,11].  

Humans express a variety of AMPs, grouped into three major classes, namely cathelicidin, 

defensins and histatins which differ in structure and residue composition [12]. There is one unique 

human cathelicidin gene, transcribed as the pro-peptide hCAP18 and released as the active 

cathelicidin peptide LL-37, upon digestion by serine proteases [13]. LL-37 has pleiotropic activities 

both on pathogens and host cells: it is able to form pores through bacterial membranes, thus 

exerting an antimicrobial effect, while it also is modulating defense mechanisms [14].  Furthermore, 
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LL-37 has been demonstrated to have a positive effect on wound healing, both in vitro and in vivo, 

by increasing angiogenesis [15], re-epithelization [16], and chemotaxis [17].  The skin constitutes 

the first line of defense to the human body, and is itself shielded by pathogen bacterial colonization, 

thanks to the constitutive expression of low-levels of LL-37 by keratinocytes. Once the epithelial 

barrier fails due to infection or injury, the rate of LL-37 expression is further increased through the 

active synthesis by keratinocytes themselves and by the recruited immune cells such as neutrophil 

and mast cells. The increased levels of LL-37 halt bacterial proliferation while promoting re-

epithelialization of the skin [18].  

At the same time, the skin constitutes an optimal niche for a diversified microbiota, comprising the 

opportunistic pathogen S. epidermidis, which normally grows as a commensal but can turn 

pathogenic in immunocompromised patients when the epidermal barrier is breached [19,20]. A 

beneficial effect of S. epidermidis is its ability to prevent an excessive inflammatory response 

during re-epithelialization of damaged skin. This results from the S. epidermidis lipothecoic acid 

interaction with Toll-like receptor 2 on keratinocytes, which in turn prevents the release of the pro-

inflammatory cytokine TNF-α [19]. S. epidermidis can penetrate the ulcerated epidermidis to reach 

the bloodstream and it is the most common cause of primary bacteremia and infection of indwelling 

medical devices, particularly in immunocompromised individuals and neonates [21]. S. epidermidis 

infections are increasingly resistant to antibiotics such as penicillins, aminoglycosides and 

quinolones [22]. S. epidermidis causes the onset of chronic infections, due to its ability to escape 

host defense mechanisms [22,23]. 

Both these characteristics of S. epidermidis infections relate to the pathogenic species ability to 

attach to solid surfaces and form a social community called biofilm, where bacteria are embedded 

into a self-secreted matrix composed mainly by exopolymers and DNA. The biofilm confers a 

protective niche to the bacteria and provides the bacterial population a reservoir of pathogens, thus 

enabling the persistence of the infection [23].  
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In particular, the naturally occurring antimicrobial peptide LL-37 has been proven effective in 

inhibiting biofilm formation [24, 25]. LL-37 is active against S. epidermidis: it is constitutively 

expressed in the skin of the newborn, where it helps maintaining the microbiota by inhibiting S. 

epidermidis growth [23]. 

A common approach in drug design is to make derivatives of natural products. Because, natural and 

synthetic AMPs constitute a promising alternative to antibiotics, we assessed the antimicrobial 

effect of truncated versions of LL-37 peptide against S. epidermidis and evaluated their efficacy as 

biofilm inhibitors or eradicators in comparison to the parent peptide. The aim was to identify the 

minimal sequence needed for activity, while aiming at reducing the cost and improving the ease of 

production of a lead compound useful for further design and activity improvement.  

Therefore, we decided to scan the LL-37 sequence, by testing different fragments with a fixed 

length of 12 mer. The definite length of 12-mer was previously used as bioinformatic descriptor to 

identify active antimicrobials peptides derived from bactenecin [26]. Moreover, previous studies 

have tested the activity of 12 mer long fragments of LL-37, namely fragment KR-12, identified as a 

α-helix peptide, bearing the minimal antimicrobial sequence against E. coli [11] (Wang G., 2008) 

and fragment LL-12, proven to be antimicrobial inactive [27]. Those fragments were among the 

ones tested in our study. 

In addition, the fragments ability to induce migration, a crucial aspect for wound healing, was 

tested. Cytotoxicity of the fragments and their parent peptide LL-37 was assessed in human 

keratinocytes and erythrocytes, respectively via lactate dehydrogenase release and hemolysis assay. 

Here we demonstrate that three LL-37 fragments: FK-12, KR-12 and VQ-12
V26

 have an improved 

activity against S. epidermidis in terms of biofilm inhibition and eradication, have a reduced 

cytotoxicity to human keratinocytes and erythrocytes. In addition, KR-12 and VQ-12
V26

 enhance 

keratinocytes migration more than the parent peptide. 
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LL-37 derived peptides inhibit growth of planktonic S. epidermidis. 

To test the antimicrobial potential of LL-37 derived peptides against planktonic S. epidermidis, the 

minimal inhibitory concentration (MIC) for selected peptides was determined (Table 1). The parent 

peptide LL-37 was more potent than most of the fragments, with just FK-12, KR-12 and VQ-12
V26 

being equal to the parent peptide. 

Furthermore, the minimal biocidal concentrations (MBC) were determined for LL-37, FK-12, KR-

12 and VQ-12
V26

.
 
The lowest concentrations revealing no bacteria growth on the solid medium were 

reported as the MBC values (Table 2). The observed MBC values matched with the 48 hours MIC 

values (data not shown). If the MIC/MBC was reported below 4, the action of all the compounds at 

the MIC value was inferred to as being bactericidal. 

 

Sequence-activity relationship analysis  

The simple alignment of the best acting fragments sequences did not allow the identification of a 

minimal sequence needed for antimicrobial activity, as no residue was strictly needed for the 

antimicrobial activity (Table 3). Splitting LL-37 in four similar size fragments composed of 

residues 1-12 (LL-12), 9-20 (SK-12), 21-32 (VQ-12) and 26-37 (DF-12) creates four inactive 

peptides. 

The only antimicrobial peptides FK-12 and KR-12 share overlapping residues 18-28, however the 

deletion or addition of any of these residues had no real contribution to the overall activity, as the 

comparison to the partly overlapping peptides SK-12 and VQ-12 showed (Table 3). 

Remarkably, the substitution of  aspartic acid to valine in position 26 resulted in a drop in the MIC 

values for VQ-12
V26

 and VQ-12 (Table 1). The substitution  aspartic acid to valine increased both 

the charge and hydrophobicity of the resulting peptide and affected the peptide bioactivity. This 
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suggests that the overall physicochemical properties, rather than the sequence itself, are the main 

determinants for anti-biofilm activity.  

 

 

LL-37 derived peptides inhibit S. epidermidis biofilm formation in vitro 

The antimicrobial properties of the LL-37 fragments were further investigated by focusing on their 

inhibitory potential on S. epidermidis biofilm formation in vitro. This study was conducted by 

biofilm formation assay in polypropylene microtiter plates and was aimed at defining the essential 

residues for the previously reported antibiofilm properties of LL-37 [23, 24]. In a preliminary 

screening, all fragments were tested at a wider concentrations range (100-6.25 µg/ml) to select the 

best acting peptides and their optimal concentrations (Figure 1). The growth medium Mueller 

Hinton Broth (MHB) was used both as sterility control and to detect unspecific binding of the 

crystal violet dye to inorganic matter. The fragments FK-12, KR-12 and VQ-12
V26

 were the best 

biofilm inhibitors within the group, with the more pronounced anti-biofilm effects at the highest 

concentrations tested, which corresponded to their 2 x MIC values 

 

The fragments FK-12, KR-12 and VQ-12
V26

 inhibit S. epidermidis biofilm formation  

To compare the anti-biofilm activities of LL-37 and its fragments FK-12, KR-12 and VQ-12
V26

, all 

these peptides were used at concentrations ranging from 100 to 12.5 µg/ml and tested for their S. 

epidermidis biofilm inhibition properties.  The anti-biofilm activities of fragments FK-12, KR-12 

and VQ-12
V26

 were higher than that of LL-37, reducing biofilm biomass by more than 80%. In fact, 

the peptides FK-12, KR-12 and VQ-12
V26

 inhibited biofilm formation at the 100, 50 and 25 µg/ml 

concentrations (Figure 2). FK-12 slightly inhibited biofilm formation also at 12.5 µg/ml 

concentration whereas KR-12 and, to a less extent also VQ-12
V26

, promoted biofilm formation at 
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the same concentration.  At the tested concentrations, LL-37 had a minimal impact on S. 

epidermidis biofilm: besides having a slight inhibitory effect at sub-MIC concentrations (25 and 

12.5 µg/ml), it had clearly no effect at higher concentrations and apparently it had even a pro-

biofilm effect at 50 µg/ml. 

 

LL-37 derived peptides eradicate S. epidermidis biofilms in vitro 

To investigate whether the antimicrobial effect observed for FK-12, KR-12 and VQ-12
V26

 was 

directed against bacteria in the biofilm rather than in the planktonic state, a biofilm eradication 

assay was performed on 1-day-old S. epidermidis biofilm. In a similar assay, all the not-adhering 

planktonic cells are removed from the wells by aspiration and repeated washing steps. Therefore, 

any observed effect is directed against biofilm embedded cells or biofilm structural components.  

While the parent peptide LL-37 proved inactive against preformed S. epidermidis biofilms, a clear 

anti-biofilm effect was observed for the FK-12, KR-12 and VQ-12
V26

 fragments at their 2 × MIC 

concentration. In particular, the fragment FK-12 was the strongest eradicator, capable of removing 

80% of the formed biofilm (Figure 3). 

LL-37 derived peptides have low cytotoxicity  

To evaluate the effect of FK-12, KR-12, VQ-12
V26

 and LL-37 on the host cells, primary cultures of 

human erythrocytes and the human keratinocytes cell line HaCaT were challenged with the 

peptides. To allow for correlation to the antimicrobial assays, equivalent concentrations and 

administration times were used. In vitro cytotoxicity was assessed by lactate dehydrogenase (LDH) 

release assay in the HaCaT cell line and by hemolysis assay in erythrocytes. The fragments FK-12, 

KR-12 and VQ-12
V26

 were clearly less toxic to human erythrocytes and keratinocytes than their 

parent peptide LL-37.  In fact, at 100 µg/ml, the percent of cytotoxicity to HaCaT cells was above 

30% for LL-37 and below 10% for FK-12, KR-12, VQ-12
V26

, with the peptide KR-12 being the less 
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toxic of the three fragments. At 50 µg/ml, the cytotoxicity of LL-37 was slightly above 10%, 

whereas all the three fragments were not cytotoxic (Figure 4). Likewise, the parent peptide LL-37 

was more cytotoxic to human erythrocytes than its fragments: at all the concentrations tested the 

percent of hemolysis was close to 0 for FK-12, KR-12, VQ-12
V26

, whereas for LL-37 the percent of 

hemolysis was above 20% at 100 µg/ml and decreased for decreasing concentrations. Remarkably, 

at the lowest concentration of 6.25 µg/ml, the hemolysis induced by LL-37 was still higher than the 

one observed upon administration of the fragments FK-12, KR-12, VQ-12
V26 

at the concentration of 

100 µg/ml. (Figure 5). Both these cytotoxicity data, taken together with the antimicrobial activity, 

demonstrated that the fragments have a better selectivity toward pathogens than the parent peptide 

(Table 4). In addition, the results suggested that neither topical nor systemic administrations of the 

fragments would be harmful to the recipient. 

 

LL-37 derived peptides have wound healing potential. 

Since LL-37 was previously reported to promote wound healing both in vitro and in vivo, the 

wound healing properties of the set of peptides used in this study were assessed in an in vitro 

scratch assay in HaCaT cells. All fragments were tested at 25 µg/ml concentrations, which 

correspond to a quarter of their MIC values, and epidermal growth factor was used as positive 

control, as previously described [28]. Shortly, the epidermal growth factor binds to the epidermal 

growth factor receptor, which stimulates the mitogen-activated protein kinase (MAPK) pathway 

resulting in increased migration of keratinocytes [29, 30]. LL-37 promotes keratinocytes migration 

by epidermal growth factor receptor transactivation and STAT3 phosphorylation [31]. Remarkably, 

all the fragments had a stronger effect than the parent LL-37 peptide (Figure 6). The LL-37 

fragments were not cytotoxic to epithelial cells, but in addition showed wound healing potential, 

with the highest percent of wound closure observed for fragments KR-12, VQ-12, VQ-12
V26

 and 

IK-12, allowing us to infer that the wound healing activity should rely on the C-terminal half of the 
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parent peptide. Furthermore, and in contrast to what observed for their antimicrobial potential, VQ-

12 and VQ-12
V26

 had a similar effect, thus suggesting that the residue in position 26 has not major 

impact on this activity.  

The combination of antimicrobial and wound healing properties, together with low cytotoxicity, 

makes peptides KR-12, VQ-12
V26 

valuable as putative drugs for management of S.epidermidis 

infections in human skin.  

 

CD spectra analysis 

Circular dichroism (CD) analysis was performed to monitor the conformational changes of the set 

of peptides in water,  water-2’2’2’trifluoroethanol (TFE) (1:4) and 20 mM SDS The peptide LL-37 

itself is reported to be unstructured in pure water and to adopt α-helical secondary structure when 

bound to lipid bilayer surfaces [11]. All the peptides were likewise unstructured in water and 

adopted an α-helical conformation in water-TFE with the sole exception of peptides SK-12, IK-12 

and DF-12 (Figure 7). The inability to assume a helical conformation in TFE, an isotropic solvent 

that mimics membrane environment, could be the reason of lack of antimicrobial activity for these 

peptides. However, since both the fragments VQ-12
V26

 and VQ-12 were able to adopt the same 

conformation but were not equally potent antimicrobials, the helicity alone does not account for the 

observed activity. Remarkably, in 20 mM SDS all the peptides adopted an α-helical conformation, 

except for the random-coil peptide DF-12 and the β-strand peptide VQ-12
V26

. As the inactive 

peptide VQ-12 and its active variant VQ-12
V26

 adopted different secondary structures, the ability to 

form β-conformation could be the discriminant for the biological activity observed. 

 

In silico analysis: physicochemical properties as predictive tools for bioactivity 
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Physicochemical properties have been computed for the parent peptide LL-37 and its fragments, by 

using chemo-informatics tool available on-line (ExPASy ProtParam) [32] In addition, a query on 

the antimicrobial peptide database (APD) [33] had further added some insights into the fragments 

properties, identified the already deposited LL-37 fragment KR-12 and enabled the prediction of its 

antimicrobial activities (Table 5). 

The physicochemical properties of the peptides and their bioactivity indicators were used to predict, 

confirm and interpret the experimental results. As a general rule, AMPs are expected to have 

molecular weight (Mw) < 10 kDa, isoelectric point (pI) ≥ 10, net charge≥ 2, Hydrophobicity index 

(HI) > 0.5 (using Eisenberg scale) and instability index (II) < 40. Furthermore, transmembrane 

peptides have mean hydrophobicity (mH) < 0.2, hydrophobic peptides have positive GRAVY 

values and negative- or close to 0- Boman indices (BI) [34]. 

Due to their short length, all the tested peptides fell in the optimal range value for their Mw. 

Remarkably, all of them but DF-12 had optimal values of stability index, net charge and isoelectric 

point. Therefore, its lack of activity was consistent with the predictions. FK-12, KR-12 and LL-37 

had a hydrophobic index mH> 0.5, thus fitting in the AMP predictor values. In contrast, both the 

active peptide for VQ-12
V26 

and its inactive counterpart VQ-12, had mH< 0.5. Therefore, this single 

parameter did not allow to discriminate between active and inactive fragments. An alternative 

hydrophobicity parameter, the hydrophobic moment µH, measures the separation of polar and 

nonpolar amino acids along the peptide axis and it predicts the potential of helix formation for a 

given peptide. The ADP database gave a helix pattern for any input peptide sequence. As per the 

APD outputs, the FR-12 fragment might form an α-helix and it had at least 5 hydrophobic residues 

on the same surface. It might interact with membranes and was predicted to be antimicrobial. The 

same prediction of membrane interaction potential and antimicrobial activity was given for both the 

biofilm active VQ-12
V26 

and biofilm inactive peptide VQ-12, both carrying 4 hydrophobic residues. 

In contrast, the biofilm inactive peptides DF-12 and IK-12 were predicted to be not antimicrobial as 
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they do not have hydrophobic residues on the same surface and cannot form an α-helix long enough 

to be considered antimicrobial. Therefore, when we compared the ADP database outputs with our 

experimental results, the ADP prediction tool gave both false negative and false positive results. A 

probable explanation is that the µH is a poor predictor of helicity in the bound state, since the helix 

formation would depend by helix-stabilizing side chain interactions. It has been proved that 

peptides with the same hydrophobic moment have a differential binding affinity to the membranes 

and that the sequence, rather than amino acids composition, has a major impact on the actual helix 

formation [28].  Moreover, all the listed peptides had negative GRAVY values and positive Boman 

indices.  

 

Discussion 

Human cathelidicin LL-37 is secreted in the skin where it acts as a natural AMP, able to halt the 

proliferation of a plethora of pathogens by forming pores across bacterial membranes. S. 

epidermidis is human skin commensal which can turn pathogenic in immunocompromised patients 

and is able to form biofilm. Preliminary data have shown that LL-37 inhibits S. epidermidis biofilm 

in vitro [23]. Our study aimed at identifying the minimal sequences needed for the antimicrobial 

and anti-biofilm properties of the LL-37 peptide by testing the biological activities of LL-37 

scrambled fragments and comparing them to those of the parent peptide. Antimicrobial properties 

were evaluated against bacteria in their planktonic state, via the MIC assay, and against biofilm via 

inhibition and eradication assays. The peptides FK-12, KR-12 and VQ-12
V26

 were the best 

antimicrobial agents within the group of fragments analyzed. Remarkably, all of them had MIC 

values equivalent or proximal to the parent peptide but appeared to be more efficient inhibitors and 

eradicators of S.epidermidis biofilms.  

Besides, as FK-12 and KR-12 acted as inhibitory to biofilms even at concentrations below their 

MIC value, an additional explanation needs to be found. The death itself of some cells within the 
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bacterial population and their consequent lysis, mediated by autolysin E, would release extracellular 

DNA and promote biofilm assembling in the remaining subpopulation [35]. The hypothesis arises 

that the fragments and LL-37 would inhibit the biofilm formation by halting the programmed cell 

death of bacterial sub-populations which in turn acted as a trigger for biofilm assembly.  

  The LL-37 fragment KR-12 is registered in the antimicrobial peptide database (APD), with ID 

AP00608. It is described as an α-helix peptide with antimicrobial activity against E. coli K12 but 

not cytotoxic to human cells [11]. The cytotoxicity data are consistent with our data. NMR analysis 

of KR-12 in lipid micelles proved that this peptide forms an amphipathic helix with cationic side 

chains which, upon binding, promote the clustering of bacterial membranes phosphatidylglycerols, 

activating voltage dependent potassium channels and promoting signal transduction [11]. A similar 

mechanism would most likely be valid also for the closely related fragment FK-12, but a definite 

confirmation would require similar NMR analysis to be performed. In addition, the peptide FK-13, 

which contains an additional arginine to FK-12, is reported as toxic to human cells [11]. This is 

interesting, since the fragment FK-12 we studied is not toxic to human erythrocytes and 

keratinocytes. Therefore, the removal of a single arginine in position 29 would result in the loss of 

the peptide cytotoxicity against t human cells. 

 CD spectra analysis conducted in presence of the isotropic solvent TFE did not prove a direct 

correlation between peptides secondary structure and antimicrobial activity. In fact, while the 

peptides SK-12, IK-12 and DF-12 assumed a random coiled structure and were equally inactive as 

an antimicrobial, all the other peptides folded into α-helices but were differentially active against S. 

epidermidis. Therefore, the α-helical arrangement is not sufficient to predict and discriminate for 

antimicrobial potential of the tested peptides. In contrast, in presence of SDS, an environment 

which more closely mimics bacterial membranes, the active peptide VQ-12
V26 

adopted a β-strand 

conformation, whereas the inactive peptide VQ-12 was α-helical. Therefore, the different biological 

activity observed upon the substitution aspartate to valine could be associated to the different 
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secondary structure adopted by the peptides VQ-12 and VQ-12
V26

.  Aside from helicity, the 

comparison among the fragments and the parent peptide clearly demonstrates that the shorter the 

sequence the higher the antibiofilm effect, which most likely associates to the peptides ability to 

penetrate the cellular membrane or biofilm matrix.  

In addition, besides the crystal violet staining enables a good estimate of biofilm mass, it is not 

informative on bacteria viability. Therefore, it is not possible to incontrovertibly define the peptides 

effect as being bactericidal or, rather, directed against biofilm matrix components. 

Remarkably, the fragments FK-12, KR-12 and VQ-12
V26

 have a better selectivity ratio; lower 

toxicity to the host and improved potency against the pathogen, than the parent peptide (Table 4). It 

has been proposed that the pleiotropic functions of LL-37 are mapped on different regions of the 

peptide. The hydrophobic N-terminal
1-13

 has been associated with oligomerization, hemolytic and 

chemotactic properties, the main antimicrobial properties reside within the middle-region
17-31

, while 

the C-terminal
32-37

 is involved in the LL-37 tetramer formation at physiological pH [11, 12]. The 

LL-37 tetramer is maintained in zwitterionic membranes, as is the case of human erythrocytes 

membranes. Instead the LL-37 tetramer dissociates in anionic bacterial membranes where it binds 

lipopolysaccharide in Gram-negative or phosphatidylglicerols in Gram-positive bacteria, and forms 

a long amphipathic α-helix that inserts into and disrupts the bacterial membranes [11]. The lack of 

the LL-37 N-terminal region in the fragments may explain the reduced hemolytic activity observed, 

while elevated binding propensity to acidic bacteria phospholipids, as the antimicrobial domain is 

maintained within the fragments FK-12 and KR-12.  

By substituting the aspartic acid residue in position 26 with a valine, it was possible to switch the 

inactive peptide VQ-12 into the potent biofilm inhibitor and eradicator VQ-12
V26

. This substitution 

correlates with an increase in net charge (2+ to 3+), isoelectric point, aliphatic index and 

hydrophobic dipolar moment, whereas all the other physicochemical parameters are concomitantly 

decreased (Table 5). In addition, this substitution results in a different conformation which 
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correlates with the biological activity observed. Regarding the wound healing potential, fragments 

KR-12 and VQ-12
V26

 had an increased effect on migration, whereas LL-12 reduced the 

keratinocytes migration compared to the untreated control. As the highest percent of wound closure 

was obtained upon stimulation with fragments KR-12, VQ-12, VQ-12
V26

 and IK-12, the healing 

property most likely rely on the C-terminal half of the parent peptide. In contrast to what observed 

for their antimicrobial potential, VQ-12 and VQ-12
V26

 had a similar effect on wound closure, thus 

suggesting that the residue in position 26 has not major impact on this activity. We suggest to 

further assess this hypothesis and implement the antibiofilm properties by a rational drug design, 

using these peptides as lead compounds and test their eradication properties on yet more established 

biofilms and mixed species biofilms. The precise mechanism of interaction with the pathogen and 

the antimicrobial mode of action should be further investigated. 

 

Conclusion 

In this study, we assessed the antimicrobial effect of truncated versions of LL-37 peptide against S. 

epidermidis by testing their potential as biofilm inhibitors or eradicators in comparison to the parent 

peptide. The fragments FK-12, KR-12 and VQ-12
V26

 exhibited an increased antimicrobial effect 

compared to the parent peptide by inhibiting bacterial attachment, biofilm growth and disrupting 

established biofilms. In addition, fragments KR-12 and VQ-12
V26

 increased migration of HaCaT 

cells in an in vitro wound model. At the same time, they demonstrated a reduced cytotoxicity 

toward human erythrocytes and HaCaT cells. We propose to further investigate the effect of amino 

acids substitution in the peptides set used in this study. This warrant and extended SAR study to 

investigate correlation of peptide sequence and biological activity both against S. epidermidis 

biofilm and toward wound healing. 
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METHODS 

 

Peptides used in the study 

All human LL-37 variants peptides used in the study are 12 residues long and correspond to 

different, in some cases overlapping, fragments of the human cathelicidin peptide LL-37 and were 

purchased from GenScript. Two fragments have completely overlapping sequences, except for one 

single residue in position 26, which is either a valine or an aspartic acid (Table 1).  

 

HaCaT cell line 

The HaCaT cell line was kindly donated from David Gram Naym. The cells were grown in 

Dulbecco’s modified eagle medium (DMEM) with glutamax (Thermofisher, 31966-021), 10% FBS 

(Gibco, 10270), 100 units/ml penicillin, and streptomycin (Sigma, P0781). The cells were sub-

cultivated approximately every third day, by washing with PBS and trypsinizing (Sigma, Lot 

T3924). 

 

Wound healing 

Wound healing was assessed by a scratch assay performed in 48 wells where 7.5 ×10
4
/well cells 

were seeded and incubated 24 hours to reach 95% confluency. The following day, the wells were 

washed with PBS, scratched manually with a 200 µl pipet tip and stimulated with 25 µg/ml of 

peptides diluted in DMEM containing 2% FBS. Epidermal growth factor was used as positive 

control. The migration of the HaCaT cells were monitored with the optical camera system called 

oCelloScope (BioSense, Denmark) for 24 hours [36]. The oCelloScope used the software 
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UniExplorer (8.0.0.7144 (RL3). Closure of the scratch was calculated as a percentage for time 0 and 

24 and compared to the untreated control.   

 

Bacterial strain 

Staphylococcus epidermidis (HJ 056) from our laboratory strains collection was obtained from 

Statens Serum Institut in Copenhagen, Denmark and verified as an S. epidermidis by sequencing of 

the dnaN gene. Frozen bacteria were streaked on Luria Bertani (LB) agar plates in sterile conditions 

and allowed to grow at 37°C for 18 hours, until uniform colonies were observed. Agar plates were 

stored in the refrigerator and used for a maximum of 14 days as reservoir of bacteria for the 

experiment replicates. For every assay, single colonies were transferred to MHB and maintained 

overnight at 37°C in constant agitation to allow bacterial replication.  

 

MIC assay 

The minimal inhibitory concentrations (MIC) for the tested compounds were determined according 

to the microtiter broth dilution method [37]. Briefly, bacteria cultures grown overnight in constant 

agitation at 37° C were diluted (1:50) in fresh growth medium and allowed to grow in the same 

conditions of temperature and shaking. Once the OD600 equals to 0.4, the bacterial culture was 

further diluted in fresh MHB (1:500) to obtain a final bacterial inoculum ranging between 2-8 ×10
5
 

cfu/ml. Eventually, 90 µl of this bacterial suspension were inoculated per well in the microtiter 

plate, previously filled with 10 µl of serial dilutions of the test peptides, starting from an initial 

concentration equal to 10 times the intended one (to take into account the final 1:10 dilution in the 

bacterial suspension). Multiple wells were used as growth medium sterility control. An additional 

check of the sterility conditions, as well as of the real bacterial concentration seeded, was obtained 

by plating on agar a further 1:500 dilution of the inoculum. Both the microtiter and the agar plates 
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were placed in the incubator at 37 C for 18 hours. The MIC was determined as the peptide 

concentration giving no visible bacterial growth. The sterility of the working conditions was 

assessed by the uniformity of morphology of bacterial colonies and the inoculum concentration was 

confirmed by counting of the bacterial colonies. After MIC reading, plates were further incubated 

for 1 day and plate was read again after 48 hours. 

 

MBC assay  

Minimal biocidal concentrations (MBC) were determined by plating on solid MHB agar 100 µl of 

bacterial suspensions from the MIC plate assay wells corresponding to and above the MIC values.  

Plates were no growth was visible after 24 hours of incubation at 37°C were considered to 

correspond to the biocidal concentration. 

 

Biofilm assay 

Biofilm formation and staining were conducted according to the microtiter dish biofilm formation 

assay protocol [38] with minimal modifications relative to growing medium and solvent used for 

crystal violet dissolution. The experimental set-up differs in the inhibition and eradication assays, 

the assays will therefore be described separately. 

 

Biofilm inhibition assay 

96 wells microtiter plates were prepared the day of stimulation, by addition of 10 x peptide (10 

µl/well), diluted from the stock solution into sterile milliQ water. The overnight bacterial culture 

was diluted 1:100 and 90 µl/well of this bacterial suspension were added to every well, except for 
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those used as MHB sterility control. As negative control, 90 µl/well of cell suspension were added 

to 10 µl of milliQ water.  

 

Biofilm eradication assay 

Overnight bacterial cultures were diluted 1:100 in fresh MHB and 100 µl/well of this bacterial 

suspension were added to every well, except for those used as MHB sterility control. After 

overnight incubation at 37°C, wells were washed 2 times with PBS, then the peptides diluted in 

MHB were added according to the intended testing dilutions. Plates were then incubated overnight 

at 37°C. 

 

Biofilm staining with crystal violet 

Once the challenge time elapsed, the wells were washed 2 times with PBS (150 µl/well) prior to 

staining the attached biofilm with crystal violet (125 µl/well) for 10 minutes on the bench. The 

unattached staining was removed by aspiration and washing with PBS. Eventually the stain was 

dissolved in ethanol 96% (200 µl/well) for 10 minutes before transferring 100 µl/well in a new flat 

bottom plate for reading absorbance at 595 nm. 

 

Hemolysis assay 

Briefly, donors blood was collected into Vacutainer EDTA coated tubes and centrifuged at 800 g 

for 10 minutes to isolate red blood cells which were washed twice with sterile saline (0.9 % NaCl) 

and then diluted to a concentration of 20% red blood cells in saline. 

In sterile conditions, 96 well round bottom polypropylene microtiter plates were filled with 100 

µl/well of serially two-fold saline-diluted concentrations of peptides. 1 % Triton X100 and 0.9 % 
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NaCl were used respectively as   positive and negative controls of hemolysis. The plate was 

incubated for 24 hours at 37°C in 5% CO2 atmosphere to assess ability of peptides to penetrate and 

disrupt red blood cells membrane, thus releasing the hemoglobin and red coloring the supernatant. 

The day after, the plate was centrifuged at 250 g for 5 minutes and 20 µl of the supernatant were 

transferred into flat bottomed polystyrene plates, prefilled with 100 µl of saline. Absorbance 

readings at 546 nm for the different treatments were blank subtracted and reported as percentage of 

the positive hemolysis control. 

 

LDH assay on HaCaT cell line 

LDH leakage from treated and untreated cells were determined on supernatants by using the 

CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega), following manufacturer’s 

instructions. The absorbance is presented as percent of cytotoxicity (absorbance from lysed cells 

was set as 100%). 

 

CD spectroscopy 

Circular dichroism (CD) experiments were performed on a J-815 circular dichroism 

spectropolarimeter (Jasco). Far-UV CD spectra were recorded after five accumulations at 20°C, 

using a 1-mm path length quartz cell, between 280 and 190 nm at 100 nm/min with a band width of 

1 nm. All peptides were analyzed in water, in TFE/water (4:1, v/v) and 20 mM SDS. 

Statistical analysis 

Data analysis was performed with Graphpad Prism 6, statistical significance was calculated with t-

test by comparison to the untreated control (*: P< 0.05; **: P < 0.01; ***: P < 0.001). 
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Tables  

 

Table 1. List of peptides used in the study with indication of name, residues position, sequence and 

MIC values in S. epidermidis 

 

 

 

 

 

Table 2. MBC, MIC and MBC/MIC for LL-37, its derivative fragments FK-12, KR-12 and VQ-

12
V26 
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Table 3. Comparison by sequence alignment of active and inactive LL-37 fragments tested as 

S.epidermidis biofilm  inhibitors and eradicators 
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Table 4. Comparison of antimicrobial and hemolytic activity for the peptides used in this study 
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Table 5. Physicochemical properties of the LL-37 and LL-37 fragments used in the study. 
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Figure 1.  S. epidermidis Biofilm inhibition by LL-37 fragments, a preliminary screening. Diluted overnight 
cultures of S.epidermidis were challenged with the indicated concentrations of test peptides for 20 hours at 
37° C in static conditions. The biofilms were stained with crystal violet and the biofilm mass was quantified 
by OD595 readings. Data represent the mean ± SEM of 2 biological replicate experiments, each consisting of 

4 replicates. (*: P< 0,05:  **: P < 0,01)  
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Fig 2. S.epidermidis biofilm inhibition. The biofilm inhibitory potential of the best acting LL-37 fragments was 
compared to the LL-37 peptide itself. Diluted overnight cultures of S. epidermidis were challenged with the 
indicated concentrations of test peptides for 20 hours at 37° C in static conditions. Data were plotted as 

stained biomass (A) and as percent of biofilm inhibition (B) versus peptides concentrations. Data represent 
the mean ± SEM of 2 biological replicate experiments, each consisting of 4 replicates. Statistical significance 

was calculated with t-test by comparison to the untreated control. (*: P< 0.05; **: P < 0.01; ***: P < 
0.001). Data were plotted also as percentage of biofilm inhibition by normalizing the test compounds OD595 

readouts to those of the negative control (untreated bacteria cells).  
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Figure 3. S.epidermidis biofilm eradication. The biofilm eradication potential of the best acting LL-37 
fragments was compared to the LL-37 peptide itself. Data were plotted as stained biofilm biomass (A) and 

as percent of biofilm eradication (B) versus antimicrobials concentrations. Overnight cultures of S. 

epidermidis in MHB were diluted 1:100 in fresh MHB and plated in 96 well polypropylene plates (100 µl/well) 
and biofilm was allowed to form during overnight incubation at 37° C in static conditions. Fragments and LL-

37 peptide were added to the S. epidermidis biofilm after removal of residual planktonic bacteria and 
allowed to react overnight. Data represented here are from 3 biological replicates, each consisting of 4 

replicate wells (*: P< 0.05; **: P < 0.01; ***: P < 0.001).  
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Figure 4. LDH release from HaCaT cells. HaCaT-1 cells (2 x 104 cells/well) were incubated in 96 wells micro-
titer plates with antimicrobials at the tested concentrations overnight. The amount of LDH released was 
measured by OD490 readouts (A). Data were represented as percentage of toxicity (B) after baseline 
subtraction of untreated cells (negative control) and normalization to the lysed cells (positive control), 

whose absorbance was set as 100%. Data represented here are from 3 biological replicates, each consisting 
of 3 replicate wells.  (*: P< 0.05; **: P < 0.01; ***: P < 0.001). The comparison to the untreated cells was 

not significant for all the fragments at the tested concentrations.  
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Figure 5. RBC hemolysis. The hemoglobin release from red blood cells upon overnight treatment with the 
test compounds was measured as OD546 readouts (A). Data are reported also as percent of hemolysis after 
normalization to the lysed cells (B). Data represented here represent mean ± SEM of triplicate experiments 

conducted on erythrocytes collected from different donors (*: P< 0.05; **: P < 0.01; ***: P < 0.001).  
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Figure 6. Migration of HaCaT cells as a result of LL-37 fragment treatment. The migration effect of LL-37 
fragments were tested at 25 µg/ml concentration on HaCaT cells in low FBS in a scratch assay. The closure 
of the gap was measured every hour on an oCelloScope for 24 hours. Pictures of t=0 (top row) and t=24 

(bottom row) taken by the oCelloScope (A)Data represent the average of three independent triplicates. 
Graphic representation of scratch assay (B) (*: P< 0.05; **: P < 0.01; ***: P < 0.001).  
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Figure 7. CD spectra analysis of the test peptides in water and TFE-water (4:1, v/v) Circular dichroism (CD) 
experiments were performed on a J-815 circular dichroism spectropolarimeter (Jasco). Far-UV CD spectra 

were recorded after five accumulations at 20°C, using a 1-mm path length quartz cell, between 280 and 190 

nm at 100 nm/min with a band width of 1 nm. All peptides were analyzed in water, in TFE/water (4:1, v/v) 
and 20 mM SDS.  
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