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Super-Cationic peptides: insights on their antimicrobial 

action. 

Introduction: 

Bacteria have been to the human civilization a threat as well as 

an ally, since the beginning of time. The introduction of 

antibiotics into clinics to treat infections was one of the best 

medical achievements ever accomplished. However, the increase 

of antimicrobial resistance (AMR) as well as the failure to 

develop new antibiotics is a cause of much concern, and is 

essential to create new strategies of development in order to fight 

this global threat. 

Bacterial cell membranes are a key factor in the emergence and 

evolution of resistant bacteria, due to their capacity to interact 

with other organisms, the environment or both. Therefore, the 

study of the physical and chemical properties of biological 

membranes is essential to understand their role in resistance. 

One path to develop new strategies and create new antimicrobial 

agents to address the global threat of resistant bacteria is the 

synthesis of new compounds as an alternative therapy, like 

synthetic antimicrobial peptides (AMPs). In this context, the 

active exploration of peptides from the new AMP family, named 

the Super-Cationic peptide dendrimers (SCPDs) was carried out. 
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Hypothesis: 

The main hypothesis of this thesis is that synthetic peptides may 

have antimicrobial properties against clinical bacterial strains, 

and may provide weapons to treat infections caused by 

multidrug-resistant strains. A deep research of the mechanisms 

underlying antimicrobial action should be carried out. 

Objectives: 

The main objective of this thesis is to determine the 

antimicrobial properties of synthetic peptides from a new AMP 

family, SCPDs, specifically the peptide G1OLO-L2OL2.  

The secondary objectives of this thesis are divided in three parts:  

First, finding the eventual target and interactions those peptides 

may have with the bacteria, particularly its possible interaction 

with the bacterial cell membrane. 

Second, to determine the cytotoxicity these molecules may have 

over eukaryotic cells. 

And third, to observe the effect these molecules may have on 

the bacteria, the cell membranes and on artificial membranes by 

means of atomic force microscopy (AFM). 

Methodology: 

The antimicrobial activity of the synthetic peptides was explored 

against planktonic bacteria of several microorganisms and the 

cytotoxicity of all the compounds was also tested.  
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Furthermore, in order to decipher the possible effects caused by 

the integration of G1OLO-L2OL2 into the bilayer, observation 

of the effects generated by AFM along with measurements, as a 

function of temperature of the steady-state fluorescence 

anisotropy (r) of Laurdan, DPH and TMA-DPH incorporated 

into liposomes were done. On top of that, this peptide may have 

an effect over the electrostatic surface membrane potential (Ψ) 

which was assessed using ANS probe, in order to establish a 

possible relationship between the electrical properties of the 

phospholipid bilayer surface and the peptide activity. 

Results: 

The screening of SCPDs revealed that almost all compounds 

showed antibacterial activity and seem to be antimicrobials of 

broad-spectrum. 

The study of time-kill curves (TKC) and growth curves (GC) 

allowed to see differences in action of the peptides, specifically 

over Escherichia coli where the tested compounds affected 

significantly the bacterial growth. These results prompted to 

evaluate the cytotoxicity of these molecules in eukaryotic cell 

lines where, G1KLK-L2KL2 and G1OLO-L2OL2 were 

considered as the best candidates as new antimicrobial agents 

against E. coli. 
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No significant modification of the liposome size was observed 

when the effect of G1OLO-L2OL2 loading was determined. 

However, loading increase the zeta potential value of blank 

liposomes in nearly 5 mV, likewise it was stablished that the 

presence of G1OLO-L2OL2 modifies the effective surface 

charge of the liposome increasing in + 5.06 mV the surface 

potential of the liposomes. 

Moreover, the evaluation of the variation of DPH and TMA-

DPH anisotropy values (r) as a function of temperature with 

(0.005 µM) and without peptide was also studied. With TMA-

DPH significant changes towards higher temperatures were 

observed in the transition temperature (Tm). Furthermore, the 

Laurdan study to analyze the induction of lipid microdomains 

caused by presence of the peptide in liposomes clearly indicates 

a transition towards a more fluidic phase without the existence 

of lipid domains of different composition. 

AFM allowed us to observe how the addition of 0.0005 µM 

peptide results in the fluidification of the lower lipid layer in an 

initial stage after the peptide addition. Up to 35 minutes after the 

peptide addition it was feasible to observe a degradation of the 

lipid domains disorganizing from the center of the domain to the 

margins. 

Moreover, bacterial AFM showed remarkable differences 

between the control strains and the treated ones where a total 
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destruction of the integrity of the planktonic bacteria occurs. The 

cells seem to shorten and granulate its external membrane while 

losing some of their intracellular content. 

Conclusions: 

In conclusion, we have designed a set of branched peptides to 

obtain constructs that we have called super-cationic peptide 

dendrimers (SCPDs) and tested them as potential antimicrobial 

agents, which appear to be broad-spectrum antibacterial 

compounds. TKC kinetics revealed higher activity against Gram-

negative bacteria and growth curves reinforced this conclusion. 

Moreover, the cytotoxicity study showed that the higher the 

toxicity the higher branched are the peptides. Furthermore, the 

biophysical experiments demonstrate a surface effect of 

G1OLO-L2OL2 on the model lipid membranes. 
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Super-Cationic peptides: insights on their antimicrobial 

action. 

Introducción: 

Las bacterias han sido desde el principio de los tiempos una 

amenaza y un aliado para la civilización humana.  

La introducción de los antibióticos en la clínica para tratar 

infecciones fue uno de los mejores logros médicos jamás 

logrados. No obstante, el aumento de las resistencias a los 

antimicrobianos, así como la falta de desarrollo de nuevos 

antibióticos es motivo de gran preocupación, y por ello es 

fundamental la creación de nuevas estrategias de desarrollo para 

combatir esta amenaza global. 

Las membranas celulares bacterianas son uno de los factores 

clave en la evolución de bacterias resistentes, debido a su 

capacidad para interactuar con otros organismos, el medio 

ambiente o ambos. Por lo tanto, el estudio de las propiedades 

físicas y químicas de las membranas biológicas es fundamental 

para comprender su papel en las resistencias. 

Un camino para desarrollar nuevas estrategias y crear nuevos 

agentes antimicrobianos para abordar la amenaza global de la 

resistencia bacteriana es la síntesis de nuevos compuestos como 

terapias alternativas, tal y como serían los péptidos 

antimicrobianos sintéticos (AMPs). 
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En este contexto, se llevó a cabo la exploración de la actividad 

antimicrobiana de los péptidos de la nueva familia AMP, 

denominados Super-Cationic peptide dendrimers (SCPDs). 

Hipótesis: 

La principal hipótesis de esta tesis es que los péptidos sintéticos 

pueden tener propiedades antimicrobianas contra cepas 

bacterianas clínicas y pueden proporcionar armas para tratar 

infecciones causadas por cepas multirresistentes. Se debe realizar 

una investigación profunda de los mecanismos que subyacen a la 

acción antimicrobiana. 

Objetivos: 

El principal objetivo de esta tesis es determinar las propiedades 

antimicrobianas de los péptidos sintéticos de una nueva familia 

de AMP, conocida como SCPDs, concretamente del péptido 

G1OLO-L2OL2. 

El objetivo secundario de esta tesis se divide en tres partes: 

Primero, encontrar la posible diana y las interacciones que estos 

péptidos pueden tener con la bacteria, particularmente su posible 

interacción con la membrana celular bacteriana.  

Segundo, determinar el efecto citotóxico que estas moléculas 

pueden generar sobre células eucariotas. 
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Y, en tercer lugar, observar el efecto que estas moléculas pueden 

tener sobre las bacterias, la membrana celular y las membranas 

artificiales mediante microscopía de fuerza atómica (AFM). 

Metodología: 

Se exploró la actividad antimicrobiana de los péptidos sintéticos 

frente a bacterias planctónicas de varios microorganismos y se 

ensayó la citotoxicidad de todos los compuestos. Asimismo, con 

el fin de descifrar los posibles efectos causados por la integración 

de G1OLO-L2OL2 en la bicapa, se llevó a cabo la observación 

de los efectos generados por AFM junto con mediciones en 

función de la temperatura de la anisotropía de fluorescencia en 

estado estacionario (r) de Laurdan, DPH y TMA-DPH 

incorporados en liposomas.  

A su vez, este péptido podría tener un efecto sobre el potencial 

de membrana (Ψ) evaluado mediante la sonda ANS con el fin 

de establecer una posible relación entre las propiedades eléctricas 

de la superficie de la bicapa lipídica y la actividad del péptido. 

Resultados: 

El estudio de los SCPDs reveló que casi todos los compuestos 

mostraron actividad antibacteriana indicando que los 

compuestos probados parecen ser antimicrobianos de amplio 

espectro. 
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El estudio de curvas de muerte (TKC) y curvas de crecimiento 

(GC) permitió ver diferencias en la acción de los péptidos, 

específicamente sobre Escherichia coli donde los compuestos 

probados afectaron significativamente el crecimiento bacteriano 

Estos resultados impulsaron a evaluar la citotoxicidad de estas 

moléculas en líneas celulares donde, G1KLK-L2KL2 y G1OLO-

L2OL2 fueron considerados como los mejores candidatos como 

nuevos agentes antimicrobianos contra E. coli.  

G1OLO-L2OL2 no parece modificar significativamente el 

tamaño de los liposomas, sin embargo, aumenta el valor del 

potencial zeta de estos en casi 5 mV. Asimismo, se estableció que 

la presencia de G1OLO-L2OL2 modifica la carga superficial 

efectiva del liposoma aumentando en + 5,06 mV el potencial 

superficial de los liposomas. Además, también se estudió de la 

variación de los valores de anisotropía (r) de DPH y TMA-DPH 

en función de la temperatura con (0,005 µM) y sin péptido.  

Con TMA-DPH se observó un cambio significativo en la 

temperatura de transición (Tm) hacia temperaturas más altas.  

Además, el estudio con Laurdan para analizar la inducción de 

microdominios lipídicos provocados por la presencia del péptido 

en los liposomas indica claramente una transición hacia una fase 

más fluida sin la existencia de dominios lipídicos de diferente 

composición. 
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La microscopía de fuerza atómica nos permitió observar cómo 

la adición de 0,0005 µM de péptido genera la fluidificación de la 

capa lipídica inferior en un estadio inicial, después de 35 minutos 

de la adición del péptido se observa también una degradación de 

los dominios lipídicos que parecen perder su estructura 

desorganizándose desde el centro del dominio hacia los 

márgenes.  

Conjuntamente, en el estudio in vivo con bacterias se observan 

diferencias notables entre el control y las células tratadas, en las 

que se produce una destrucción total de la integridad de las 

bacterias planctónicas. Las células parecen acortarse y granular 

su membrana externa mientras pierden algo de su contenido 

intracelular. 

Conclusiones: 

En conclusión, hemos diseñado un conjunto de péptidos 

ramificados para obtener moléculas denominadas dendrímeros 

peptídicos supercatiónicos (SCPDs) y los hemos probado como 

posibles agentes antimicrobianos, que parecen ser compuestos 

antibacterianos de amplio espectro. La cinética de TKC reveló 

una mayor actividad contra bacterias Gram-negativas y las curvas 

de crecimiento reforzaron esta conclusión. Además, el estudio 

de citotoxicidad mostró que cuanto mayor es la toxicidad, más 

ramificados son los péptidos. Además, los experimentos 
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biofísicos demuestran un efecto superficial de G1OLO-L2OL2 

en las membranas lipídicas modelo.
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umankind has been, since the beginning of time, 

threatened by infectious diseases.  

Microbial infections had caused injury, pain and in plenteous of 

cases death, leading to near extinction in some zones of the 

Earth due to epidemics like the plague, Spanish influenza, 

tuberculosis, leprosy or cholera.  

Bacteria were the first living organisms on Earth, they vary in 

size and shape and without their discovery and description the 

outstanding role of antibiotics could not have been written (1–

3). 

1. The Bacterial Cell Envelope. 
 

Cells are the fundamental element that form a living organism. 

They are encased by a biological membrane, which allows the 

interaction and communication with other cells, the 

environment or both (2). 

Bacteria are prokaryotic organisms and their cell envelope is a 

dynamic intricate structure formed by multiple layers that 

protects them from their unreliable and usually hostile 

surroundings. Moreover, the bacterial envelope has a crucial role 

in the physiology and morphogenesis of the bacteria and is a key 

factor in the development of resistant bacteria against 

antimicrobial agents (4,5). 

H 
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Most bacteria can be classified into two major groups, based on 

the Gram staining technique defined more than 100 years ago 

(1884) by a Danish bacteriologist, Hans Christian Gram. It 

allows discerning their cell wall structure between Gram-positive 

and Gram-negative bacteria applying differential staining using a 

crystal violet-iodine complex and a safranin counterstain (6).In 

essence, it can be said that the bacterial cell envelope is formed 

by the cytoplasmic membrane, the cell wall and, in Gram-

negative bacteria the outer membrane (5). 

Figure 1: Structures of Gram-positive (A) and Gram-negative (B) bacteria cell envelopes. 

Image modified and obtained from (4). CAP: covalently attached protein, LP: lipoprotein, 

LPS: lipopolysaccharide, LTA: lipoteichoic acid, IMP: integral membrane protein, OM: 

outer membrane, OMP: outer membrane protein, PG: peptidoglycan, WTA: wall teichoic 

acid. 

A B 
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1.1 Gram-positive Bacteria. 

 

The Gram-positive bacteria envelope consists of two 

substructures. The first and more internal is the lipid bilayer 

membrane that encases the bacterium cytoplasm (7).  

The second, external and the main trait of the Gram-positive 

bacteria is the peptidoglycan (PG) that forms the outer surface 

of the bacterium (8) (Figure 1A). 

Chemically, the PG is composed of alternating β-1,4-linked 

linear units of the disaccharide N-acetylglucosamine (GlcNAc, 

NAG) and N-acetylmuramic acid (MurNAc, NAM) forming a 

mesh-like framework. Since, unlike Gram-negative bacteria, 

Gram-positive bacteria are not surrounded by an outer 

membrane its thickness can reach a size between 30 to100 nm 

or even more (8,9).  

Up to 60% of the cell wall mass is composed of teichoic acids 

(TA) that enclose two different bacterial cell wall polymers: 

lipoteichoic acids (LTAs) anchored via lipid to the lipid 

membrane and wall teichoic acids (WTAs) covalently attached 

among the PG layers. Both play a central role in numerous 

cellular processes and confer the cell highly negatively charged 

properties (4,7,8,10). 
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Surface proteins attach through noncovalent ionic interactions 

to the PG or TA, but many are bonded covalently to stem 

peptides within the peptidoglycan layers (4). 

 

1.2 Gram-negative Bacteria. 

 

The Gram-negative bacterial cell envelope is more challenging 

and consists of three substructures. Starting from the external 

layer the first encountered is the outer membrane (OM), which 

is the main trait that differentiates Gram- negative bacteria. 

The OM is a highly asymmetric bilayer composed by 

phospholipids and predominantly glycolipids, being the 

lipopolysaccharide (LPS) the principal one (4,11). 

LPS is a macromolecule with three main structural components: 

The Lipid A, the core oligosaccharide (inner and outer), and the 

O-antigen. This molecule is a definite indicator of infection and 

that is why the human innate immune system is sensitized to it 

(12). 

In addition, the OM contains bounded proteins that can be 

divided into two different classes, lipoproteins and -barrel 

proteins (considered to be almost all of the transmembrane 

proteins) called outer membrane proteins (OMPs). 

The PG whose thickness is only a few nanometers in contrast to 

the Gram-positive bacteria is enclosed in the periplasm, an 
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aqueous and viscous cellular compartment vastly populated by 

proteins delimited by the OM and the inner membrane (IM) 

(Figure 1B). 

The IM is formed by a fluid phospholipid membrane that 

encases the bacterium cytoplasm and due to the lack of 

organelles all of the functions occur in (or on) it (4,11). 
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2. A brief history of Antibiotics. 

 

The usage of microbes capable to produce antibiotic to prevent 

or avoid infectious diseases extends back millennia, long before 

the onset of modern medicine. Using moldy bread in order to 

treat open wounds or burns was common more than 2000 years 

ago in ancient civilizations like the Greeks and Egyptians. The 

existence of the Eber’s papyrus (from 1550bc) or and Anglo-

Saxon recipe (from 1000 years ago) are the oldest saved medical 

documents that include these natural treatments in its lists of 

remedies. 

It was in 1546 that particles (contagious and indistinguishable) 

were described as the causal agent of certain diseases. It took 

several centuries to demonstrate bacteria as one example of said 

particles. 

Two contributions proved to be transformative in understanding 

the underlying causes of infectious disease and propelled 

bacteriology towards the modern era. The germ theory of disease 

by Louis Pasteur and the four Koch postulates by Robert Koch, 

established the causal relation between infection, disease and 

microbes (13,14). 

The word “antibiotic” can be tracked to describe the antagonistic 

action between different microorganisms (15). Later on, it would 

be used to describe the natural action of secondary metabolites 
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produced by bacteria or fungi with the capability to either inhibit 

growth or kill others. Today, its meaning is broader, including 

partially or totally synthesized molecules (14) although is being 

slowly ,but constantly, replaced by the term “antimicrobial 

agents”. 

During the first decade of the XX century Paul Ehrlich 

laboratories synthesized the first man-made antibacterial agent, 

arsphenamine (Salvarsan), approved in 1910 as a treatment for 

syphilis (caused by the bacterium Treponema pallidum) (16). 

Nonetheless, on September 1928 one of the most impactful 

discoveries in the history of microbiology was made. The 

bacteriologist Alexander Fleming found an intriguing pattern on 

a Staphylococcus aureus Petri dish contaminated with a fungus 

(Penicillium notatum). Near the fungus the colonies had endured 

lysis whereas the colonies farther from the fungus appear 

normal. Fleming grew the fungus pure and tried it on several 

pathogenic bacterial strains, obtaining similar effects as 

previously observed. He concluded that the fungus must have 

produce a substance that killed the bacteria, and he called it 

penicillin (14,17). 

Isolation and purification of penicillin was not successful 

initially, until in 1940 when Howard Walter Florey, Ernst Boris 

Chain and Norman Heatley worked on it and managed to get the 

isolated compound.  



Super-Cationic peptides: insights on their antimicrobial action 

10 

Due to necessity and World War II a project to produce and 

distribute penicillin for the need of the forces fighting was 

launched. It was in 1945 that penicilin became available to the 

public (14). 

Meanwhile during the late 1920s and early 1930s the German 

chemical industry underwent a dramatic increase in synthesized 

molecules (specifically dye compounds), and among them one 

stood out: sulphonamidochrysoidine. The discovery of the 

sulfonamide drugs marked the next advance in antibiotic history 

(13,18). 

The amount of discoveries of antimicrobial compounds 

produced by microorganism led Selman Waksman to start the 

study of microbes as producers of antimicrobial compounds, in 

particular he focused on the spore-forming bacteria grouped 

under the term Actinomycetes. 

The Waksman program led to the golden era of antibiotic 

discovery range  between the 1940s and 1960s (Figure 2) where 

more than 20 classes of antibiotic were discovered from dozens 

of bacterial species and fungi (16,19,20). 

In addition to discovering antimicrobial agents from natural 

sources, the interest of synthetic designed agents raised 

extremely and it actually proved to be equally if not more 

efficient than their natural compounds. 
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Therefore, is logical to say that the introduction of antibiotics 

into clinical use was one of the greatest medical achievements 

ever accomplished. 

 

Nevertheless, it seems that the more there is to know about 

antibiotics, the fewer they are discovered. In the last 45 years 

only two new class of antibiotics have been discovered 

(lipopeptides and oxazolidinones). Actually even though scarcely 

some molecule makes it into the clinical practice they usually are 

new generations of the already existing antibiotic classes or 

combinations between them (1,21).  

Figure 2: Timeline showing the new classes of antibiotic first report in literature. 
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3. Antibiotics mechanism of action. 

 

The antibiotic effect over bacteria usually is directed at some 

feature of the bacterial structure or its metabolic processes. 

There are five most common targets for antibiotics (Figure 3) 

(16,19,22–24). 

 

3.1 Inhibition of cell wall synthesis. 

 

As a result of the cytoplasmic inhibition of the synthesis of the 

precursors of the PG, the inhibition of the transport phase of 

the precursors of PG or the inhibition of the PG formation, 

making unavailable the formation of new PG layers therefore 

leading to the bacterium death (25–27). Good examples are β-

lactams, bacterial enzymes able to destroy the penicillin 

molecule, Bacitracin, able to inhibit the central role bactoprenol 

has in the transport of wall subunits through the membrane, and 

Fosfomycin that inhibits the first metabolic biochemical 

pathways of wall components. 
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3.2 Disruption of the cell membrane 

structure or function. 

 

Hugely related to the types of lipid in the cell membrane of the 

bacteria, and the antibiotic class. Producing alterations on the 

permeability of the membrane (25–27). As examples, 

Daptomycin that inhibits cell envelope synthesis by interfering 

with fluid membrane microdomains or Polymyxins causing a 

complete alteration of the membrane structure and roles. 

 

3.3 Inhibition of the nucleic acids synthesis. 

 

The antibiotic effect occurs by blocking DNA replication or 

stopping DNA transcription (affecting the RNA synthesis and 

consequently RNA translation) (26,27). Good examples are 

Fluoroquinolones able to inhibit enzymes directly involved in 

DNA replication, and Ansamycins able to inhibit DNA-

dependent RNA polymerase, thus inhibiting DNA transcription. 

 

 3.4 Inhibition of protein synthesis. 

 

The disruption of the protein synthesis in the bacterium would 

lead eventually to the incapacitation of the bacterial cell, 

inhibiting its growth or even killing it completely. The target of 

these antibiotics can be divided in two: the inhibition of the 50S 
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ribosomal subunit (e.g. oxazolidinones and macrolides) or the 

inhibition of the 30S ribosomal subunit (e.g. tetracyclines and 

aminoglycosides) (26,27). 

 

3.5 Blockage of key metabolic pathways. 

 

Some antibiotics mimic a substrate essential for the correct 

metabolism of the bacteria, causing the enzymes to attach 

themselves to it rather than the correct substrates (26,27). 

Since folate synthetic pathway is needed for bacterial survival 

because its alteration leads to a deficiency in Thymine, one of the 

main affected pathways is the folate synthesis metabolism. The 

best-known examples are Sulphonamides (inhibiting 

dihydropteroate synthetase) and Trimethoprim that inhibits 

dihydrofolate reductase, both key enzymes in the synthesis of 

pyrimidins. 

Antibiotics mechanism of action can result in a bactericidal 

effect which will cause the bacterial cell death or a bacteriostatic 

effect leading to the inhibition of cell growth (28). 
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Figure 3: Schematics of the five most common targets for antibiotics. 
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4. Multidrug resistant bacteria. 

 

Multidrug resistant (MDR) bacteria have an increasing role 

threating the mortality rates caused by infectious diseases 

worldwide (29). 

The antibiotic era in which the use of antibiotics was usually 

successful may be ending. Bacterial infections that once were 

treatable are, due to the growing antimicrobial resistance (AMR) 

and reducing antibiotic storage untreatable, making people die. 

The post antibiotic era is emerging, even though envisioning a 

world without antibiotics is hard (30,31). 

Microbes have always had the tools to drive resistance. The 

usage of large quantities of antibiotics to treat and control 

infections in human, animal and agriculture has created the 

unprecedented conditions of selective pressure on bacteria and 

a stimulus of selection of new forms created through the 

mobilization of resistance elements (19). 

Pathogenic bacterial strains resistant to most, or all, available 

antibiotics are now isolated routinely, and every year a total of 

700.000 people die from infections caused by drug resistant 

strains (25.000 deaths per year in the EU alone). Therefore, 

unless action is taken it has been estimated that the number of 

death from AMR infections could increase up to 10 million 
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deaths per year by 2050 creating a particularly worrisome 

scenario(Figure 4) (32–34). 

 

One of the main contributing factors of the current need of new 

antibiotics is the emergence and spreading of resistance 

mechanisms among bacteria faster than the antibiotic discovery 

and development. Additionally, antibiotics lack of commercially 

attractiveness market for drug developers due to the cost 

associated to bring one antimicrobial successfully to market, the 

clinical trials and the periods of treatment. 

Figure 4: Deaths attributable to AMR every year. Image obtained from 
(33). 
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Moreover, a critical fact is the prospect that the new molecule 

may become ineffective in the short term. A spent money that 

developers may not earn back latter due to lack of patented time 

and competing with cheaper generics.  

Price pressure exists and furthermore, authorities will restrict the 

usage of these products to slow down the development of 

resistance and strict price controls (34,35). 

To help prioritize the research and development of new and 

effective antimicrobials, the world health organization (WHO) 

published in 2017 a list of different families of bacteria that are 

the greatest threat to human health. The list is organized with 

three priority tiers: critical, high and medium, based on the 

urgency of need to develop new antibiotics (36).  

 

Priority 1: CRITICAL 

• Acinetobacter baumannii, carbapenem-resistant. 

• Pseudomonas aeruginosa, carbapenem-resistant. 

• Enterobacteriaceae, carbapenem-resistant, extended-

spectrum beta-lactamase (ESBL)-producing. 
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Priority 2: HIGH 

• Enterococcus faecium, vancomycin-resistant. 

• Staphylococcus aureus, methicillin-resistant, vancomycin-

intermediate and resistant. 

• Helicobacter pylori, clarithromycin-resistant. 

• Campylobacter spp., fluoroquinolone-resistant. 

• Salmonellae, fluoroquinolone-resistant. 

• Neisseria gonorrhoeae, cephalosporin-resistant, 

fluoroquinolone-resistant. 

 

Priority 3: MEDIUM 

• Streptococcus pneumoniae, penicillin-non-susceptible. 

• Haemophilus influenzae, ampicillin-resistant. 

• Shigella spp., fluoroquinolone-resistant. 
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5. Mechanisms of antimicrobial 

resistance. 

 

Resistance is a natural process observed since the first antibiotics 

were discovered. 

Some bacterial strains are naturally resistant to certain types of 

antibiotics independently to its exposure to them, and is called 

intrinsic resistance. In other cases, exposure to antimicrobials 

has led to the selection of resistant individuals of a heterogenic 

population (heteroresistance) or individuals that have acquired 

genes conferring resistance, or are carrying mutations that 

encode resistance. 

That is to say antibiotics do not induce resistance but select the 

increase of resistant bacteria proportion.  

Likewise, acquired resistance is also a possibility and can occur 

through two distinct process: via mutation of the DNA during 

the replication or DNA transfer or through the horizontal gene 

transfer processes that occur in bacteria (transformation, 

transduction and conjugation). 

As a matter of fact, the main antibiotic resistance mechanism 

that bacteria adopt can be divided in four main categories, and 

in view of the structural differences between Gram-positive and 
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Gram-negative bacteria there is a difference between the 

mechanisms used (24,27,37–39).  

 

5.1 Decreased or limited drug uptake. 

 

As previously mentioned a natural difference exists in the 

capability of bacteria to limit the uptake of antimicrobial agents.  

In Gram-positive bacteria due to the none-existent OM 

restricting drug access is not as common in comparison with 

Gram-negative bacteria that are intrinsically less permeable to 

many antibiotics because their OM creates a permeability barrier. 

Mycolata are an exception to this general rule. 

The bacteria goal in Gram-negative bacteria is to reduce the OM 

permeability and restrain penetration of the antibiotic and other 

exogenous compounds inside the bacteria. Therefore, the 

downregulation of porins leading to a decrease in the number of 

porins in the OM or the replacement of porins for more selective 

channels and even mutations that change the selectivity of the 

porin allow the bacteria to accomplish its “aim” (24,37–40). 

 

5.2 Modification of the drug target. 

 

The bacterial structure has a considerable diversity of 

components to be antibiotic targets. Consequently, there are as 

many “targets” that can be modified by the bacteria to gain 



Super-Cationic peptides: insights on their antimicrobial action 

22 

resistance to those drugs. The changes may prevent the antibiotic 

binding but enable the bacteria to carry out its regular function 

(24,37–40). 

For example, the mutation of gene encoding for PBPs, results in 

the expression of unique PBPs whit low affinity for all antibiotics 

whose target is PBPs, thus enabling the survival of the bacteria. 

 

5.3 Drug alteration or inactivation. 

 

Bacteria can produce enzymes that will alter irreversibly and 

inactivate the antibiotics. This antibiotic alteration is a major 

mechanism of antibiotic resistance. 

Thousands of enzymes have since been identified to be able to 

alter and deteriorate antibiotics of different classes, preventing 

their binding to its target (24,37–40). 

For example, one of the well-characterized enzymes is the β-

lactamase enzyme which effect is the hydrolysis of the β-lactam 

ring present in all β-lactams, thus, are essential to their activity. 

 

5.4 Drug efflux pumps activation. 

 

Efflux pumps are membrane proteins that function as exporters 

whose primary objective is to get rid of all the toxic substances 
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from the bacterial cell. Numerous pumps will be able to 

transport a large assortment of compounds. 

Bacteria have chromosomally encoded genes for efflux pumps 

which could be in some cases expressed constitutively, and in 

others induced or overexpressed under certain stimuli. 

In order to rise the antibiotic removal from the intracellular 

compartment bacteria will overexpress the efflux pumps and this 

would lead to intracellular drug concentrations never sufficiently 

high to prompt an antibiotic effect. This mechanism confers 

resistance to a wide range of antibiotics, and helps to other 

mechanisms by making stoichiometry antibiotic/target 

unfavorable for antibiotic action, thus contributing to MDR. 

Up to date, five super families of efflux pumps have been 

described: the ATP-binding cassette (ABC) family, the small 

multidrug resistance (SMR) family, the major facilitator super 

(MFS) family, the resistance-nodulation-division (RND) family, 

and the multidrug and toxic compound extrusion family 

(MATE) (24,37–40). 

Even though, bacteria carry multiple genes encoding MDR 

efflux pumps, some have been mobilized onto plasmids, a 

worrying development as it shows that this resistance 

mechanism is transmissible and could be rapidly disseminated to 

other clinically relevant pathogens. 
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Figure 5: Schematics of the four main antibiotic resistance mechanisms. 
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6. Present and future perspectives of 

antibiotics. 

 

As previously mentioned, treatment of bacterial infections 

through the usage of cheap, safe and copious antibiotics can no 

longer be taken for granted in the face of increasing resistance. 

We are entering a post-antibiotic era where controlling infections 

has not been encountered for more than three-quarters of a 

century, and in which many common infections would no longer 

be treatable. 

Years of unsuccessful research have led pharmaceutical firms 

interest in antibiotic research and development, to pull the plug 

in antibiotic discovery, either by leaving the field, or by 

downsizing their effort. Moreover, this pull out is strongly 

associated with the economic expenses derived from the process 

of discovery of a new drug, from its initial research to final 

commercialization and the added administrative restrictions 

applied by the governments. 

The rise of resistant bacteria combined with the failure to 

provide new antibiotics is a cause of much distress. Therefore, 

encouraging antibiotic research and development is essential in 

order to develop new strategies to address the global threat of 

MDR bacteria (19,21,41).   
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7. Strategies to fight MDR bacteria. 

 

Taking into account the limited and shrinking supply of 

antibiotics, the governments together with the medical 

organizations have stablished the antibiotic stewardship (AMS) 

whose approach is to reserve the newest antibiotics for extreme 

cases and treat whenever possible with the most common and 

older compounds (42). 

The increase in MDR bacteria is generating a growing awareness 

for the need of new strategies in order to fight resistance and 

create new antibacterial agents (43). 

 

7.1 Discovery of natural compounds. 

 

Antibiotic discovery history leads to believe that natural products 

produced or not by microorganism exhibit the chemical 

properties for the discovery of new antibiotics. 

Identifying the correct types of producers from screening 

environmental isolates is key in the success of finding new 

classes of antibiotics. One of the most promising sources of 

secondary metabolites based on metagenomics analyses are 

uncultured bacteria, which nowadays cannot grow under 

laboratory conditions. 
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This potential source of natural compounds opens up the 

possibility of reviving the Waksman platform of antibiotic 

discovery by several groups in the academia and the industry, 

combining the new-found compounds with new tools for 

genome mining.  

This capability is already leading to a surprising discovery where 

many bacteria and fungi already “known” seem to encode many 

more natural products than observed in the laboratory 

(16,19,44). 

 

7.2 Discovery of synthetic compounds.  

 

The first man-made fully synthetic compound began with the 

development of the arsphenamines (1907), and despite the 

continuous synthetization of more than 10 million new 

molecules, only a few active molecules have reached the market. 

The source of countless medicines essential for human health are 

in the synthetic libraries that are the backbone of most 

pharmaceutical companies. 

Nowadays, it is not clear why, despite the rising amount of 

compounds in the synthetic libraries along with the advances in 

chemistry, in general have not led for more than three decades 

to the discovery of new and safer antibiotics with increased 

potencies and extended spectra of activity (17,19,45). 
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7.3 Combination of antibiotics. 

 

Aiming to find a possible synergistic effect the combination of 

antibiotics as treatment has been tested and demonstrated to 

have successful results in the clinic. 

The combination of two drugs seems to generate much less 

resistance on the pathogen and has an increased spectrum of 

coverage and antibacterial activity gaining approval as a new 

design strategy for novel antibiotics (46). 

As a matter of fact, combinations are the pillar of treatment for 

tenacious infections such as tuberculosis (44,47,48). 

 

7.4 Old backbones, new molecules. 

 

Improvement of already known molecules is another strategy 

that can yield benefits. 

One strategy as another approach to generate new antibiotics is 

to synthetize based on the scaffold of already known antibiotics 

new synthetic molecules. 

These modifications can be done in order to optimize drugs with 

an initial thought of a promising future such as polymyxins that 

with further investigation have severe side effects, therefore have 

been subsequently abandoned because of it (49,50). 
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The main objective is to create new molecules with enhanced 

antibiotic properties improving for example their 

pharmacokinetic and pharmacodynamics characteristics or 

reducing its cytotoxic effects (17,45) or both. 

 

7.5 Alternative therapies. 

 

Furthermore, alternative therapies exist and are currently in 

practice or under clinical trial. 

The usage of bacteriophage therapy (on the rise in the last years), 

photodynamic therapy, antibacterial adjuvants, phytochemicals 

and nanoparticles (NPs) as antibacterial agents, and 

antimicrobial peptides (AMPs) is seen as a feasible option to 

reduce resistance.  

Although it’s important to take into account they may have one 

or several limitations (47,51). 
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8. Antimicrobial Peptides (AMPs). 

 

As previously mentioned AMPs have been considered as 

alternative for, or an addition to the already used antibiotics, as 

one of the many options to overcome resistance (47,52,53).  

AMPs are as well-known as host defense oligopeptides found in 

most living organisms, both prokaryotes and eukaryotes, and act 

as natural defenders. Probably, they are one of the most 

conserved molecules in nature in order to control pathogenic 

microorganisms.  

Natural AMPs are mainly short (between 5-50 amino acids), and 

2-9KDa in size and almost everyone has a positive net charge 

ranging from +2 to +11, due to arginine and lysine amino acids 

on their structure. AMPs are versatile molecules with a broad 

diversity of structural and physiochemical properties (54,55). 

These peptides are folded in a way that allows them to be 

amphipathic. They vary in size, length, secondary structure and 

sequence. 

Their classification is often related to the structure they adopt in 

hydrophilic/hydrophobic interfaces. 

Although the main mechanism of action is membrane 

permeabilization due to their hydrophobic and aliphatic residues 

on their sequence, other mechanisms have been described like 
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membrane destabilization, macromolecular synthesis inhibition, 

intracellular translocation of the peptide and inhibition of 

DNA/RNA/protein synthesis (54,55). 

It seems that the development rate of resistance in comparison 

with conventional antibiotics is much less frequent. 

The advances achieved in chemical and biological synthesis and 

the progress in structural understanding have allowed to improve 

the antimicrobial spectrum and tissue compatibility (56). 

Nevertheless, despite the potential displayed it has been a 

challenge to translate the result into clinical approval.  

During the development of this thesis, we have focused on the 

exploration of the antimicrobial activity of synthetic AMPs.
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Hypothesis. 

 

The main hypothesis of this thesis is that synthetic peptides 

may have antimicrobial properties against clinical bacterial 

strains, and may provide weapons to treat infections caused by 

multidrug-resistant strains. A deep research of the mechanisms 

underlying antimicrobial action should be carried out.  

 

Justification of the study and Objectives. 

 

Nowadays the increase of antimicrobial resistance (AMR) as well 

as the failure to develop new antibiotics is a cause of much 

concern worldwide. It has been estimated that 10 million deaths 

per year would occur due to AMR infections by 2050 unless 

action is taken. 

One path to develop new strategies and create new antimicrobial 

agents to address the global threat of resistant bacteria is the 

synthesis of new compounds as an alternative therapy, like 

synthetic antimicrobial peptides (AMPs).  

In this context, the activity exploration of peptides from the new 

AMP family, named the Super-Cationic peptide dendrimers 

(SCPDS) was carried out. 
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Objectives: 

 

The main objective of this thesis is to determine the 

antimicrobial properties of synthetic peptides from a new AMP 

family, SCPDS, specifically peptide G1OLO-L2OL2.  

 

Secondary objectives (divided in three parts): 

 

1) Study of the antimicrobial activity of synthetic peptides 

from the new AMP family, SCPDS. 

1.1) Determination of their antimicrobial effect on 

planktonic bacteria (determining Minimum Inhibitory 

Concentrations (MIC), the Minimum Bactericidal 

Concentrations (MBC), Fractional Inhibitory Concentration 

Index (FICi), drawing growth curves (GC) and Time-Kill curves 

(TKC)). 

 

2) Determination of the cytotoxicity of the new molecules  

 

 

 

 

 



Hypothesis and Objectives 

37 

3) Finding the eventual target and interactions those peptides 

may have with the bacteria, specifically its possible interaction 

with the bacterial cell membrane. 

 

  - Using synthetic liposomes to evaluate the effect of the 

peptides have on particle size and Z potential along with 

measurements as a function of temperature, of the steady-state 

fluorescence anisotropy (r) and the electrostatic surface 

membrane potential.  

 

3.1) Observe the effect these molecules may have on the 

bacteria, the cell membrane and artificial membranes by means 

of atomic force microscopy (AFM).
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ARTICLE 1: Super-Cationic Peptide Dendrimers—Synthesis 

and Evaluation as Antimicrobial Agents. 

Estelle J. Ramchuran†, Isabel Pérez-Guillén†, Linda A. Bester, 

René Khan, Fernando Albericio, Miguel Viñas, Beatriz G. de la 

Torre. 

† These two authors contribute equally to the paper. 

Antibiotics 2021 

Addressed objectives in this article: 

1) Study of the antimicrobial activity of synthetic peptides 

from the new AMP family, SCPDS. 

1.1) Determination of their antimicrobial effect on 

planktonic bacteria (determining Minimum Inhibitory 

Concentration (MIC), the Minimum Bactericidal Concentration 

(MBC), Fractional Inhibitory Concentration Index (FICi), 

growth curves (GC) and Time-Kill curves (TKC). 

 

2) Determination of the cytotoxicity of the molecules.
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ARTICLE 2: Studying Lipid Membrane Interactions of a 

Super-Cationic 2 Peptide in Model Membranes and Living 

Bacteria. 

Isabel Pérez-Guillén$, Adrià Botet-Carreras$, Òscar 

Domènech, Alex Merlos, Josep M. Sierra, Beatriz G. de la Torre, 

Fernando Albericio, Miguel Viñas, Jordi H. Borrell. 

$ These two authors contribute equally to the paper. 

Pharmaceutics 2022 

Addressed objectives in this article: 

3) Finding the eventual target and interactions those peptides 

may have with the bacteria, specifically its possible interaction 

with the bacterial cell membrane. 

 

- Using synthetic liposomes to evaluate the effect of the 

peptides have on particle size and Z potential along with 

measurements as a function of temperature, of the steady-

state fluorescence anisotropy (r) and the electrostatic 

surface membrane potential.  

 

3.1) Observe the effect these molecules may have on the 

bacteria, the cell membrane and artificial membranes by means 

of atomic force microscopy (AFM). 
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The increasing rise of AMR, as well as the ineffectiveness to 

develop new antibiotics is a cause of much distress worldwide. 

Therefore, creating new strategies of development in order to 

fight this global threat is indispensable. 

One path to address this serious problem is focusing on the 

synthesis of new compounds as an alternative therapy, like 

synthetic antimicrobial peptides (AMPs). 

The studies were carried out in collaboration with the research 

groups lead by Prof. Fernando Albericio and Prof. Jordi H. 

Borell, from Dept. of Organic Chemistry at University of 

KwaZulu-Natal (South-Africa) and Dept. of Physical Chemistry, 

at the University of Barcelona, respectively. 

 

In the present work a newly design AMP family, named the 

Super-Cationic peptide dendrimers (SCPDs) was studied for its 

antimicrobial effect. 

These peptides were synthetized based on the cationic AMPs 

antimicrobial properties, being the hydrophobicity and the 

positively charge features essential ones due to its relevance in 

order to boost the interaction to the negatively charged 

components of the microorganisms, specifically the bacterial cell 

membrane on Gram-negative bacteria. 
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The 10 new molecules showed activity range of MIC and MBC 

between 8 and 256 μg/ml; Even though the in vitro testing is 

broadly done and relies on infections treatments, its correlation 

with in vivo efficacy should be questioned, as previously 

addressed in other studies (57,58). Therefore, it was considered 

and implemented in order to widen the factors in consideration 

the usage of human serum, which had already been studied and 

shown to alter the antimicrobial capabilities of the molecules in 

study (59–61). To make a more realistic scenario and consider 

the patient factor MIC with 50% human serum where 

performed, although no effect in any of the bacterial strains 

tested was observed. 

Through the comparison of the MIC values, it was estimated that 

the different levels of branching do not significantly affect its 

antimicrobial activity, and the N-termini acylation do not 

improve the activity. In contrast, if the acyl chain of the molecule 

was longer it seems to decrease the antimicrobial activity, which 

correlates with the AMP design strategy review recently 

published (62). 

The MIC values obtained from testing resistant isolates were not 

significantly different form the ones determined on susceptible 

strains; denoting that the mechanisms of resistance that might 

affect SCPDs would be different to those of conventional 

antibiotics. 



Discussion 

81 

It seems that SCDPs behave as broad-spectrum antimicrobials 

since they show activity against both Gram-positive and Gram-

negative bacterial strains, which MIC values are close. 

Consequently, this observation suggests that there are no 

differences in the mode of action of the molecules regardless of 

the bacteria. Thus, SCDPs antimicrobial activity is not affected 

by permeability, a main barrier specifically in Gram-negative 

bacteria in preventing antimicrobial action (63). 

Moreover, taking into account that vancomycin is the last 

treatment resort for methicillin-resistant Staphylococcus aureus 

(MRSA) infections which resistance is spreading, the new 

SCPDs may be emerging promising molecules or molecule 

scaffolds since they act over vancomycin resistant strains, 

nevertheless an specific study regarding these molecules and 

vancomycin-resistant Staphylococcus aureus (VRSA) should be 

done focusing on their molecular mechanism of action, like it 

has been done for a high number of AMPs like Ctriporin, 

Formicin C, Cecropin, etc (64). 

An essential characteristic to become a candidate as an 

antimicrobial is the capability to cause bacterial cell death 

without damaging host cells. The molecules, easier to evaluate if 

divided in three groups (G3, G2 and G1) from most to less 

branched respectively, were studied using two cell lines (HepG2 

and HEK293). G3 group was considered unsuitable as a 
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therapeutic option, whereas groups G2 even though toxic and 

G1, not toxic to the tested cell lines, continued to be candidates 

to study. 

Another relevant characteristic to acknowledge is the effect these 

molecules may have over time; thus, it is suitable to do a kinetic 

profile (action-interaction-time) of the bacteria in the presence 

of these compounds. TKC and GC may provide relevant 

information. It has been shown that the data obtained from these 

studies usually has a huge correlation with treatment (65–67). 

The experimental procedure was done using those of group G2 

and G1 with the lowest MIC and highest IC50 values and thus 

with a potentially better therapeutic index (TI). 

It was observed that these molecules had negligible effect over 

S. aureus in both TKC and GC, and did not correlate with the 

MIC values obtained, which should be addressed as a result of 

the methods themselves. Bacterial growth is highly favorable in 

a Falcon tube in constant shaking than in the wells of the 

microtiter plates. 

In contrast, for Gram-negative bacteria like Pseudomonas 

aeruginosa, characterized by its intrinsic resistance to many 

antimicrobials the effect of the different compounds was less 

dramatic. 
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For TKC, G2RLR-L2RL2 reduced the bacterial population to 

almost zero and no regrowth was detected, even though at ¼ 

MIC, the bacterial population remained partially inhibited at the 

beginning of the exposure. G2OLO-L2OL2 killed all bacteria 

within the first hour at MIC concentration of exposure. For all 

the tested concentrations regrowth or growth of the bacterial 

population not totally prevented was observed but at a slower 

rate than in the control which may suggest that at low 

concentrations, this peptide acts as a bacteriostatic agent. 

Moreover a phenomena referred as  paradoxical effect was 

observed called Eagle effect (1948) (68,69) described as the 

concentration of antibiotic used that killed fewer colonies in vitro 

when the dose was increased beyond a threshold concentration 

already known to be effective. It was observed that for G2OLO-

L2OL2 and G1OLO-L2OL2 ¼ MIC concentrations causes a 

reduction of the bacterial population greater  than ½ MIC 

concentration, or even more than MIC concentrations in the 

case of G1OLO-L2OL2 which should not be the expected 

outcome, this also was seen studding amoxicillin on 

Corynebacterium diphtheriae (70). 

For GC the results lead us to believe that a concentration-

dependent effect occurs in G2OLO-L2OL2 and a similar effect 

also occurs in G2KLK-L2KL2 where the higher the 

concentration the greater the delay of regrowth of the bacterial. 
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In addition, for both TKC and GC of E. coli all the compounds 

were able to kill the bacteria with no regrowth after 24h with 

devastating action regardless of the concentration used. 

The results obtained from E. coli encouraged us to calculate de 

potential TI of each compound. Basically G2OLO-L2OL2 

showed a TI of 70 and 100 for HepG2 and Hek293 cells, 

respectively which would allow this compound to be studied 

further, or even it could be possible to improve its therapeutic 

index as wanted to do with the Lubelisin peptide (71), or done 

in Magainin Derivatives introducing proline residues and 

positive charges (72). For compounds G1KLK-L2KL2 and 

G1OLO-L2OL2 not toxicity appear for HepG2 and Hek293, 

only G1OLO-L2OL2 had a TI of 235 for Hek293. On the basis 

of our results, G1KLK-L2KL2 and G1OLO-L2OL2 emerge as 

the best candidates as new antimicrobial agents against E. coli. 

The obtained results lead us to wonder the impact these peptides 

have over E. coli. An important characteristic once a new 

molecule in study has shown antimicrobial effect is to clarify how 

they interact with the cell. One of the barriers that these 

molecules encounter before being able to enter to the cytoplasm 

is the bacterial cell membrane, a lipid bilayer where proteins are 

embedded. The efflux pumps have gained all the attention in 

drug resistance (46,73) but simple diffusion of molecules 

through is also a significant pathway of cell destabilization. 
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Even though it is particularly difficult and challenging to identify 

interactions between AMPs and the cell, generally models are 

built to examine specific interactions despite the differences or 

lack of many important features. 

Here, in order to study the effect of peptide G1OLO-L2OL2 

synthetic liposomes made of POPE/POPG lipids, which mimic 

E. coli membranes were done (74), like for studying AMP 

Maculatin 1.1 (75) or protein lactose permease (LacY) (76). 

The fact that cationic AMPs interact electrostatically with the 

charged membrane surfaces is a fact commonly reported (77–

80) thus it is not surprising that G1OLO-L2OL2  was able to 

increase the zeta potential value of blank liposomes in nearly 5 

mV, from approximately -31 mV to -26 mV evidencing the 

incorporation of the peptide to the vesicles. It is worth to 

acknowledge that zeta potential is the effective charge at the 

shear plane of the liposome with the medium. This result permits 

to stablish that the presence of the peptide modifies the effective 

surface charge of the liposome. 

In order to be sure that the peptide was in close contact with the 

lipid membrane of the liposome and not in the hydration layer 

where zeta potential was measured it was important to evaluate 

the electrostatic modification of the surface potential of the 

liposome. Using ANS, a negatively charge molecule as probe it 

was estimated that the presence of the 0.005 µM of peptide 
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increases in + 5.06 mV the surface potential of the blank 

liposomes. 

ANS emits a higher fluorescence in lipid than in aqueous media, 

therefore observing an increase of its binding indicates a 

reduction of the positive charges on the surface, it has been used 

for studying interactions with lipids in ciprofloxacin (81), AMP 

G15 (82) or oritavancin (83). 

The results obtained also corroborated the presence of the 

peptide in the surface of the liposomes. 

The changes in lipid fluidity as a result of the presence of the 

peptide in the lipid membrane were assessed with DPH and 

TMA-DPH fluorescence anisotropy measurements. The study 

with these probes allows to analyze the effect of the peptide 

properties along the full length of the membrane due to their 

different location and orientation in the membrane. 

G1OLO-L2OL2 when interacting with liposomes in solution 

generates a significant shift towards higher melting transition 

temperature (Tm) detected with TMA-DPH probe, which 

charge is at the lipid–water interface. In the hydrophobic region 

(DPH) no significant changes can be seen. The information 

obtained is indicative of a rigidification of the headgroup region 

of the liposome due to the peptide interaction. 
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Nevertheless, it cannot be excluded that the rise in the Tm might 

be attributed to a charge screening selective effect due to the 

interaction of the peptide with the negatively charged POPG. 

The fluorescence study showed that G1OLO-L2OL2 was not 

found in the more hydrophobic region of the liposome. Yet, it 

could not be confirmed if G1OLO-L2OL2 was able to pass 

through the membrane by forming pores. 

As a matter of fact, peptides could be adsorbed onto the 

liposome membrane, or be partially absorbed in the lipid-water 

interface close to the upper portions of the fatty acyl chains,  

Taking into account these results G1OLO-L2OL2 should be 

primarily located at the lipid–water interface influencing the 

fluidity of the phospholipids forming the liposome, like the 

studies done for StAsp-PSI (84) which seem to share its location 

in the liposomes with G1OLO-L2OL2. In addition, despite their 

structural differences, a similar behavior was observed for a 

series of three nine residue peptides that contain unnatural 

aminoacids in the primary sequence (85). 

Moreover, we wanted to determine if the presence of the peptide 

induces lipid microdomains. As it has already been proven, the 

Laurdan probe (86), a polarity sensitive fluorescent molecule 

commonly located at the glycerol backbone of the bilayer with 

its lauric acid tail anchored to the phospholipid acyl chain region, 



Super-Cationic peptides: insights on their antimicrobial action 

88 

is especially useful in studies on lipid systems. It will be able to 

differentiate lipid microdomains of different lipid composition 

(87) by the presence of the G1OLO-L2OL2 in the liposomes. 

The study using Laurdan of different peptides like Hylin a1 (88), 

peptide derivatives of Galleria mellonella cecropin D-like (89), 

LAH4 (90) or Mettilin (91) has been done to evaluate the effect 

of these peptides on membrane binding, membrane disruption 

or model membranes.  

For G1OLO-L2OL2 it was observed that GPex values visibly 

decrease as the excitation wave length increases at all 

temperatures studied, indicating a transition towards a more 

fluidic phase without the existence of lipid domains of different 

composition. 

Our results of checkerboard experiments in order to explore the 

eventual synergistic action of G1OLO-L2OL2 and Imipenem in 

MDR (Imipenem-resistant) P. aeruginosa strains provide data 

demonstrating that no interaction occurred when both 

antimicrobials were acting together and simultaneously. This is 

consistent with the biophysical data, and confirms that in spite 

the major effect of G1OLO-L2OL2 is the alteration of OM, it is 

unable to open truly channels or discontinuities that may allow 

Imipenem to penetrate outer membrane of Imipenem-resistant 

P. aeruginosa. 
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In order to have direct evidence of how the peptide has an effect 

over the bilayer membrane, AFM microspopy was the next 

approach. 

This technique has been used extensively in order to observe the 

effect of different drugs on model lipid membranes because it 

can follow the effect at a sub-nanometer length. 

Firstly, a supported lipid bilayer (SLB) of POPE/POPG 

liposomes on mica surface is observed in order to evaluate it 

before its exposure to the peptide. Three different regions 

appear: small patches of dark regions that are uncovered mica 

surface, then a wide extended region with an orange coloration 

over the mica surface, and small yellowish domains protruding 

from the extended region. 

Since Laurdan fluorescence did not show the existence of 

domains of different lipid composition, the nature of these could 

be attributed to: i) thermal domains of the same lipid 

composition, where lipids in the taller lipid domains were in a 

more rigid phase than the ones in the shorter lipid domains or, 

ii) domains of different lipid composition in a different lipid 

phase where the presence of the mica surface decreased the 

lateral diffusion of the lipids promoting the formation of 

segregated lipid domains of different lipid composition. 
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Experimental studies show that (92) the taller lipid domains are 

POPG enriched lipid domains while the more extended one is a 

POPE enriched domain. 

Our observations show evidence that demonstrates the 

interaction of the G1OLO-L2OL2 at a surface level without 

formation of pores which correlates with the synergy results. 

This information suggests that G1OLO-L2OL2 at the studied 

concentration adsorbs or partially absorbs to the surface of the 

SLB.  

G1OLO-L2OL2 injected in situ inside the AFM liquid cell, has 

the ability (at 0.0005 µM concentration) to induce fluidification 

of the lower lipid layer resulting in the mica surface to be fully 

covered being the dark patches banished. Moreover, after the 

injection of the peptide the high lipid domains protrude from the 

low lipid domain but with similar shape and after 35 minutes 

although the shape of the high lipid domains was quite 

conserved, it was possible to observe a degradation of the lipid 

domain which seem to lose their structure disorganizing from 

the center of the domain to the margins. 

The peptide seems to have a dose dependent effect where higher 

concentrations induced the SLB erosion and solubilization, also 

observed with the fluorescence experiments at higher G1OLO-

L2OL2 concentrations. Maybe this could be attributed to the 

destabilization/destruction of the liposomes. 
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It is relevant to observe the effect on model membranes but is 

even more essential to be able to study the effect in vivo over 

bacteria. 

All evidence points to a surface effect of G1OLO-L2OL2 peptide 

on model lipid membranes, not only adsorbed or close to the 

surface, but associated/absorbed to some extent to the more 

hydrophilic region of the phospholipids. The presence of low 

concentration of peptide at the surface level could be responsible 

for osmotic stress that could facilitate the destabilization of the 

cell integrity at higher peptide concentrations 

Exposing P. aeruginosa (27853) and E. coli ATCC (25922) strains 

for 4 hours to G1OLO-L2OL2 at different concentrations 

showed a more destructive effect in P. aeruginosa than in E. coli. 

Nevertheless, it is important to take into account that AFM only 

visualize the topography of the bacterial surface, not its viability; 

consequently, the possibility that despite the bactericidal effect 

may be similar, the destruction of the OM occurs in P. aeruginosa 

whereas in E. coli only a partial destabilization of the membrane 

happens, though in both cases enough to kill the bacterium. 

The explanation of these different behaviors may be related with 

the differences in membrane lipid composition of both species, 

which should be studied in model membranes. 
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1. - We have designed a set of branched peptides to obtain 

constructs that we have called super-cationic peptide dendrimers 

(SCPDs) and tested them as potential antimicrobial agents. 

 

2. - Determination of MIC and MBC values, revealed that almost 

all the compounds studied showed some antibacterial activity, 

with no significant differences between Gram-positive and 

Gram-negative microorganisms. Thus, these molecules appear 

to be broad-spectrum antibacterial compounds. 

 

3. - The compound G1KLK-L2KL2, was selective for Gram-

negative bacteria (narrow spectrum). 

 

4. - Time–kill kinetics revealed considerable differences in the 

action, showing higher activity against Gram-negative bacteria; 

growth curves reinforced this conclusion. 

 

5. - The cytotoxicity study in HepG2 and HEK293 cell lines 

revealed that the higher the toxicity the higher branched are the 

peptides. 

 

6. - Despite their good antibacterial activity, the calculated 

Therapeutic Index make some molecules unsuitable as 

therapeutic agents. 
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7. - Compounds G1KLKL2KL2 and G1OLO-L2OL2 strong lead 

candidates for the future development of an antibacterial agent 

against Gram-negative bacteria. 

 

8. - Biophysical experiments demonstrate a surface effect of 

G1OLO-L2OL2 on the model lipid membranes. 

 

9. - Interaction of the molecule with the lipid bilayers involves 

not only the adsorption or a close proximity of the peptide to 

the surface, but to some extent also its association with, or 

absorption into, the more hydrophilic region of the 

phospholipids. 

 

10. - The main objective of this thesis was to contribute to the 

perspective of the research of new synthetic antimicrobials that 

may contribute to minimize the devastating effects of 

antimicrobial resistance. 
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