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Abstract 

The emergence of bacterial strains resistant to antibiotics is a major issue in the medical field. 

Antimicrobial peptides are widely studied as they do not generate as much resistant bacterial 

strains as conventional antibiotics and present a broad range of activity. Among them, the 

homopolypeptide poly(L-arginine) presents promising antibacterial properties, especially in the 

perspective of its use in biomaterials. Linear poly(L-arginine) has been extensively studied but the 

impact of its 3D structure remains unknown. In this study, the antibacterial properties of newly 

synthesized branched poly(L-arginine) peptides, belonging to the family of multiple antigenic 
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peptides, are evaluated. First, in vitro activities of the peptides shows that branched poly(L-

arginine) is more efficient than linear poly(L-arginine) containing the same number of arginine 

residues. Surprisingly, peptides with more arms and more residues are not the most effective. To 

better understand these unexpected results, interactions between these peptides and the membranes 

of Gram positive and Gram negative bacteria are simulated thanks to molecular dynamic. It is 

observed that the bacterial membrane is more distorted by the branched structure than by the linear 

one and by peptides containing smaller arms. This mechanism of action is in full agreement with 

in vitro results and suggest that our simulations form a robust model to evaluate peptide efficiency 

towards pathogenic bacteria. 

Introduction 

Health-care associated infections (HAIs) are a major issue in the medical field. Indeed, according 

to Centers for Disease Control and Prevention (CDC), each year in the USA, 3 % patients develops 

nosocomial infections [1]. These infections are responsible for 72 000 deaths per year in the USA 

[2]. To decrease the risk of infections, antibiotics are delivered to patients. Today, the use of 

conventional antibiotics is the major way to prevent and to fight against bacterial infections. 

However, in the last decades, some limitations to their use have appeared. Some strains of bacteria 

developed resistance to conventional antibiotics and in 2019 a study on 25 countries and territories 

showed that methicillin-resistant S. aureus represent about 12% of the S. aureus strain and 

antibiotic resistant E. coli is about 36% of the E. coli strain. [3] The CDC estimates that infections 

associated with multi-antibiotic resistant bacteria caused more than 29 000 deaths in 2020 [1]. 

Thus, conventional antibiotics are no longer effective on some strains that are more and more 

resistant to them [4]. Thus, finding new strategies and new molecules which would not induce 

bacteria mutation into resistant strains is very important for the medical field. Different strategies 
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to decrease the use of conventional antibiotics are studied such as dynamic therapies and the design 

of new antimicrobial candidates[5]. 

Antimicrobial peptides (AMPs) are, for example, a class of molecules studied to replace or 

decrease the use of conventional antibiotics. AMPs are natural small molecules from the innate 

immunity. Their role is to fight against first microbial invasion [6]. These peptides are most of the 

time cationic and amphipathic and present a broad spectrum of antimicrobial properties, namely 

antibacterial, antifungal and antiviral activities [7, 8]. A lot of studies detailed that the antibacterial 

activity of AMPs was due to the interaction between positive charges of the AMPs and negative 

charges of the outer membranes of bacteria. Indeed, due to these electrostatic interactions, the 

polycation can be adsorbed to the bacterial membrane. Then, other interactions such as 

hydrophobic interactions lead to the deformation of the membrane and the formation of pores [9-

11]. 

Among AMPs, antimicrobial peptides with branched globular structures around a core, also 

called dendrimers, are highly studied to fight against multidrug resistant bacteria [12-14]. For 

example, Siriwardena et al. showed the strong antimicrobial properties of an AMP dendrimer due 

to its higher density of functional groups in interaction with the surface of the bacteria [14]. 

Besides, AMP dendrimers present a 3D structure which seems to favor the access of all the 

functions of the molecules to the bacterial membrane. Thus, these molecules can be effective for 

bacterial inhibition and other properties can be matched to focus on several applications, such as 

biofilm prevention, cancer treatment, intracellular delivery, cell transfection… by adding active 

molecules on the branched structure [15-17]. Moreover, the use of dendrimeric structures enables 

the optimization of their stability by avoiding their degradation by protease for instance, leading 

to better antimicrobial activity [18]. 
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We demonstrated recently that homopolypeptides as polycations are a promising tool to fight 

against bacteria and can be used to design antimicrobial coatings [19]. These polymers are 

positively charged, enabling them to interact with and destabilize negatively charged bacterial 

membranes. Finally, these polycations can be associated to a negatively charged polymer to 

develop a coating with longer release of antibacterial properties [20]. In these studies, strong 

antibacterial properties were conferred to the coatings by the use of a linear homopolypeptide, 

poly(L-arginine) (PAR). pKa of arginine is of 12.5 and thus all residues will be protonated in 

physiological conditions (i.e. pH from 2 to 8.5 in the body). This is one of the main advantages of 

the polyarginine peptides, they are always charged and thus they strongly interact with negatively 

charged bacterial membranes and they finally destabilize them. By using only PAR associated with 

hyaluronic acid in a layer-by-layer buildup process, a thin coating can be produced on all surfaces. 

This leads to a “multilayer” film with the ability to prevent colonization by any kind of bacteria. 

Moreover, we showed that the size of the PAR chain (number of arginine residues per chain) play 

a key role on the antibacterial properties of the coating [21]. Indeed, the antibacterial properties 

are related to the diffusion of the PAR chains inside the multilayer of polyelectrolytes. This 

mobility determines their ability to be available on the surface and to adsorb on the membrane of 

the incoming bacteria. Finally, small chains can better diffuse inside the film compared to longer 

one. However, too small chains produce thinner films. Thus, the antimicrobial activity of the 

coating is based on a tradeoff between mobility of the PAR chains and their ability to produce 

thick films. The results show that the PAR with 30 residues (PAR30) is the optimal chain length 

range to design efficient coatings. 

From these results, the next question is if the size of the PAR chains is the unique parameter 

tuning the antibacterial properties or if the 3D structure of the PAR can also influence the 



 6 

antimicrobial properties of this molecule. For example, cyclic antimicrobial peptides seem 

interesting as some studies present the stronger antibacterial activity but also a higher resistance 

to degradation of the cyclic structure compared to a linear one [22, 23]. Besides, peptide 

dendrimers are interesting structures and some of them have been described to possess strong 

antibacterial activities. Thus, we decided to study multiple antigenic peptides (MAPs) of arginine 

amino acids. MAPs are synthetic branched peptides that can be compared to dendrimers because 

of their structure. MAPs were already studied for various applications such as diagnostics, antiviral 

and vaccines strategies but there were only few studies on their antibacterial properties [24-27]. 

Indeed, MAPs are based on a lysine tree structure which provides the core of the dendrimer 

structure. In some applications, these structures have shown to improve the immunogenic response 

and they can also improve the diagnosis performance [27]. Finally, they can be easily tuned and 

functionalized with various amino acid sequences. In the present study, we designed MAPs based 

on arginine residues with a lysine core. As lysine possesses two amine groups, two amino acids 

can be attached to one lysine on the amine groups. In this way, multibranched molecules can be 

designed through relative simple peptidic synthesis routes. It is then possible to develop MAPs 

with different numbers of arms depending on the number of lysine residues used in the core. 

Thereby we can obtain molecules comprising only arginine in the arms but distinguished by their 

configurations, as presented in Figure 1. For the nomenclature, the peptide composed of 4 arms 

with 5 or 8 arginine residues per arm was named respectively R5MAP4 and R8MAP4 (Figure 

1.B) and the peptide composed of 8 arms with 5 or 8 arginine residues in each arm was named 

respectively R5MAP8 and R8MAP8 (Figure 1.C). A cyclic peptide containing 10 arginine 

residues was also produced (cyclo (R10)). A linear peptide called R20 was added as a control and 

was composed of 20 arginine residues (Figure 1.A). In our previous studies [20, 21], a linear 
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peptide with 30 arginine residues (PAR30) was the most widely used arginine homopolypeptide 

but in the present study our aim was to compare the R5MAP4 with a linear peptide containing the 

same number of arginine residues, instead of PAR30, so R20 was selected. 

 

 

Figure 1. Chemical developed formula and schemes of various polyarginine peptidic structures: 

linear and cyclo poly (L-arginine) peptides (A), 4-arm Multiple Antigenic Peptides (MAP4) (B), 

8-arm Multiple Antigenic Peptides (MAP8) (C). 

In this study we evaluated antimicrobial activities of these MAPs towards Gram positive and 

Gram negative bacteria and we compared these activities with that of a linear PAR composed of 

20 arginine residues (R20). Biocompatibility, pro- or anti-inflammatory properties were also 

evaluated. Then, to better understand the experimental results obtained and the mechanism 

involved, molecular simulation was performed which monitors the interactions between the 

different peptides and the bacterial membrane. This method enables to provide a good 

understanding of the mechanism involved between peptides and bacterial membranes. 
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1. Materials and methods 

1.a. Materials 

 

R5MAP4 (Mw=3526.80 kDa, purity 95.0 %), R8MAP4 (Mw=5401.20 kDa, purity 95.8 %), 

R5MAP8 (Mw=7163.40 kDa, purity 98.12 %), R8MAP8 (Mw= 10911.70 kDa, purity 95.07 %), 

Cyclo(R10) (Mw= 1561.90 kDa, kDa, purity 95.06 %) and R20 (Mw= 3141.95 kDa, purity 

93.05 %) already used previously was also purchased from Pepmic and analyzed with HPLC (high 

performance liquid chromatography) and mass spectroscopy (Figure S1). BodipyTM TR-

cadaverine (5-(((4-(4,4-Difluoro-5-(2-Thienyl)-4-Bora-3a,4a-Diaza-s-Indacene-3-

yl)phenoxy)acetyl)amino)pentylamine, Hydrochloride) and thiazolyl blue tetrazolium bromide  

were purchased from ThermoFischer Scientific (USA). Griess reagent, Trizma hydrochloride, 

Fetal bovine serum, DMSO and lipopolysaccharides from E. coli O111:B4 (LPS) were purchased 

from Merck (USA). S. aureus ATCC25923 and P. aeruginosa ATCC27853 were used for bacteria 

tests. DMEM high glucose was purchased from Dutscher (France). Penicillin-streptomycin was 

purchased from Biowest (France).  

1.b. Minimal Inhibitory Concentration evaluation 

Minimal Inhibitory Concentration (MIC) was tested on two bacteria strains: S. aureus 

ATCC25923, Gram positive bacteria and P. aeruginosa ATCC27853 Gram negative bacteria. To 

evaluate the MIC of the peptides, the samples were dissolved in milliQ water at concentrations 

between 5 µg.mL-1 and 2 mg.mL-1. A bacterial suspension was prepared at a concentration of 8 × 

105 CFU.mL-1 in Mueller-Hinton Broth (MHB). Then, 90 µL of bacterial suspension were added 

in each well of a 96-well plate and 10 µL of peptides at the different concentrations were added to 

the bacteria. Control wells were also prepared by adding 10 µL of antibiotics (tetracyclin at 1 
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µg.mL-1 + cefotaxim at 0.01 µg.mL-1) for negative control or of milliQ water for positive control 

to the 90 µL of bacterial suspension. Three wells were prepared for each condition. Finally, the 

plate was incubated for 24 hours at 37°C and the optical density (OD) was measured at 595 nm. 

The OD of each condition was normalized with respect to the control.  

The MIC was evaluated a minimum of three times for each peptide and bacteria strain. Then, 

the average value for each concentration and the standard deviation were calculated. Sigma plot 

software was used to plot the normalized bacterial growth (%) as a function of the concentration 

of peptides and the MIC was determined as the minimal concentration to inhibit 99.9 % of bacteria.  

1.c. Kinetics of bacteria kill 

To see in detail how fast the peptide is able to kill the bacteria, the number of bacteria in contact 

with the peptide was followed in time. First, a bacterial suspension was prepared at a concentration 

of 8×105 CFU.mL-1 in MHB. In Falcon tubes, 9.9 mL of bacterial suspension were placed. Then, 

100 µL of peptide dissolved in milliQ water were added to the bacteria. In this way, the final 

concentration of the peptide was the MIC of R5MAP4 evaluated previously (10 µg.mL-1). As the 

MIC in mass was much higher for R8MAP8 than the MIC for R5MAP4 and R20, a second 

concentration (MIC of R8MAP8 equal to 50 µg.mL-1) was tested. A control Falcon tube was also 

prepared by adding 100 µL of milliQ water to 9.9 mL of bacterial suspension. The Falcon tubes 

were incubated at 37°C for 8 hours. 

At t = 0, 1, 2, 4, 6 and 8 hours, 10 µL of each tube were picked and diluted (from 100 to 10 000 

times). 100 µL of each dilution were placed on agars and spread and then incubated at 37°C for 

24 hours. After 24 hours, the colonies on agars were counted.  

1.d. Fluorescent displacement assay 
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The interactions between peptides and LPS, which is the major component of Gram negative 

outer membrane can be observed using Bodipy TR-cadaverine fluorescent dye (Bodipy). The 

protocol was adapted from Harm et al. [28] First, LPS at a concentration of 7.5 µg.mL-1 in Tris 50 

mM pH 7 buffer (Tris), Bodipy at 2.1 µM in Tris and peptides at concentrations between 5 and 20 

µg.mL-1 in Tris were prepared. Then, in a black 96-well plate, 50 µL of LPS and 50 µL of Bodipy 

were added and placed under stirring in the dark for 30 minutes. Then, 100 µL of peptides at the 

different concentrations were added to the LPS and Bodipy and placed under stirring in dark for 

15 minutes. The fluorescence was then measured using a Varioskan spectrophotometer 

(ThermoFischer, USA) at an excitation wavelength of 590 nm and emission wavelength of 620 

nm. 

1.e. Cytotoxicity on fibroblasts and macrophages 

The cytotoxicity of peptides in solution was tested by measuring the metabolic activity of RAW 

264.7 macrophage cells and of BALB/3T3 fibroblast cells by a MTT assay. The experiment was 

performed following standard ISO 10993-5 norm. In a 96-well plate, 50 000 cells were seeded 

with DMEM High Glucose with the addition of 5 % low endotoxin serum and 1% PS (DMEM) 

and incubated for 24 hours at 37°C. After 24 hours, the medium was removed and replaced with 

peptide dissolved and diluted in DMEM at concentrations between 0.5 and 100 µg.mL-1. Three 

wells were prepared for each concentration. The cells were incubated 24 hours at 37°C with 

peptides. The medium was then replaced by MTT at 0.2 mg.mL-1 in DMEM and incubated for 3 

hours. Finally, the formazan crystals were dissolved in 100 µL of DMSO. The absorbance at 570 

nm in each well was measured using a Varioskan spectrophotometer (ThermoFischer, USA). 

1.f. Nitric Oxide (NO) quantification with Griess reagent 
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The anti-inflammatory activities of the R5MAP4 and R20 peptides were evaluated on 

macrophages by quantifying the nitric oxide (NO) released from them. First, 50 000 RAW 264.7 

cells were seeded with DMEM and incubated for 24 hours at 37°C. Then, peptides at a 

concentration of 20 µg.mL-1 were prepared in DMEM and added to the wells for 24 hours. For the 

control, LPS and IL-4 were used at 10 ng.mL-1 in medium. Thus, controls with only LPS or only 

IL-4 were prepared. Samples with peptides with LPS or peptides with IL-4 were also studied. 

Three wells were prepared for each condition. We also prepared three wells with cell culture 

medium only, and three wells with the addition of DMSO to the medium. After 24 hours, 100 µL 

of each well were placed in another 96-well plate. Then, 100 µL of acetoacetic 0.01 M pH 2.5 

buffer and 50 µL of Griess reagent at 6 mg.mL-1 were added. The plate was placed under agitation 

for 5 minutes and the absorbance at 540 nm was measured using a Xenius XC spectrophotometer 

(SAFAS, Monaco). The absorbance was then normalized with the absorbance of LPS samples. 

1.g. Hemolysis 

The hemolysis of red blood cells in contact with peptides was also quantified. For this 

experiment, red blood cells from sheep were washed three times in PBS. 10 mL of red blood cells 

were placed in two Falcon tubes and 30 mL of PBS were added in each. The cells were centrifuged 

5 minutes at 2500 rpm. Then, the supernatant was removed and replaced by 30 mL of fresh PBS 

and these two first steps were repeated twice. After the washing steps, the red blood cells were 

diluted in 10 mL of PBS. In a U bottom 96-well plate, 100 µL of red blood cells were poured. 

Then, 100 µL of peptides at concentrations from 0.6 to 60 µM in PBS were added. For controls, 

100 µL of PBS or 100 µL of Triton at 0.1 % in PBS were added to 100 µL of red blood cells. Three 

wells were prepared for each concentration. The plate was incubated at 37°C for 30 minutes and 

then centrifuged. 100 µL of the supernatant of each well was poured in a 96-well plate and the 
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absorbance of the supernatant was measured at 550 nm using Xenius XC spectrophotometer 

(SAFAS, Monaco). 

1.h. Statistical analysis 

Each experiment was performed at least three times (except for hemolysis experiment that was 

performed two times and for the kinetics of bacteria lysis that was performed only one time). The 

represented results correspond to the average of independent experiments and the error bars 

represent standard error of the mean. The One-Way ANOVA on Ranks statistical test was 

performed using Sigma Plot software to reveal significant differences between peptides. If the p-

value is lower than 0.05, the different conditions were considered significantly different. 

1.i. Molecular dynamics simulations 

Molecular modeling was conducted with the GPU version of Amber 20 software package. [29] 

To generate branched peptides, slight modifications of the lysine residue were made and their 

partial atomic charges were determined through the semi-empirical QM computations AM1-BCC 

[30]. All molecular dynamics (MD) simulations were conducted in water boxes under NTP 

conditions and used the protein force-field ff14SB in conjunction with gaff2 for the modified 

lysine residues. When membrane systems were considered the lipid21 force-field were added to 

the systems [31-34]. Bacterial membranes were created for P. aeruginosa (PA) and S. aureus (SA) 

through the CHARMM-GUI interface [35]. A lipid ratio of 23% 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine (DPPE), 46% of 1,2-dioleoyl-snglycero-3-phosphoethanolamine (DOPE) 

and 31% of 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG) was generated for PA while a 

ratio of 70% of 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 30% of 1,2-Dioleoyl-sn-

glycero-3-phospho-rac-(1-glycerol) (DOPG) was chosen for SA [36, 37]. Molecular schemes of 

these lipids are displayed in Figure S3. 
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The protocol of MD simulations starts with a first minimization of the system followed by a 

heating phase to reach the desired temperature of 300K. For peptides alone in water, trajectories 

of 40 ns were generated and repeated 4 times (replicas). Both membrane systems were firstly 

equilibrated alone in water through 1.2 µs of MD. Six peptide/membrane complexes were 

constructed by placing either the R20, R5MAP4 or R8MAP8 peptides above PA or SA equilibrated 

membrane surfaces at a distance of about 50 Å authorizing the peptides to freely rotate or 

reorganize before making adsorption on membranes. MD were then realized for these systems for 

1.2 µs for each system. 4 replicas were generated to provide meaningful statistical analyses which 

were performed with the cpptraj module of Amber [38]. All structural visualization and images 

were created with the VMD software [39]. 

 

2. Results and discussion 

2.a. Antimicrobial properties of peptides 

2.a.1. Minimal inhibitory concentrations (MIC) 

The minimal inhibitory concentrations (MIC) of peptides in solution on both Gram positive 

S. aureus and Gram negative P. aeruginosa bacteria, two of the main bacteria responsible for 

nosocomial infections, are shown on Figure 2. First, one cyclo arginine and four MAPs were 

compared to a linear PAR. Results showed that the cyclo(R10) did not present any antibacterial 

activity on both S. aureus and P. aeruginosa. Besides, R8MAP4 and R5MAP4 have higher 

antibacterial activity with a lower MIC compared to R5MAP8 or R8MAP8.  
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Figure 1. Minimal Inhibitory Concentration (MIC) of R5MAP4, R8MAP4, R5MAP8, R8MAP8, 

R20 and Cyclo(R10) poly(L-arginine) peptides in solution with S. aureus ATCC25923 in µM (A), 

or in µg.mL-1(B) and with P. aeruginosa ATCC27853 in µM (C) or  in µg.mL-1 (D). The MIC 

determination was measured in three wells, and the experiment was repeated 3 times in an 

independent way. The MIC was calculated as the concentration to inhibit 99.9% of the bacteria. 

The graphs show averages of the three experiments with error bars representing the standard error 

of the mean. * p < 0.05. 

Thus, for all the further experiments we will focus on two MAPs, the smaller one and most 

effective, and the larger one, i.e.: R5MAP4 and R8MAP8, respectively. We will compare the 

results with a linear PAR composed of 20 arginine residues (R20). R5MAP4 presented the smallest 

MIC on S. aureus with a value of 1.9 ± 0.4 µM (or 6.8 ± 1.2 µg.mL-1). Besides, the MIC on S. 

aureus of the linear homopolypeptide R20 was higher (4.3 ± 2.1 µM (or 11 ± 6 µg.mL-1) and the 
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MIC of R8MAP8 on S. aureus was 3.6 ± 0.9 µM (or 49 ± 27 µg.mL-1). This suggests that for an 

equal number of arginine residues (20), a branched configuration of polyarginine is more effective 

to inhibit the growth of S. aureus than the linear one. However, in an unexpected way, increasing 

the number (from 4 to 8) and length of arms (from 5 to 8) of MAPs leads to a slight but significant 

decrease in the antimicrobial activity of the chains. On P. aeruginosa, the MIC of R8MAP8 (5.8 

± 1.7 µM or 63 ± 18 µg.mL-1) was higher than the MIC of R20 and R5MAP4. In contrast, R20 

(3.7 ± 0.6 µM or 9.6 ± 1.9 µg.mL-1) and R5MAP4 (2.9 ± 1.7 µM or 11 ± 6 µg.mL-1) showed 

roughly the same values. To compare these results with a well-established drug, we performed 

MIC evaluation in the same conditions with LL-37, one of the most known human antimicrobial 

peptides (Figure S2).  

Thus, the MIC in mass of R8MAP8 on P. aeruginosa was 6 times higher than the MIC of 

R5MAP4 or R20. We did not expect such a result. Initially, we assumed that the key parameter in 

the activity is the primary sequence, i.e. the number of positive charges that increases with the 

number of arginine residues on the chain, leading to more interactions between the PAR and the 

bacterial membrane. R8MAP8 is composed of 64 arginine residues and R20 and R5MAP4 of only 

20 arginine residues. Thus, we expected that R8MAP8 would have the best antimicrobial 

properties with the smallest MIC due to its high number of positive charges. However, the highest 

MIC and thus the lowest activity is observed for the R8MAP8 peptide. We can make the 

assumption that the structure of R8MAP8 has strong steric hindrance and/or that there is charge 

repulsion within the peptide. Thus, all the charges are probably not in close vicinity to the bacterial 

membrane. R5MAP4 with a lower number of arms and shorter ones is probably less affected by 

steric hindrance. Molecular simulations will be performed in the second part of this study to have 

a better view of the conformation of the different peptides and to confirm this hypothesis. 



 16 

2.a.2. Kinetics of bacteria lysis 

 

Further experiments were performed to refine the difference in antibacterial activities of the 

three peptides, R20, R5MAP4 and R8MAP8. We first evaluated the kinetics of S. aureus lysis by 

monitoring the evolution of the number of bacteria over time for the first 8 hours of culture (time-

kill curves). Living colonies were counted after seeding on agar plates. Figure 3 shows the results 

for the three peptides incubated at a concentration of 10 µg.mL-1 for R20, R5MAP4 and at 10 and 

50 µg.mL-1 for R8MAP8. Data were normalized by using as reference (100%) the number of 

colonies at the beginning of the kinetics. First, we observed that the number of colonies over time 

decreased and reached zero after 8 hours for R20 and R5MAP4. This decrease was expected, as 

10 µg.mL-1 corresponds to the MIC. However, the profile of decrease was not similar for R20 and 

R5MAP4. Indeed, the decrease in colonies was about 70% after one hour in culture with R5MAP4. 

By contrast, with R20, the number of bacteria increased up to 120% during the two first hours of 

the experiment and then decreased in the same manner than R5MAP4 after 4 hours, before 

reaching slowly zero after 8 hours. The kinetics of bacteria lysis with R5MAP4 is the fastest. 

Besides, the number of colonies over time for R8MAP8 at 10 µg.mL-1 first decreases but after 6 h, 

an increase of the number of colonies is noticed. This increase was expected as the MIC is above 

10 µg.mL-1 for R8MAP8. Indeed, peptides probably stays in contact with the bacterial membrane 

after lysis so it becomes less and less available under time. 

Thus, all these results suggest that the activity of peptides, at a concentration to 10 µg.mL-1, is 

stronger for R5MAP4 than for R20 or R8MAP8. A second concentration for R8MAP8 of 

50 µg.mL-1 was studied, closer to the MIC value of this peptide. A faster decrease in the number 

of colonies was observed for R8MAP8 at 50 µg.mL-1 compared to 10 µg.mL-1 with about 100% of 
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decrease after 1 hour of incubation, which shows that the increase noticed at the end of the time-

kill curve for 10 µg.mL-1 is clearly due to the low concentration of R8MAP8. 

 

Figure 2. Evolution of the number of colonies of S. aureus ATCC25923 as a function of time 

during incubation with R20, R5MAP4 and R8MAP8 peptides. The kinetics of bacteria lysis was 

tested at 10 µg.mL-1 for R20 and R5MAP4 peptides and at 10 and 50 µg.mL-1 for the R8MAP8 

peptide. The number of bacteria colonies was counted on agar plates after 24 hours of culture. Two 

agars plates were prepared and counted for all conditions at each different time. The results were 

normalized by the number of bacteria added to the medium at the beginning of the experiment.  

2.a.3. Interaction between peptides and LPS from bacterial membrane 

To better understand the peptide antimicrobial mechanism, the interaction between 

lipopolysaccharide (LPS), which is a major molecule of the outer bacterial membrane (mainly 

Gram negative) protecting the bacteria from its environment and stabilizing its structure, and R20, 
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R5MAP4 and R8MAP8 peptides at different concentrations has been studied using a fluorescent 

displacement assay (Figure 4). For this experiment, Bodipy TR-cadaverine fluorescent dye was 

used. This dye binds to LPS leading to fluorescence quenching. Then, the peptides were added to 

the LPS / Bodipy TR-cadaverine mixture. The interactions between the peptides and the LPS were 

quantified by measuring the fluorescence recovery of the Bodipy TR-cadaverine. As depicted in 

Figure 4, we observed a fluorescence increase with the addition of every peptides even at 5 µg.mL-

1. This means that the three peptides are able to make strong interactions with LPS. For 

concentrations higher than 5 µg.mL-1, a plateau is reached for the three peptides and no significant 

difference was observed in fluorescence between them, indicating that they were bound to the LPS 

in the same manner. These interactions were expected according to the literature [40]. Indeed, 

cationic peptides and polymers can bind to the bacterial membranes due to electrostatic 

interactions between their positive charges and the negative charges of the bacterial membranes, 

and in particular due to the presence of negatively charged LPS chains in the membranes. 

 



 19 

Figure 3. Interactions between LPS from bacterial membrane of E. coli and R20, R5MAP4 and 

R8MAP8 peptides using fluorescent displacement assay. The Bodipy TR-cadaverine fluorescent 

dye was quenched by the LPS. The fluorescence increase is directly related to the interaction 

between LPS and peptides once the peptide was added (t = 0). The results were normalized with 

the fluorescence in the absence of peptide in the solutions. All conditions were tested 

independently three times. The results show the averages of these three experiments and the error 

bars represent standard error of the mean. 

2.b. Biocompatibility of the peptides 

2.b.1. Cytotoxicity 

We then determined the cytotoxicity of peptides in solution on BALB/3T3 fibroblast cells and 

on RAW 264.7 macrophage cells by quantifying the metabolic activity of cells with MTT assay 

when cells are incubated for 24h with peptides at various concentrations. The results on fibroblasts 

were presented in Figure 5.A. R20 and R5MAP4 were non cytotoxic on fibroblasts even at 100 

µg.mL-1 whereas R8MAP8 showed cytotoxicity at concentrations equal or higher than 50 µg.mL-

1, which is also the MIC of the peptide on S. aureus and P. aeruginosa. Due to these results, the 

use of this R8MAP8 peptide for medical applications can be problematic. Cytotoxicity on 

macrophage cells was also tested to evaluate a potential role of peptides on the inflammation 

processes (pro- or anti-inflammatory properties) (Figure 5.B.). We observed that R5MAP4, R20 

and R8MAP8 showed no cytotoxicity on macrophages up to 100 µg.mL-1 In the presence of 

peptides, the metabolic activity of macrophages cells remains higher than 70% which is the critical 

value below which the standard ISO 10993-5 considers the compound cytotoxic. Finally, one may 

notice the excellent value of at least 10 for the ratio between the cytotoxic concentrations (for both 

fibroblasts and macrophages) and the MIC values (less than 10 µg.mL-1 for R5MAP4 and R20, as 
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presented in Figure 2). Both peptides could be efficient to prevent or fight infections without being 

toxic for eukaryotic cells. 

 

Figure 4. Normalized metabolic activity of BALB/3T3 fibroblasts (A) and RAW264.7 

macrophages (B) with different concentrations of the R20, R5MAP4 and R8MAP8 peptides. The 

results were normalized with a control using cells in cell culture medium only (without peptides). 

The red line corresponds to the metabolic activity equal to 70%, which is the minimal metabolic 

activity to consider a material non-cytotoxic regarding to the ISO10993-5 norm. The results 

present averages over 3 experiments with the error bars representing the corresponding standard 

errors of the mean. 

2.b.2. NO quantification 

After demonstrating that the peptides are not cytotoxic on RAW 264.7 macrophages, the NO 

released by these cells was quantified. NO is known to be released only when macrophages were 

polarized into M1 pro-inflammatory macrophages. Thus, if the peptides induce an increase in the 

NO secretion, it means that they could promote the inflammation process. First, addition of R20 

(Figure 6A), R5MAP4 (Figure 6B) or R8MAP8 (Figure 6C) to the medium did not significantly 

increase the NO secretion compared to the control with culture medium only. First, no significant 
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difference is observed between IL-4-enriched medium condition and with only peptides added to 

the medium. Thus, peptides do not differentiate the macrophages into M1 phenotypes. Then, as 

expected, stimulation of macrophages with LPS strongly increases the NO level by inducing a pro-

inflammatory response. When the peptide R5MAP4 was added to the medium in the presence of 

LPS, a slight decrease of the NO level was observed compared to the LPS control. However, for 

the medium containing the R8MAP8 or R20 peptides added to LPS, a large and significant 

decrease of the NO released was noted compared to the LPS control. This result suggests that R20 

and R8MAP8 have anti-inflammatory properties. The anti-inflammatory property of polyarginine 

with 30 residues (R30) was already described [41, 42]. Thus, these results are in agreement with 

previous results. Besides, as presented in Figure 4. the peptides interact with LPS. Thus, peptides 

might be attenuating the action of LPS which can also explain the results observed in Figure 6. 
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Figure 5. Quantification of the NO secretion from RAW2674.7 macrophage cells in contact with 

the R20 (A), R5MAP4 (B) and R8MAP8 (C) peptides. The results were normalized with the NO 

quantity secreted by the cells in LPS-enriched cell medium. For the three experiments, different 

controls were considered: one with cells in cell culture medium, one with cells in DMSO enriched 

medium as a control to see the NO secreted by dead cells, other with LPS or IL-4 enriched medium. 

Moreover, the NO secreted by cells after 24 h of treatment with the different peptides and with a 

combination of the peptides with LPS / IL-4 was quantified. Three independent experiments were 

performed, with three values measured in each experiment. The graph represents averages and 

error bars represent standard error of the mean. * p < 0.05. 

2.b.3. Non hemolytic properties 
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The influence of the MAP peptides on red blood cells and on their hemolysis was evaluated as 

another biocompatibility test. The results in µg.mL-1 are depicted in Figure 7 and in µM in Figure 

S3. R8MAP8 shows higher hemolytic properties than R5MAP4 or R20. Indeed, 20% of red blood 

cells are being lysed with R8MAP8 at a concentration of 40 µg.mL-1 and 80% of them at a 

concentration of 80 µg.mL-1. For cells treated with R5MAP4 or R20, the hemolysis is null at 40 

µg.mL-1 and lower than 10% at a concentration of 80 µg.mL-1. These results can be correlated with 

the aforementioned cytotoxicity of the peptides (Figure 5) where R8MAP8 was highly cytotoxic 

on fibroblasts at concentrations higher than 50 µg.mL-1. In contrast, both R5MAP4 and R20 

showed no cytotoxicity towards fibroblasts in solution, even at 100 µg.mL-1.  

 

Figure 6. Percentage of hemolysis of a red blood cell population due to the addition of R20, 

R5MAP4 or R8MAP8 at various concentrations (µg.mL-1). The results were normalized with a 

control in which red blood cells were placed in Triton 0.1 %. 100% of hemolysis was obtained 
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with a control in which cells were treated with Triton 0.1 %. The experiments were recorded three 

time in an independent manner, with three measures for each condition in every experiment. The 

data points in the graph represents averages and error bars represent standard errors of the mean. 

2.c. Computational studies 

These in vitro results showing higher antibacterial properties for R5MAP4 compared to 

R8MAP8 were not fully expected since our hypothesis was that increasing the number of arginine 

units and the number of arms of the MAP will increase the antibacterial properties. To better 

understand these observations, molecular simulations have been performed. First, the 

conformation of the peptides was studied and then the adsorption of the peptide to the bacterial 

membrane and the interactions between both were simulated. Thus, molecular dynamics 

simulations were employed to explore the conformations of these peptides in aqueous environment 

and their behavior in the vicinity of bacterial membranes, with the aim of elucidating their ability 

to interact and disrupt such membranes. The peptides R5MAP4, R8MAP8 and R20 exhibit diverse 

activities, warranting an investigation of their structure-activity relationships. 

2.c.1. Peptides alone 

Examination of molecular dynamics trajectories for the three peptides indicates a lack of stable 

structural organization, with no discernible presence of secondary structure elements typically 

observed in proteins. These observations are in line with the three peptides' inherent topological 

characteristics, sizes, and charges.  

The visualization of the trajectories has revealed a globular shape for the three investigated 

peptides, which prompted an analysis of their compactness based on their gyration radius. The 

results are presented in Figure 8, which demonstrates that, despite their inherent flexibility, 

R5MAP4 and R8MAP8 exhibit sharply defined Gaussian distributions, centered at 13.6 Å and 
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21.7 Å, respectively. In contrast, the gyration radius distribution for R20 differs from a Gaussian 

shape, and is more diffuse, indicating a less globular and more fluctuating conformation. Thus, the 

present molecular dynamics study establishes that while R5MAP4 and R8MAP8 exhibit globular 

shapes with distinct radii, R20 has a comparatively less globular structure. 

 

Figure 8. Distribution of gyration radius for R5MAP4, R20 and R8MAP8 determined from MD 

in water boxes. 

2.c.2. Peptides in interaction with bacterial membranes 

While the peptides exhibited distinct behavior in terms of their radius of gyration, this alone is 

not sufficient to explain their differences in antibacterial activity. Therefore, an investigation of 

the adsorption of R20, R5MAP4 and R8MAP8 peptides was conducted through MD with the 

membranes of two bacterial strains, Pseudomonas aeruginosa (PA, a Gram positive pathogen) and 

Staphylococcus aureus (SA, a Gram negative pathogen), to decipher the mechanism of their 
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antibacterial activities. It must be emphasized that, with these simulations, it could not be expected 

to observe membrane permeabilization, pore formation or destruction as this is likely to occur over 

longer timescales and with the combined action of multiple peptides. Therefore, the focus was 

only on the initial stage of adsorption, hypothesizing that the more a peptide perturbs the membrane 

on its own, the stronger is its antibacterial activity. Each membrane system was subjected to a MD 

simulation time of 1.2 µs in its aqueous and ionic environment and ensuring that each membrane 

was equilibrated, as confirmed by the convergence of the area per lipid (APL) versus time (Figure 

S5). Interestingly, the convergence was reached before 200 ns for the SA membrane but was only 

attained after around 350 ns for the PA membrane which can be explained by the fact that SA 

contains only oleic lipid tails whereas PA contains palmitic and oleic which thus require more 

simulation times to obtain the equilibrated state. 

Subsequently, the peptides R20, R5MAP4, and R8MAP8 were placed above the surfaces of the 

membranes, and an additional 1.2 µs of MD simulations were conducted. Notably, all peptides 

were observed to adsorb onto the membranes during the first 200 ns of simulation. This was 

evidenced for all the four replicas indicating the reproducibility of this phenomenon. To elucidate 

and quantify the impact of peptide adsorption, we examined classical metrics of membrane 

perturbation, namely APL and deuterium order parameter (SCD) which were computed after 1 µs 

to ensure the equilibration of the systems.  

When peptides adsorb onto a membrane surface, the APL value is changed and it is considered 

that the more it moves away from the reference value, the more the impact of the peptide on the 

integrity of the membrane is consequent [43]. Table 1 lists the average values of APL along with 

their standard deviations for PA and SA membranes alone and with R20, R5MAP4, and R8MAP8 

peptides.  
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Table 1. Area per lipid average values, in Å², and standard deviations compiled for membrane 

alone and complexed with peptides. Computations are made for the equilibrated part of the 

systems, i.e. the last 200 ns. Values are for P. aeruginosa (PA) and S. aureus (SA) bacteria. 

 

 PA 

 [Å²] 

SA  

[Å²] 

Membrane alone 8.72 ± 0.06 11.52 ± 0.12 

R20 8.92 ± 0.07 11.55 ± 0.11 

R5MAP4 9.26 ± 0.07 12.25 ± 0.11 

R8MAP8 8.88 ± 0.06 11.60 ± 0.13 

 

Based on the values presented in Table 1, the following information can be extracted: all 

peptides appear to have an impact on membrane organization. However, the peptide R5MAP4 

significantly disrupts PA and SA membranes to a greater extent. It should be noted that for SA, 

the impact of R20 and R8MAP8 is more moderate compared to PA, where a significant change in 

behavior is observed. All these findings suggest that the three peptides have differential effects on 

the membrane properties, with R5MAP4 having a greater influence on lipid packing compared to 

R8MAP8 and R20. 

The observation of such behavior is interestingly correlated with the analyses of SCD as shown 

on Figure 9. These figures are shown individually as supplementary information in Figures S6 to 

S11. In fact, SCD reflects the orientation and mobility of the lipid acyl chains (Figure S4). So that 

any change characterizes the effects of peptides interactions on membranes [44]. A decrease in 

this parameter indicates significant disorganization of lipids, and is indicative of the strength of 
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the effect on the membrane. In this context, with regard to PA and SA, the study finds that 

R5MAP4 has the strongest impact on lipid organization, which is correlated with its biological 

activity. In the case of SA, both R8MAP8 and R20 have a moderate, yet observable, effect, with 

no distinction between them being possible. On the other hand, in the case of PA, there is a more 

notable effect from R8MAP8 and R20, which is consistent with the measurements of APL. It is 

noteworthy that the phospholipids, namely DOPE for PA, and DOPG and DOPC for SA, feature 

an oleoyl-type lipid containing a double bond. This double bond naturally introduces disorder into 

the membrane, which is manifested by a drastic decrease in the lipid tail order parameter (SCD) 

specifically at carbons 10 and 11. 

 

Figure 9. Order parameter (SCD) of lipid bilayers without (dash line) or in the presence of 

R5MAP4 (black), R8MAP8 (green) and R20 (red) peptides. For P. aeruginosa, A and B represent 

the SN-1 and SN-2 of palmitic lipids, respectively, whereas C and D represent the SN-1 and SN-

2 of oleic lipid, respectively. For S. aureus, where only the oleic lipid tail exists, E and F refer to 

the SN-1 and SN-2 of this lipid.  
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The structural analyses of the R20, R5MAP4 and R8MAP8 interaction with PA and SA 

membranes are illustrated on Figure 10. It is noteworthy that all peptides lie completely on the 

surface of membranes except for R8MAP8 on the SA membrane. On the latter, R8MAP8 presents 

two of its chains composed of 8 arginine residues that do not interact with the membrane and 

remain exposed to the solvent. This observation is not random as it occurs for all 4 replicas of this 

simulation and it is important to note that the R8MAP8 peptide has sufficient space to lie 

completely on the SA membrane. We note that for the bacterium PA, R8MAP8 manages to lie 

completely on its membrane. This phenomenon can be explained by the fact that the SA membrane 

is distinct from that of PA by their polar heads. Specifically, PA contains the polar heads 3-

phosphoethanolamine (PE) and 3-phosphoglycerol (PGR) while SA contains the polar heads 3-

phosphocholine (PC) and PGR. Since PC is neutral while PE is negative, this induces a stronger 

electrostatic field for PA than for SA, resulting in a stronger electrostatic attraction and complete 

adsorption of R8MAP8 to PA. 

 

Figure 10. Structural interactions of R20 (A), R5MAP4 (B) and R8MAP8 (C) with the PA (top) 

and SA (bottom) membranes. For the sake of clarity, water, ions, lipid tails and hydrogens are not 
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displayed. Peptides are presented with VDW spheres whereas the head of phospholipids moieties 

are with lines. To localize easily the average position of the upper membrane leaf a plane is 

displayed in blue. 

 

For our peptides, the antimicrobial activity should result from the disruption of the bacterial 

membrane. To easily visualize this phenomenon, the average position of the upper membrane leafs 

are displayed in Figure 10 to identify the peptide parts which deeply affect the membrane 

organization. All peptides establish electrostatic interactions with their positively charged arginine 

residues and the polar heads of phospholipids. However, depending on their topology and 

structural organization, different behaviors are observed. The R8MAP8 and R20 peptides do not 

penetrate deeply into the membrane and remain on a surface, which induces a minor perturbation. 

In contrast, R5MAP4 shows a more pronounced effect with a strong penetration into the 

membranes, as easily observed in Figure 10. This behavior is notably similar for both studied 

bacteria. This biological activity echoes the gyration radius measurements, where R5MAP4 

presents a spherical organization, like R8MAP8, unlike R20 with a smaller radius than R8MAP8. 

Our results demonstrate that biological activity is not directly correlated with the number of 

positive charges, i.e., the number of arginine residues, but with a distinct structural organization 

on the membrane. Thus, R5MAP4, with its spherical aspect and charge density, exerts a stronger 

constraint on bacterial membranes, inducing better antimicrobial activity. 

 

3. Conclusion and perspectives 

Previously we showed that the size of linear poly (L-arginine) has strong effect on the MIC and 

antibacterial properties of the peptide. With this current work, we presented that the shape and 



 31 

configuration of the polypeptide has also an impact on the antibacterial properties of the molecule. 

Some MAP peptides show higher antibacterial properties than a linear peptide for the same number 

of arginine residues. Moreover, the molecular simulation demonstrated that this antibacterial 

activity was due to the adsorption/interaction of the peptide to the bacterial membrane and that the 

mechanical deformation of the bacterial membrane was much higher with a MAP peptide than a 

linear one. Besides, bigger molecules with longer arms do not present better antibacterial 

properties even though the number of positive charges is higher. The molecular simulation shows 

indeed that the spherical structure of bigger molecules is more compact and due to steric hindrance, 

the peptide cannot lay down to the bacteria surface. Thus, the molecular dynamic simulation 

helped us to understand the difference in the mechanism of a linear and a MAP peptide.  

Now that we proved that there is difference in the antibacterial activities between linear and 

MAP peptides, the further step is to add MAP peptides in biomaterials, such as multilayer coatings 

or hydrogels to see the effect on antibacterial properties and to see if these properties can be 

improved by the addition of these small peptides. 
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