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ABSTRACT. The increasing emergence of multidrug-resistant bacteria is a huge problem to 

society providing significant risks to public health. This has been further escalated by a decline 

in the clinical translation of new antibacterial drug classes since the 1980s. In this paper we 

describe the synthesis, antibacterial/antibiofilm activity and in vitro toxicity of synthetic low 

molecular weight lipopeptides mimetics of polymyxin. C12-KTKCKFLKKC-NH2 and C14-

KTKCKFLKKC-NH2 lipopeptides demonstrated activity against both planktonic and biofilm 

forms of Staphylococcus epidermidis, Staphylococcus aureus, MRSA, Escherichia coli and 

Acinetobacter baumannii. Peptide-outer membrane interaction was studied using 

lipopolysaccharide neutralisation and N-phenyl-1-napthylamine assays. C12-conjugated peptide 
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significantly neutralized lipopolysaccharide at concentrations lower than minimum inhibitory 

concentration values against Gram-negative Escherichia coli, by an average of 90% and 

demonstrated up to double the outer membrane permeabilization ability of 10 mg/mL polymyxin 

B. Polymyxin-mimetic lipopeptides have the potential to undergo further in vitro and in vivo 

study to enable clinical translation and help alleviate the current antimicrobial crisis.    

 

1. Introduction 

Antimicrobial resistance is one of the world’s significant public health challenges that has been 

highlighted by researchers, governments and general public. The over and misuse of antibiotics, 

alongside natural bacterial resistance mechanisms, is particularly problematic as bacteria become 

resistant to multiple currently licensed therapies.1 Antibiotic-resistant infections affect at least 2 

million people annually in the United States causing more than 23,000 deaths.2 Multi-drug 

resistant bacteria, including forms of Staphylococcus aureus, Escherichia coli and Pseudomonas 

aeruginosa, have contributed to the death of an estimated 25,000 people within the European 

Union each year.3 Bacterial biofilms are a major contributor to failure of antibiotics to 

successfully treat infection. Conventional antimicrobial agents are generally tested for 

susceptibility against planktonic bacteria using minimum inhibitory/bactericidal concentration 

assays despite biofilms forms being 10-1000 times more tolerant.4, 5 The National Institutes of 

Health reported that 80% of chronic infections are associated with biofilm development.6 The 

physical barrier provided by the biofilm matrix alongside increased ability to tolerate higher 

clinical concentrations of antibiotics, means biofilm bacteria are a major source of antibiotic 

resistance especially within chronic infections.7 A wide variety of research groups have been 
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working to develop novel methods to address these issues, including via the use of naturally 

derived antimicrobial peptides. Antimicrobial peptides interact directly with bacterial cell 

membrane leading to membrane disintegration and/or transport across the membrane into the 

cytoplasm in order to bind to intracellular targets.8, 9 Their multiple modes of bactericidal action 

makes them less susceptible to antimicrobial resistance compared to conventional antibiotics.10 

Antimicrobial efficacy and selectivity to bacteria is governed by the balance between the positive 

charge and the hydrophobicity of the amphipathic structure.11 For example, cationic amino acids 

have been demonstrated to electrostatically bind the negatively charged lipoteichoic acids in 

Gram-positive bacteria and lipopolysaccharide (LPS) in Gram-negative forms.12 However, most 

currently licensed antimicrobial peptides are only utilized for topical applications such as 

infected wounds, acne, mucosal application, eye infections and localized catheter infections.13 

The limited systemic use of antimicrobial peptides is due to concerns relating to toxicity and 

their low stability. Peptides are rapidly degraded by proteolytic enzymes within the blood plasma 

and gastrointestinal tract which significantly limit their systemic and oral use.10, 14 There is 

interest in peptide-mimetic structures, including deletion and/or substitution of amino acid 

residues, D-enantiomeric and cyclic variants, to provide increased protease stability whilst 

retaining pharmacological activity.4, 15, 16   

Polymyxins are cationic cyclic lipopeptides, first discovered in 1947, that selectively target 

Gram-negative bacteria. Despite concerns regarding nephrotoxicity and resistance development, 

polymyxin E (colistin) and polymyxin B have re-emerged into clinical use as last line antibiotics 

for treatment of MDR Gram-negative infections.17 Polymyxins directly interact with lipid A, the 

hydrophobic anchor of LPS molecule, present in the outer membrane of Gram-negative bacteria 

through electrostatic and hydrophobic interactions facilitating their uptake into the periplasmic 
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space and cytoplasmic membrane where polymyxins induce phospholipid exchange resulting in 

cytoplasmic membrane damage and cell death.18 Most recently there has been a revival in their 

potential clinical use and research has focused on the development of novel polymyxin 

derivatives with markedly lower mammalian toxicity and improved activity against strains with 

reduced susceptibility to current polymyxins.19 This was the initial goal of our study. 

 This paper describes the in vitro antibacterial and antibiofilm activity of a library of novel 

short cationic lipopeptides (Figure 1) and represent synthetic mimics of the naturally occurring 

antimicrobial peptide polymyxin. Among synthesized peptides, C12-KTKCKFLKKC-NH2 and 

C14-KTKCKFLKKC-NH2 demonstrate activity against both Gram-positive and Gram-negative 

microorganisms including Staphylococcus epidermidis, S. aureus, MRSA, E. coli and 

Acinetobacter baumannii.  

 

Figure 1. Chemical structure of CnH2n+1O-KTKCKFKLKC-NH2, where n = 0, 8, 10, 12, 14, 16.  
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2. Materials and Methods  

2.1. Materials  

4-(2′,4′-dimethoxyphenyl-Fmoc-aminomethyl)-phenoxyacetamido-MBHA (Rink amide 

MBHA) resin, Nα-Fmoc-D-phenylalanine, Nα-Fmoc-L-leucine, Nα-Fmoc-Nε-t-butoxycarbonyl-

l-lysine, Nα-Fmoc-O-tert-butyl-L-threonine, Nα-Fmoc-S-trityl-L-cysteine, O-(Benzotriazol-1-

yl)-N, N, N′, N′-tetramethyluronium hexafluorophosphate (HBTU) and 1-hydroxybenzotriazole 

(HOBt) were obtained from Novabiochem (Hertfordshire, UK). Fatty acids, including octanoic 

(caprylic) acid, decanoic (capric) acid, dodecanoic (lauric) acid, tetradecanoic (myristic) acid and 

hexadecanoic (palmitic) acid, N, N-diisopropylethylamine (DIPEA), triisopropyl silane (TIPS), 

32% aqueous ammonia, N-phenyl-1-napthylamine (NPN) reagent and Triton X-100 were 

obtained from Sigma-Aldrich (Dorset, UK). N, N-ammonium bicarbonate was obtained from 

Alfa Aesar (Heysham, UK). Polymyxin B sulfate was obtained from Panreac AppliChem 

(Barcelona, Spain). Calgary Biofilm Devices were obtained from Innovotech, Edmonton, 

Canada. Keratinocyte serum free medium (K-SFM) containing epidermal growth factor bovine 

pituitary extract and 0.05 mg/mL human recombinant epidermal growth factor, fetal bovine 

serum, 0.5% trypsin-EDTA (10x), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

buffer solution and Live/Dead® Cell Imaging Kit for mammalian cells were provided by 

Invitrogen (Paisley, UK). CellTiter 96® AQueous one solution cell proliferation assay, which 

contains [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium (MTS), was provided by Promega Corporation (Southampton, UK). Cytotoxicity 

Detection KitPLUS, containing lactate dehydrogenase (LDH), was obtained from Roche Applied 

Science (Mannheim, Germany), Chromogenic Limulus amebocyte lysate (Chromo-LAL), control 

standard endotoxin from E. coli O113:H10, LAL reagent water, Endotoxin free pyrotubes (A 16 
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x 100mm) and pyroplate 96-well microplates were purchased from Associates of Cape Cod 

International (Liverpool, UK). Endotoxin free Finntip™ Biocon pipette tips were obtained from 

Thermosphere Scientific (Loughborough, UK). Equine erythrocytes were obtained from 

Laboratory Supplies & Instruments Ltd. (Antrim, UK). Bacterial cell lines S. epidermidis ATCC 

35984, S. aureus ATCC 29213, A. baumannii NCTC 13304 and P. aeruginosa PAO1 ATCC 

15692 and human kidney proximal tubular HK-2 ATCC CRL-2190 cells were purchased from 

LGC Standards (Middlesex, UK).  Methicillin-resistant S. aureus NCTC 33593 and E. coli 

NCTC 11303 were obtained from Public Health England (Salisbury, UK). Cells were purchased 

within six months of testing and authenticated by short tandem repeat DNA profiling performed 

by the supplier. 

 

3. Methods  

3.1. Peptide Synthesis and Purification 

H2N-KTKCKFKLKC-NH2 and Cn-KTKCKFLKKC-NH2 synthesis was performed manually 

following standard solid phase peptide synthesis protocol using Fmoc-protected amino acids 

with HBTU/HOBt activation in the presence of DIPEA on Rink amide MBHA resin to create 

amino terminated structures.20 Once the designated peptide primary sequence was synthesized, 

cleavage of the peptide from the resin was carried out using TFA/phenol/water/TIPS (88:5:5:2 

v/v) cleavage cocktail for three hours at room temperature. The solvents were evaporated using a 

Büchi rotavapor and the oily residue was treated with cold (-20 ºC) diethyl ether to obtain the 

peptide precipitate. The solid peptides were washed three times with chilled diethyl ether (-20 

ºC) by centrifugation. Crude peptides were left to dry over anhydrous magnesium sulfate and 
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stored at -20°C.  The purity of crude peptide was assessed by analytical RP-HPLC (Agilent 

Technologies UK Ltd, Cheshire, UK) on a Gemini C18 column (4.6 mm×250 mm, 5 μm particle 

diameter and 120 Å porous size, Phenomonex, Cheshire, UK). Elution was carried out at 1 

mL/min with gradient mixtures of 0.05% aqueous TFA solution and acetonitrile. UV detection 

was monitored at 210 nm. Peptides were subsequently purified on reversed-phase Flash 

chromatography using Biotage® Isolera Flash purification system on SNAP Ultra C18 30g 

cartridge (Biotage GB Ltd, Ystrad Mynach, UK). Elution was achieved using 0.05% aqueous 

TFA solution and acetonitrile gradients at a flow rate of 25 mL/min. Fractions were collected at 

210 nm (Table S1, Figure S1). Lyophilized fractions were identified by MALDI mass 

spectrometer (Voyager Mass Spectrometer, PerSeptive Biosystems Inc, Massachusetts, USA) 

depending on the theoretical calculated mass (Table S1, Figure S2).  

 

3.2. Antibacterial and Antibiofilm Activity  

CnH2n+1O-KTKCKfKLKC-NH2 were screened for minimal inhibitory (MIC) and minimum 

bactericidal concentrations (MBC) against S. epidermidis ATCC 35984, S. aureus ATCC 29213, 

Methicillin-resistant S. aureus NCTC 33593, E. coli NCTC 11303, A. baumannii NCTC 13304 

and P. aeruginosa PAO1 ATCC 15692 by microdilution in Müller-Hinton broth using 96-well 

microtiter plates.21 Bacterial strains were incubated for 18-24 hours at 37 °C in from which an 

inoculum was taken and adjusted to an optical density of 0.3 at 550 nm in phosphate buffered 

saline (PBS). Bacterial cultures were further diluted to a final concentration of 2 × 105 CFU/mL 

in Müller-Hinton broth from which 100 μL was added to a 96-well microtiter plate and 

challenged with 100 μL of a series of doubly diluted peptides. The final peptides concentrations 
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are in the range of 1.90 – 1000 μg/mL. The 96-well microtiter plates were incubated for 24 hours 

at 37 °C and MIC values were obtained visually. To determine the MBC, an aliquots were taken 

from each well showed no bacterial growth, pipetted onto Müller-Hinton agar plates, incubated 

for 24 hour at 37 °C and examined for growth.22 Each test results were reported as average of 

five replicates (n = 5) and two independent experiments.  

Biofilm susceptibility assays were performed using a Calgary Biofilm Device (MBECTM high-

throughput assay). C12-KTKCKfKLKC-NH2 and C14-KTKCKfKLKC-NH2 lipopeptides were 

selected for biofilm susceptibility assay as both lipopeptides showed the greatest activity against 

planktonic cells at concentrations equal to or lower than 62.5 μg/mL. Polymyxin B was also 

evaluated as a comparator for antibiofilm activity against E. coli and A. baumannii, as a model 

Gram-negative selective antibiotic.23 The assay was carried out according to the method 

described previously by our group.24 Biofilms were grown in 180 μL Müller-Hinton broth on the 

pegs of a Calgary Biofilm Device. The cultures were prepared as described for MIC tests to a 

final concentration of 2 × 105 CFU/mL in Müller-Hinton broth. Biofilms were formed on the 

pegs of the device for 24 hours at 37 °C, 100 rpm, in a gyro-rotary incubator (Medline Scientific, 

Chalgrove, Oxon, UK). Mature biofilms were washed twice with PBS and then exposed to 180 

μL of peptide across the range of concentrations (7.81 – 500 μg/mL). The positive (70% ethanol) 

and negative (Müller-Hinton broth only) controls were included in each challenge plate. 

Following incubation, pegs were washed twice with PBS and sonicated on a maximum 

frequency of 40 KHz for 10 minutes using Branson 3510 sonicator (Branson Ultrasonics, 

Danbury, Connecticut, USA) in a recovery media containing only Müller-Hinton broth. 20 μL 

was then taken, serially diluted in PBS and plated onto Müller-Hinton agar plates. The recovered 
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bacterial colonies were counted and the results were presented as the mean Log10 colony forming 

units per peg (Log10 CFU/peg) of four replicates. 

 

3.3. Hemolysis, Tissue Culture and Cell Cytotoxicity Assays 

The ability of the peptides H2N-KTKCKFLKKC-NH2, C12-KTKCKFLKKC-NH2 and C14-

KTKCKFLKKC-NH2 to induce hemoglobin release from equine erythrocytes was assessed 

spectrophotometrically according to the method previously applied by our group.25 Fresh 

defibrinated equine erythrocytes were gently washed twice with equal volumes of sterile PBS 

and centrifuged at 1,000 g for 15 minutes at 4 °C. Erythrocytes were resuspended at 

concentration equals to 4% v/v in PBS. Equal volumes (100 μL) of the erythrocyte suspension 

were added to each well of a 96-well microtiter plate. Treated red blood cells were then 

incubated at 37 ˚C for 1 hour in 100 μL 1% Triton X-100 (positive control), 100 μL PBS 

(negative control), or 100 μL peptides at a range of concentrations (15.62-500 μg/mL). 

Following five minutes centrifugation at 1000 g, aliquots of the supernatant were transferred to a 

fresh 96-well microtiter plate and hemoglobin release measured spectrophotometrically at 450 

nm using Fluostar Omega plate reader (BMG Labtech Ltd., Aylesbury, UK). Results for all 

concentrations are reported as the mean of five replicates. Percentage hemolysis was calculated 

using equation 1. 

% Hemolysis = 
Abs450nm peptide - Abs450nm PBS

Abs450nm 1% Triton X - Abs450nm PBS
 x 100 

Equation 1 
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Human kidney proximal tubular HK-2 ATCC CRL-2190 metabolic activity after treatment with 

H2N-KTKCKFLKKC-NH2, C12-KTKCKFLKKC-NH2 and C14-KTKCKFLKKC-NH2 was 

evaluated using CellTiter 96® AQueous One Solution assay. This MTS based assay was applied 

to evaluate the in vitro nephrotoxicity of peptides on HK-2 cells as outlined by Meindl et al.26 

HK-2 human kidney proximal tubule epithelial cells were grown in K-SFM media supplemented 

with 50 ng/mL epidermal growth factor bovine pituitary extract and human recombinant 

epidermal growth factor (5 ng/mL) at 37 °C in a 5% CO2 and 90% humidified incubator 

(Eppendorf UK Limited, Eppendrof House, Stevenage, UK) . Subculturing of cells at 80–90% 

confluency involved the removal of spent media, washing with sterile PBS, and detachment of 

cell monolayers with 0.05% trypsin/0.53 mM disodium ethylenediaminetetraacetate dihydrate 

solution. Cells were cultured until at least 11 passages. 96-well microtiter plates seeded with HK-

2 cells (1 × 104 cells/well) were incubated overnight and treated with H2N-KTKCKFLKKC-NH2, 

C12-KTKCKFLKKC-NH2 and C14-KTKCKFLKKC-NH2 (7.81-500 μg/mL) for 24 and 48 

hours.26 MTS reagent was pipetted into each well of the 96-well assay plate containing the 

peptides in 100 μL of culture medium and to the negative control (non-treated cells in media) 

and the blank (media only). Following two and half hour’s incubation, absorbance was recorded 

at 490 nm using a Fluostar Omega plate reader. Each test was reproduced using six replicates and 

three independent repeats. Percentage metabolic activity was calculated according to equation 2 

and reported as mean of three independent replicates below: 

% Cell metabolic rate = 
Abs490nm peptide-Abs490nm media only

Abs490nm non treated-Abs490nm media only
 x 100 

Equation 2 
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Live/Dead® viability/cytotoxicity fluorescent assay was also tested separately to validate cell 

viability. HK-2 cells were cultured as outlined for above MTS assay. C12-KTKCKFLKK-NH2 

was selected as a model peptide, at concentrations of 7.8 μg/mL and 250 μg/mL. The 24 hour 

treated cells were incubated for 15 min with a freshly prepared mixture of 4 mM ethidium 

homodimer-1 and 2 mM calcein AM in PBS (pH 7.4 ) at room temperature.27 Viable cells were 

stained green by calcein AM, while ethidium homodimer-1 emitted red for the dead cells. The 

cells were observed using EVOS® Fluorescent microscope (Life Technologies Ltd., Paisley, 

UK) and processed using ImageJ software version 1.8 (National Institutes of Health, Bethesda, 

Maryland, USA). Three randomly chosen areas were selected for analysis, with 200 cells 

quantified for the presence of viable (green) and non-viable (red) cells. 

 

3.4. Lipopolysaccharide Neutralization  

The ability of C12-KTKCKFLKKC-NH2 and C14-KTKCKFLKKC-NH2 to bind LPS was 

evaluated using a quantitative Chromo-LAL test (Cape Cod International, Liverpool, UK). The 

LPS neutralization results were evaluated relative to the standard LPS binding antibiotic 

polymyxin B. Polymyxin B directly interacts with lipid A, the hydrophobic anchor of LPS 

molecule, present in the outer membrane of Gram-negative bacteria.28 Lipopeptides were 

dissolved in LAL reagent water and serially diluted. 50 μL of lipopeptides at the desired 

concentrations were mixed with 50 μL of 10 ng/mL control standard endotoxin from E. coli 

serotype O113:H10LPS in 96-well microtiter plates, incubated for 1 hour at 37 °C. The final 

concentrations of lipopeptides tested were 500, 125, 31.25 and 7.8 μg/mL. Negative control 

containing LAL reagent water and positive control of LPS without lipopeptides were also 
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included. Chromo-LAL reagent containing the chromogenic substrate (butyloxycarbonyl(Boc)-

Leu-Gly-Arg-p-nitroanilide) was pipetted into each well and incubated at 37 ± 1 °C for 10 

minutes.29 All equipment and reagents used were sourced as endotoxin free. The absorbance of 

the released p-nitroanilide (pNA) was measured at 405 nm using a Fluostar Omega plate reader. 

The percentage change in the LPS in the presence of peptide was measured compared with non-

treated LPS samples based on four replicates using equation 3. 

% LPS neutralization = ൬1-  
Abs405nm peptide-Abs405nm negative control

Abs405nm positive control-Abs405nm negative control
൰  x 100 

Equation 3 

 

3.5. Outer Membrane Permeabilization  

The ability of lipopeptides to permeabilize the outer membrane of E. coli NCTC 13303 was 

evaluated using N-phenyl-1-napthylamine (NPN) uptake assay according to the methods 

described previously.30, 31 Briefly, E. coli cells were washed and resuspended in 5mM HEPES 

buffer (pH 7.4) to an optical density adjusted to 0.5 ± 0.02 at 600 nm. Lipopeptides were 

dissolved in 5 mM HEPES and serially diluted to a concentration range of 2000-31.25 μg/mL.  A 

volume of 100 μL of E. coli was mixed with 50 μL of 40 μM NPN (prepared in 5 mM HEPES) 

in wells of 96-well black flourotiter plates. 50 μL of lipopeptides at different concentrations were 

pipetted immediately into the wells just before measurement so the final range of lipopeptides 

concentration was 7.81-500 μg/mL. The assay negative control was a mixture of E. coli and NPN 

without lipopeptides. Polymyxin B was used at final concentration of 10 μg/mL as a positive 

control because of its ability to bind to lipid A and permeabilize the Gram-negative outer 
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membrane, and thus should exhibit maximal relative NPN uptake. An increase in fluorescence 

due to NPN uptake by the outer membrane was recorded after five minutes incubation at 37 °C 

using Fluostar Omega plate reader with excitation and emission wavelengths set at 355 nm and 

410 nm respectively. The percentage of NPN uptake in the presence of peptide was calculated as 

an average of five replicates according to equation 4. 

% NPN uptake=
Fluorescence intensity peptide – Fluorescence intensity negative control

Fluorescence intensity positive control – Fluorescence intensity negative control
 x 100 

Equation 4 

 

3.6. Statistical Analysis  

Statistical analysis was performed using GraphPad Prism software (version 5.03). For 

comparison of multiple samples, Kruskal-Wallis test was used, followed by Dunn's post-hoc test 

to identify individual differences between peptide treated samples to the viable negative control 

(Müller-Hinton broth for biofilm assay and PBS for hemolysis assay). MTS and NPN assays 

were analyzed using One-way analysis of variance (ANOVA), followed by a Tukey post-hoc test 

to identify individual differences between peptide treated samples to the viable negative control 

(K-SFM medium and 5 mM HEPES). For LPS neutralization assay individual differences 

between lipopeptides relative to polymyxin B treated E. coli cells were identified using One-way 

ANOVA. Non parametric Kruskal-Wallis test was used as data was not shown to be normally 

distributed, while parametric ANOVA tests were employed as data was shown to be normally 

distributed using the Kolmogorov-Smirnov method. All cases a probability of p-value ≤ 0.05 

were considered significant.  
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4. Results and Discussion 

4.1. Peptide Design and Synthesis 

The structure of synthesized peptides possesses the key features (cationicity, lipophilicity) 

required to endow antimicrobial activity. These are short peptides composed of 10 amino acids, 

in which five amino acids are basic lysines, and a N-terminal fatty acyl chain of varying length in 

addition to leucine and D-phenyl alanine, which provides hydrophobic bulk to the primary 

peptide sequence. In designing these lipopeptides, simplicity of synthesis reaction to increase 

yield, thereby improving potential for future manufacturing upscale, was taken into account 

during designing the structure of the peptides. To achieve this, diaminobutyric acid on position 4 

and threonine of polymyxin B were substituted by cysteine, as previously suggested by Rustici et 

al.32 Due to economic considerations, diaminobutyric acid residues were substituted by the 

cheaper basic amino acid lysine. Compared to diaminobutyric acid, lysine possesses an 

additional methylene grouping on the hydrocarbon chain of its R-group. This contributes to 

additional hydrophobic interactions with the lipids of the cell membrane.33 To evaluate the effect 

of fatty acyl tail length of the lipopeptides antibacterial activity, (S)-6-methylactanoic acid the N-

terminal fatty acyl tail of natural polymyxin B were replaced by incremental increases in the 

fatty acid chain length, including octanoic acid, decanoic acid, dodecanoic acid, tetradecanoic 

acid and hexadecanoic acid. This was to provide insight as to how cumulative increases in 

hydrophobic character would affect activity.24 Despite the presence of cysteine, the lipopeptides 

should exist in its linear form at tested pH (physiological pH ~7.4). The formation of a disulfide 
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bond demands relatively high pH conditions or enzymatic assistance to undergo redox 

transformation.34  

 

4.2. Antibacterial and Antibiofilm Activity 

The planktonic antibacterial activity of CnH2n+1O-KTKCKfKLKC-NH2 was tested against a 

range of bacteria implicated within healthcare associated infections, namely Gram-positive S. 

epidermidis, S. aureus and MRSA, and Gram-negative E. coli, A. baumannii and P. aeruginosa. 

In the susceptibility assays, the antimicrobial activity determined by MICs was dependent on the 

length of N-terminal fatty acyl chains relative to amide terminus (Figure 2). Antibacterial 

activity increased alongside increasing carbon chain length within the lipophilic tail. Optimal 

activity was exhibited at C14 fatty acyl chain length gainst both Gram-positive and Gram-

negative isolates. C12-KTKCKFLKKC-NH2 and C14-KTKCKFLKKC-NH2 lipopeptides 

significantly inhibited bacterial growth at low concentrations (3.9-62.5 μg/mL), with the 

exception of P. aeruginosa (Table S2). H2N-KTKCKFLKKC-NH2 demonstrated miminal 

antibacterial activity (≥ 1000 μg/mL). This peptide lacks the fatty acyl chain at its N-terminus 

which appears necessary to provide antibacterial activity.35 Results demonstrated that C12-

KTKCKFLKKC-NH2 and C14-KTKCKFLKKC-NH2 exhibited higher potency against Gram-

positive isolates than Gram-negatives. S. epidermidis, S. aureus and MRSA possessed MICs at 

lower concentrations between 3.90-31.25 μg/mL while greater concentrations needed to inhibit 

E. coli, A. baumannii and P. aeruginosa (62.5-250 μg/mL). These observations may be 

explained by the presence of free thiol groups (cysteine residues) within the lipopeptides. It is 

proposed that incorporation of a functional thiol group leads to a notable increase in the potency 

of the antimicrobials towards Gram-positive pathogens via disruption of the bacterial cell 
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membrane, subsequently causing leakage of the cytoplasmic contents and cell death.34, 36, 37 

Another and perhaps more widely proposed reason, is the action and cationic character of lysine, 

which permits binding to anionic components of the Gram-positive lipid cell membrane.8, 33  

 

Figure 2. The relationship between acyl chain length (Cn) and antibacterial activity for A) Gram-

positive and B) Gram-negative pathogens based on i) MICs ii) MBC. 

The activity of C12-KTKCKFLKKC-NH2 and C14-KTKCKFLKKC-NH2 lipopeptides are also 

similar to results published by Nasompag et al.38  They demonstrated that conjugation of lauryl 

(C12) or myristoyl group (C14) to their examined lipopeptides, Cn -KYR-NH2, disrupted bacterial 

membranes more effectively. A related study performed by Kung et al tested the effect of the 

hydrophobic tail length of lysine containing lipopeptides on antibacterial efficacy. They found 
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that C14 conjugated lipopeptides presented higher activity than C12 and C16 analogues.39 The 

antimicrobial activity of different N‐terminally modified lipopeptides for Cn-OOWW‐NH2 was 

also studied by our own group. We also observed that antimicrobial activity improved with 

length of the acyl substituent up to n = C12/C14 against range of Gram-positive and Gram-

negative isolates.24  

The effect of antimicrobial peptides on mature 24 hour bacterial biofilms was conducted using a 

MBECTM assay. C12-KTKCKFLKKC-NH2 and C14-KTKCKFLKKC-NH2 were selected for 

antibiofilm efficacy based on their high potency against planktonic isolates. S. epidermidis 

biofilms were fully eradicated by C12-KTKCKFLKKC-NH2 and C14-KTKCKFLKKC-NH2 at 

concentrations ≥ 62.5 μg/mL (Figure 3A). S. aureus biofilms were significantly reduced by at 

least three Log10 reductions (99.9%) after treatment with C12-KTKCKFLKKC-NH2 and C14-

KTKCKFLKKC-NH2 at concentrations equal to their MIC and MBC values (Figure 3B). C14-

KTKCKFLKKC-NH2 exhibited a three Log10 reduction in MRSA biofilm at concentrations equal 

to or higher than 31.25 μg/mL (Figure 3C). C12-KTKCKFLKKC-NH2 demonstrated six Log10 

reductions of E. coli biofilm at concentrations greater than 62.5 μg/mL (Figure 4A). A. 

baumannii (Figure 4B) biofilms were significantly eradicated by C12-KTKCKFLKKC-NH2 at a 

concentration equal to or higher than 250 μg/mL. Interestingly, C12-KTKCKFLKKC-NH2 

demonstrated higher antibiofilm activity against Gram-negative isolates than the model Gram-

negative selective antibiotic polymyxin B. This result shows particular promise as A. baumanni 

is becoming an increasingly difficult pathogen to eradicate in clinical environments such as 

hospitals. Sato and colleagues observed polymyxin B exhibited less or no antibiofilm activity 

against the biofilms of clinical isolates of MDR A. baumanni at sub-MIC levels.40 Accordingly, 

they suggested the use of a bactericidal concentration (MBC) of polymyxin to demonstrate 
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effective treatment in patients suffering from A. baumannii infection. These concentrations are 

often difficult to achieve clinically without adeverse side effects. Worryingly, clinical isolates of 

A. baumannii, especially the MDR strains present in hospital enviroments, have found to possess 

the ability to form biofilms, promoted by sub-MIC levels of colistin and polymyxin B.41  

The influence of chain length on a lipopeptide’s ability to eradicate biofilms was also 

investigated by Paduszynska et al.42 Among the studied lipopeptides, C12-KR-NH2, C14-KR-NH2  

and C16-KR-NH2  exhibited minimum biofilm eradication concentration (MBEC) values between 

16 and 265 μg/mL when also examined against mature 24 hours biofilms. The difference 

between planktonic and biofilm-forming isolates in their modes of growth results in variation 

between lipopeptide antimicrobial efficacy against each phenotype.43 Bacterial biofilms possess 

extraordinary physiological properties compared to free-flowing liquid planktonic bacteria. 

Biofilms form a community of surface-attached bacterial cells that are embedded in a slimy 

matrix composed mainly of extracellular proteins, extracellular DNA and exopolysaccharides. 

Decreased penetration of antimicrobial peptides through the biofilm matrix may be due to 

binding of the positively charged peptide moiety to negatively charged biofilm matrix (e.g. via 

molecules such as extracellular DNA), thus lowering bacterial susceptibility to these cationic 

antimicrobials.44 Gram-negative bacteria also have the ability to express LPS structural 

modifications within biofilms which may explain their lower susceptibility to tested lipopeptides 

than Gram-positive forms.45   
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Figure 3. Antibiofilm activity of C12-KTKCKFLKKC-NH2 (black) and C14-KTKCKFLKKC-

NH2 (grey) against mature 24 hour biofilms of Gram-positive bacteria A) S. epidermidis ATCC 

35984, B) S. aureus ATCC 29213, C) Methicillin-resistant S. aureus NCTC 33593. Dotted line 

represents negative growth control (untreated biofilm), NS: no significant (p ≥ 0.05), * p < 0.05, 

** p < 0.01 significant difference between Log10 CFU/peg of lipopeptide treatment and negative 

control (untreated biofilm).  

 

Figure 4. Antibiofilm activity of C12-KTKCKFLKKC-NH2 (black), C14-KTKCKFLKKC-NH2 

(dark grey) and polymyxin B (grey) against mature 24 hour biofilms of Gram-negative bacteria 

A) E. coli NCTC 11303 B) A. baumannii NCTC 13304. Dotted line represents negative growth 

control (untreated biofilm), NS: no significant (p ≥ 0.05), * p < 0.05,  ** p < 0.01 significant 
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difference between Log10 CFU/peg of lipopeptide treatment and negative control (untreated 

biofilm). 

 

4.3. Hemolysis, Tissue Culture and Cell Cytotoxicity  

It was important to evaluate the membrane selectivity of lipopeptides and their potential toxicity 

towards mammalian cells. Cell lytic activity of C12-KTKCKFLKKC-NH2 and C14-

KTKCKFLKKC-NH2 toward equine erythrocytes and their cytotoxicity towards HK-2 cells was 

examined. Although NH2-KTKCKFLKKC-NH2 did not demonstrate any antibacterial activity, it 

was also studied to understand the potential effect of fatty acyl chain addition at N-terminus to 

mammalian cell toxicity. C14-KTKCKFLKKC-NH2 induced the highest percentage hemolysis 

(71.66 ± 2.23%) at a concentration ≥ 62.5 μg/mL (Figure 5A). No significant hemolysis was 

observed for other C12-KTKCKFLKKC-NH2. NH2-KTKCKFLKKC-NH2 demonstrated less than 

10% hemolysis at all concentrations tested, suggesting that the lipophilic fatty acyl chain is the 

fragment of the peptide that causes lysis of equine erythrocytes via hydrophobic interactions with 

the mammalian cell membrane. Overall, all lipopeptides expressed a very low hemolytic effect 

(< 5%) at concentrations equal to their MIC and MBC values when examined against Gram-

positive and Gram-negative strains, indicating their selectivity towards mainly bacterial 

membranes. As clinically administered concentrations are likely to be higher than those observed 

at MIC and MBC values it would be important to study the effect of these peptides on red blood 

cells in vivo, especially if intravenous administration was to be considered for systemic delivery. 

To test the potential cytotoxic effects of lipopeptides on HK-2 cells both concentration and the 

exposure time (24 and 48 hours) was varied. Human kidney proximal tubular HK-2 cells were 
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selected for this study as proximal tubules within the kidneys are the main location for antibiotic 

induced nephrotoxicity e.g. by polymyxin group of antibiotics.46 Cell metabolic activity was 

assessed using a MTS assay via CellTiter 96® AQueous One Solution (Promega, Southampton, 

UK).47 After 24 hours incubation (Figure 5C), H2N-KTKCKFLKKC-NH2 retained metabolic 

activity and did not demonstrate toxicity against HK-2 cell at all concentrations tested. C14-

KTKCKFLKKC-NH2 demonstrated 15.71% metabolic activity compared with 81.51% and 

104.02% observed after 24 hour treatment with C12-KTKCKFLKKC-NH2 and NH2-

KTKCKFLKKC-NH2, respectively at 62.50 μg/mL. These results suggest that the length of fatty 

acyl chain at N-terminal side of the lipopeptides contributing to cytotoxicity. The inclusion of 

hydrophobic residues promotes the hydrophobic binding of cationic peptides with zwitterionic 

mammalian membranes leading to membrane disruption.48 Treatment of cells for 48 hour 

(Figure 5D) demonstrated a similar trend of cytotoxicity at each concentration of lipopeptide 

showing that toxicity, if present was mainly induced within 24 hours exposure to lipopeptide. 

Cell imaging analysis, using a Live/Dead® assay alongside fluorescent microscopy (Figure 5B, 

Figure S3), were in agreement with HK-2 metabolic activity results. After 24 hour treatment 

with C12-KTKCKFLKKC-NH2, HK-2 cells at 7.8 μg/mL were viable and well adhered to 

microtiter plates indicated by the propensity of green staining due to the conversion of calcein 

AM to fluorescent calcein by esterase in viable HK-2 cells. By contrast, there were no live cells 

at 250 μg/mL manifested by the red fluorescence emitted by EthD-1.49  

Our findings are supported by the research conducted by Neubauer et al, who demonstrated 

ultrashort cationic lipopeptides with straight fatty acid chain length of  C8, C10 and C12 

demonstrated less hemolytic activity than those with C14, C16 and C18.50  Similarly Nasompag et 

al found that C12-KYR-NH2 showed the least cytotoxicity against monkey kidney epithelial cells 
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(vero) compared to C14-KYR-NH2 and C16-KYR-NH2.38 We previously showed that the 

lipopeptide C12-OOWW-NH2 induced a significant cytotoxicity against human keratinocyte 

(HaCaT) cells at concentrations greater than 62.5 μg/mL whereas H2N-OOWW-NH2 did not 

exhibit cytotoxicity even at the highest concentration tested (1000 μg/mL).24 

Comparing the results obtained from hemolysis and metabolic activity assays showed that the 

lipopeptides were less toxic to equine erythrocytes than HK-2 cells. The differences between the 

membrane destructive effects of lipopeptides on the tested cells strongly depends on the source 

of red blood cells, the different composition of the membranes between different mammalian 

cells, exposure times, assay differences and limitations in the addition to the medium used to 

formulate the lipopeptides.51.52 Osmotic strength of the peptide-based formulation plays an 

important role in hemolysis. Therefore, whilst hemolysis data can be an important tool for the 

rapid screening of membrane-linked toxicity/selectively, such results have to be taken into 

account alongside more reliable cell culture methods. 

Based on MIC values and percentage metabolic activity against HK-2 cell line, C12-

KTKCKFLKKC-NH2 and C14-KTKCKFLKKC-NH2 showed selectivity against bacterial cell 

membrane of Gram-positive bacteria, S. epidermidis (ATCC 35984), S. aureus (ATCC 29213) 

and MRSA (NCTC 33593) and at these concentrations, they were not toxic towards both 

erythrocytes and renal cells. However lipopeptides under investigation were less selective 

towards Gram-negative bacteria, inducing death (<80% the lower limit for cell viability as 

accepted by ISO standards)53 in HK-2 cells at concentrations equal or lower than the 

concentrations needed to inhibit growth of Gram-negative isolates.  
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Figure 5.  A) Percentage hemolysis of H2N-KTKCKFLKKC-NH2 (grey), C12-KTKCKFLKKC-

NH2 (black) and C14-KTKCKFLKKC-NH2 (charcoal) against equine erythrocytes following 

incubation at 37°C for one hour. *** p < 0.001 significant difference between peptide and 

negative control (PBS). B) Live/Dead® images of cultured HK-2 cells after 24 hours treatment 

with 7.8 and 250 μg/mL C12-KTKCKFLKKC-NH2 compared to non-treated cells (media only). 

Green represents live cells, while red indicates dead cells. Scale bar = 400 μm. C) Metabolic 

activity of HK-2 kidney cells after 24 hour exposure and D) 48 hour exposure to 7.81-500 μg/mL 

of H2N-KTKCKFLKKC-NH2 (grey), C12-KTKCKFLKKC-NH2 (black) and C14-

KTKCKFLKKC-NH2 (charcoal) utilizing a MTS metabolic assay. Values shown are expressed 

as mean ± SD of three independent experiments. NS: non-significant (p > 0.05), *** p < 0.001 

significant difference between peptide and negative control. Horizontal dotted line at 80% 

metabolic activity represents the lower limit for cell viability as accepted by ISO standards.53 
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4.4. LPS Neutralization Assay  

A LAL assay was utilized to assess whether the lipopeptides are able to bind to LPS (Figure 

6A). LAL assay is a sensitive test that can detect LPS at nanogram concentrations. The presence 

of the Gram-negative endotoxin LPS initiates a coagulation cascade that eventually leads to pNA 

cleavage from the chromogenic substrate, producing a yellow color.54 The intensity of the color 

produced by pNA release is proportional to the amount of the endotoxin in the test sample.55  

Results show that there is no significant difference between C12-KTKCKFLKKC-NH2 and 

polymyxin B in terms of LPS binding ability. C12-conjugated peptide significantly neutralized 

LPS by 92.72 ± 3.20% at 31.25 μg/mL. This concentration is below its bactericidal activity 

(MBC = 62.5 μg/mL) against E. coli and A. baumannii. The lipopeptide C14-KTKCKFLKKC-

NH2 did not demonstrate LPS neutralizing activity except at the maximum concentration 

examined (500 μg/mL). LPS neutralization was 43.14 ± 5.31% suggesting that the antibacterial 

activity of C14-KTKCKFLKKC-NH2 is not related to LPS binding activity. Majerle et al studied 

the effect of fatty acyl conjugation to LF12, a peptide fragmented from human lactoferricin, on 

LPS binding using LAL assay.56 They found that C12-conjugated peptide, LF12-C12, 

demonstrated 50% LPS neutralization at 4.4 μg/mL, where the neutralizing concentration of C14-

conjugated LF12 that inhibited 50% LPS was 36.0 μg/mL. These findings suggest that the 

lipopeptide C12-KTKCKFLKKC-NH2 has the necessary features to bind to LPS in a similar 

manner to polymyxin B and may be mediated by electrostatic interactions between the five 

cationic lysine residues of C12-KTKCKFLKKC-NH2, the phosphate groups of LPS and the 

hydrophobic interactions between the C12-acyl chain of the peptides and the fatty acyl tails of 

lipid A of LPS. The exact mechanism of polymyxin B binding to LPS is not fully understood. 

Studies showed that polymyxin B molecules aggregate on the surface of LPS membrane forming 
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an immobile micelle-like conformation that cross-link the sugar hydroxyl groups. These 

aggregations enable the fatty acid tail to immerse into the phospholipids of the membrane and 

facilitate the pore formation.23  

 

Figure 6. A) Percentage LPS neutralization after one hour treatment with C12-KTKCKFLKKC-

NH2 (charcoal) and C14-KTKCKFLKKC-NH2 (grey) using LAL assay. Polymyxin B (black) was 

used for comparison. *** P < 0.001 significant difference between peptide treated cells and 

polymyxin B. B) Percentage of NPN uptake by E. coli (NCTC 11303) outer membrane induced 

by C12-KTKCKFLKKC-NH2 (black) and C14-KTKCFLKKC-NH2 (grey) after five minutes 

treatment.  The percentage uptake is relative to 10 µg/mL polymyxin B. *** P < 0.001 

significant difference between peptide and negative control (E. coli and NPN). 

 

4.5. Outer Membrane Permeability  

An NPN permeation assay was used in order to evaluate the ability of investigated peptides to 

cause destabilization of the Gram-negative (E. coli NCTC 11303) outer membrane. The results 

are displayed by the percentage uptake of NPN relative to 10 μg/mL polymyxin B in Figure 6B. 
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NPN is a nonpolar fluorescent dye strongly fluoresces when binding to a hydrophobic region of 

the permeabilized cell membrane.30, 31 Our results showed that lipopeptides demonstrate outer 

membrane permeability within two minutes, as seen by the rapid increase in NPN fluorescence. 

C12-KTKCKFLKKC-NH2 and C14-KTKCKFLKKC-NH2 permeabilize the outer membrane of 

Gram-negative E. coli NCTC 11303 at concentrations lower than their MIC values. 7.8 μg/mL of 

C12-KTKCKFLKKC-NH2 and C14-KTKCKFLKKC-NH2 (110.2 ± 5.8% and 113.1 ± 5.1%, 

respectively) is able to permeabilize to a similar degree as 10 μg/mL polymyxin B. The outer 

membrane permeability exhibited by C12-KTKCKFLKKC-NH2 and C14-KTKCKFLKKC-NH2 at 

31.25 μg/mL was double that of polymyxin B activity at 10 μg/mL (199.6 ± 11.2% and 220.9 ± 

5.0%. In contrast to its low LPS neutralization, C14-KTKCKFLKKC-NH2 demonstrated the 

highest NPN fluorescence compared with the other lipopeptides studied, with an increase in NPN 

uptake up to 220.90 ± 5.06%. This is similar to the findings of Nasompag et al, who 

demonstrated C14-KYR-NH2 was able to permeabilize the outer membrane more effectively than 

C12-KYR-NH2.38 Interestingly, the lipopeptides C12-KTKCKFLKKC-NH2 and C14-

KTKCKFLKKC-NH2, according to their MICs, demonstrated antibacterial activity at 

concentrations eight times higher (62.5 μg/mL) than the permeabilization concentration of E. coli 

outer membrane (7.81 μg/mL) indicating their potential ability to disrupt the outer membrane of 

Gram-negative, and so they can possibly act as permeabilizers to enhance uptake of co-

admininstered antibiotics. However the outer membrane is not the only factor, these molecules 

also need to permeabilize the inner membrane at suitable concentrations in order to cause 

bacterial cell lysis. Similar findings were observed by Epand et al when they examined the 

antimicrobial derivatives of ceragenins. They found that CSA-8 and CSA-54 peptides were able 

to permeabilize the outer membrane of E. coli ATCC 25922, but neither CSA-8 nor CSA-54 
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induced inner membrane permeabilization, even at concentrations higher than those required for 

bacterial toxicity.57 Cyclo-RRR(5fW)F(5fW) and cyclo-RRR(1MeW)F(1MeW) also 

demonstrated antibacterial activity against E. coli by binding to LPS and causing outer 

membrane disruption.58 The two studies suggested that bactericidal function of antimicrobial 

peptides may relate to mechanisms where cytoplasmic membrane disruptions are not included. 

Junkes et al also showed that cyclo-RRRWFW, the most active peptide in their study according 

to its MIC, exhibited a very low activity against the inner membrane. The study revealed that the 

peptide was not able to interact with the phosphatidylglycerol/phosphatidylethanolamine bilayer 

of E. coli inner membrane.59 The cytoplasmic membrane, the main target for antimicrobial 

peptides against Gram-positive bacteria, is also important to be investigated in order to 

understand the killing mechanism of antimicrobial peptides within Gram-positive isolates and to 

recognize the relationship between the outer and inner membrane in Gram-negatives upon 

exposure to antimicrobial peptides. 

 

5. Conclusions 

In this study we demonstrated C12-KTKCKFLKKC-NH2 and C14-KTKCKFLKKC-NH2 

lipopeptides possess antibacterial efficacy especially against planktonic and biofilm forms of 

Gram-positive isolates. C12-KTKCKFLKKC-NH2 and C14-KTKCKFLKKC-NH2 exhibited 

greater selectivity towards Gram-positive isolates over mammalian cells, most importantly that 

also exhibited toxicity against MRSA which is one of the most challenging microorganisms in 

the global health. Although the two lipopeptides displayed antibiofilm activity at higher 

concentrations against Gram-negative compared to Gram-positive isolates, C12-KTKCKFLKKC-
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NH2 significantly neutralized E. coli LPS and both lipopeptides significantly permeabilize the 

Gran-negative outer membrane. These findings demonstrate promising future potential for our 

lipopeptides to be used in combination therapy alongside Gram-positive selective antibiotics, 

such as vancomycin, in order to extend their activity toward Gram-negative strains. The 

lipopeptides could also be optimized as anti-LPS molecules that can be useful in prophylaxis and 

treatment of LPS mediated diseases. Further studies are required in order to understand the 

mechanism of interaction between antimicrobial peptides and outer membrane LPS and specific 

membrane lipids in order to identify the binding sites of lipopeptide moieties. More 

investigations will also be needed to focus on lipopeptides host stability, systemic toxicity, 

formulation and route of administration in order to test their potential for clinical translation.   
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hours treatment with 7.8 and 250 μg/mL C12-KTKCKFLKKC-NH2 compared to non-treated 

cells (media only).  
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CCR2, CC chemokine receptor 2; CCL2, CC chemokine ligand 2; CCR5, CC chemokine 

receptor 5; TLC, thin layer chromatography. ANOVA, analysis of variance; chromo-LAL, 

chromogenic Limulus amebocyte lysate; DIPEA, N,N-diisopropylethylamine; K-SFM, 

keratinocyte serum free medium; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; Log10 

CFU/peg, Log10 colony forming units per peg; MIC, minimal inhibitory concentration; MBC, 

minimum bactericidal concentration; MBEC, minimum biofilm eradication concentration; MTS, 

[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; 

NPN, N-phenyl-1-napthylamine; HBTU, O-(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium 

hexaFluorophosphate; PBS, phosphate buffered saline; pNA, p-nitroanilide; Rink amide MBHA, 

4-(2′,4′-dimethoxyphenyl-Fmoc-aminomethyl)-phenoxyacetamido-MBHA; RP-HPLC, reverse 

phase high performance liquid chromatography; TIPS, triisopropyl silane.  
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