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Introduction: The constantly growing resistance of bacteria causing bloodstream 
infections and the lack of alternative antibiotics generate the need to develop 
new therapeutic strategies. In this study, the antibacterial properties of synthetic 
cholic acid derivatives ceragenins CSA-13, CSA-44 and CSA-131, custom-
synthesized peptides human cathelicidin LL-37 peptide, synthetic WLBU2 peptide, 
and antimicrobial VFR12 peptide of human thrombin origin were evaluated to 
determine their potentials as therapeutic agents for bloodstream infections.
Methods: Minimum inhibitory concentrations/minimum bactericidal concentrations 
(MIC/MBC) against clinical bacterial strains were measured and compared with 
activity of clinically used antibiotics colistin and vancomycin. Therapeutic potentials 
of the tested agents were assessed in the presence of 50% blood plasma, and 
their hemolytic properties were determined using human red blood cells (RCB). 
Additionally, the antimicrobial activity of CSA-13 against selected clinical strains 
was assessed using a killing assay. Plasma cytokine levels were determined, and 
endothelial cell confluent monolayer permeability was assessed using the FITC-
dextran and measurement of transepithelial electrical resistance (TEER).
Results: Under experimental conditions mimicking blood environment, ceragenins 
display higher antimicrobial activity compared to the cationic peptides regardless 
of the bacterial species. The presence of blood plasma slightly decreases the 
effect of ceragenins but does not significantly affect their antibacterial properties 
or their hemolytic activity, especially in case of ceragenin CSA-13. Furthermore, 
ceragenins at bactericidal concentrations do not induce hemolysis of red blood 
cells. CSA-13 dose-dependently regulates the permeability of human umbilical 
vein endothelial cells (HUVECs) monolayers as well as affects the secretion of 
cytokines, which may indicate its ability to modulate immune responses.
Conclusion: Results presented herein demonstrate the antibacterial activity of 
ceragenins against clinical strains of bacteria isolated from blood, their influence on 
the immune system and the integrity of the endothelial cell monolayer. Further studies 
are necessary to understand the cell signaling pathway governing these effects.
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1 Introduction

Antimicrobial-resistant strains of microorganisms are a major 
cause of mortality in patients with bloodstream infections. This threat 
is particularly significant among immunocompromised patients with 
risk factors, such as damage to mucous membranes and skin, 
chemotherapy-induced neutropenia, or the use of immunosuppressive 
drugs in transplant recipients. It is especially concerning in those who 
have undergone hematopoietic stem cell transplants, as well as in 
patients with blood cancers or autoimmune disorders (Wang et al., 
2024; de Souza et al., 2024; Pezzani et al., 2024). The growing threat of 
this clinical form of infection requires the search for new therapeutic 
strategies, especially antimicrobial drugs active against strains of 
antibiotic-resistant bacteria (Papadimitriou-Olivgeris et al., 2022). A 
promising experimental direction is the search for new antibiotics that 
are synthesized using the molecular characteristics of natural 
antimicrobial peptides that are widely present in nature (Nandi et al., 
2022). An example of such molecules is the group of ceragenins 
(Figure 1A), which are derivatives of cholic acid, characterized by a 
positive charge and amphipathic nature, which determines their 
interactions with bacterial membranes and the ability to interfere with 
membrane structures, resulting in membrane reorganization and 
leakage (Epand et  al., 2008). Ceragenins mimic the membrane-
disrupting properties of antimicrobial peptides (Lai et al., 2008). This 
molecular mechanism of antimicrobial action, based on the 
physicochemical interaction of molecular charges and membrane 
insertion (Figure 1B), results in a wide spectrum of antimicrobial 
activity that covers Gram-positive G (+) and Gram-negative G (−) 
bacteria, as well as viruses and fungi (Hashemi et al., 2018; Bozkurt-
Guzel et al., 2018; Suprewicz et al., 2023). Ceragenins, like natural 

antimicrobial peptides, have the ability to stimulate the immune 
system (Suprewicz et al., 2023) and wound healing (Olekson et al., 
2017). They also display high activity against bacterial cells surrounded 
by exopolysaccharides when adopting a biofilm pattern of growth 
(Wnorowska et al., 2024). The therapeutic potential of ceragenins is 
also related to the possibility of using metal nanoparticles as carriers 
for their delivery to sites of infection (Yang et al., 2024; Karasinski 
et al., 2023; Wnorowska et al., 2020; Hoppens et al., 2014) and control 
of their toxicity towards host cells using Pluronic F127 (Leszczyńska 
et al., 2011). They can also serve as molecules that cover the surface of 
medical devices, preventing colonization and infections associated 
with their use (Latorre et al., 2021; Mills et al., 2020; Spałek et al., 2021; 
Zaugg et al., 2023).

A critical element in the pathophysiology of sepsis is endothelial 
dysfunction, which correlates with disease severity and mortality. The 
endothelium performs several vital functions in the human body. It 
constitutes a barrier between blood and tissues (Dolmatova et al., 
2021). Increased endothelial permeability accompanies many 
pathological conditions, including: atherosclerosis, diabetes, 
hypertension, cancer metastases and sepsis (Harris and Nelson, 2010), 
where it leads to the inability to maintain the volume of the vascular 
system, leading to hypoxia and impaired functions of internal organs 
(Lee and Slutsky, 2010). Here we evaluate the bactericidal activity of 
ceragenins CSA-13, CSA-44, and CSA-131 against bacteria isolated 
from the blood of oncological patients in an experimental setting that 
includes the presence of human blood plasma or whole human blood. 
This assessment was motivated by previous reports indicating limited 
activity of antibacterial peptides in the presence of blood, especially 
blood lipoproteins and divalent cations (Deslouches et al., 2005; Wang 
et al., 2004; Wang et al., 1998; Vaara, 2009). Since previous studies 

FIGURE 1

The chemical formula of ceragenins, which are derivatives of cholic acid (A) (Karasiński et al., 2024) Schematic representation of the action of 
ceragenin on the plasma membrane, which results in damage to its continuity (B) [Biorender.io software].
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have shown that a natural antimicrobial peptide, cathelicidin LL-37, 
regulates the permeability of the endothelium (Byfield et al., 2011), 
we  assessed whether the effect of its synthetic analogue, CSA-13, 
would be  conserved. Restoring vascular integrity using synthetic 
analogues of natural antimicrobial peptides may constitute a new 
therapeutic direction in patients with sepsis.

2 Materials and methods

2.1 Reference strains and clinical isolates

In accordance with European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) recommendations (EUCAST, 2023), 
four reference strains were used for quality control of MIC 
determinations. This group included: Escherichia coli ATCC 25922, 
Pseudomonas aeruginosa ATCC 27853, Enterococcus faecalis ATCC 
29212, and Staphylococcus aureus ATCC 29213 (all purchased from 
the American Type Culture Collection, Manassas, United States). The 
study also included 83 clinical strains isolated from the blood of 
patients hospitalized at the Świętokrzyskie Oncology Center in Kielce, 
Poland, with clinical symptoms of bloodstream infection. Clinical 
isolates were obtained from a bank of strains collected between 2019 
and 2023 at the Department of Clinical Microbiology of the 
Świętokrzyskie Oncology Center in Kielce, Poland. Along with the 
strains, information including the patient’s gender, age, and diagnosis 
was recorded. The characterization of this collection of strains is 
presented in Figure  2. The study was approved by the Bioethics 
Committee of the Collegium Medicum of the Jan Kochanowski 

University in Kielce (No. 17/2023) and the guidelines contained in the 
Declaration of Helsinki were followed. The patient’s consent was not 
necessary because the material used for the research was the leftover 
material collected during laboratory tests. Before the tests, the samples 
were plated on ready-made Columbia Agar with sheep blood (Oxoid, 
United Kingdom) and incubated for 24 h in aerobic conditions at 37 
°C. Then, single colonies were identified on a Vitek 2 Compact and 
Vitek MS Prime MALDI-TOF mass spectrophotometer (bioMérieux, 
France). Strains for further studies were stored in the MAST 
CRYOBANK system (Mast Diagnostic, United Kingdom) at −80 °C.

2.2 Tested compounds

Ceragenins CSA-13, CSA-44, and CSA-131 were synthesized 
according to previously described procedures (Ding et  al., 2002). 
Since ceragenins are synthetic analogues of antimicrobial 
peptides, are positively charged, have an amphipathic nature, and are 
able of inserting into plasma membrane structures, their 
activity was compare with that of human cathelicidin LL-37 
(LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES), which has 
an α-helical structure containing positively charged amino acids Lys 
and Arg on the hydrophilic side and several different hydrophobic 
amino acid residues (Phe, Val, Ile) in the hydrophobic domain 
(Deslouches et  al., 2005; Gudmundsson et  al., 1996). The LL-37 
peptide is characterized by a broad spectrum of antibacterial activity. 
Additionally, we  decided to evaluate the activity of a synthetic 
analogue of the LL-37 peptide, namely the WLBU2 peptide 
(RRWVRRVRRWVRRVVRVVRRWVRR), consisting mainly of Arg 

FIGURE 2

Bacterial strains used in this study were isolated from the blood of patients of the Świętokrzyskie Oncology Center in Kielce, Poland, in 2019–2023.
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(13 residues) and Val (8 residues), with 3 Trp residues on the 
hydrophobic side, separated by at least 7 amino acids to optimize its 
activity in blood (Deslouches et  al., 2005), and the VFR12 
(VFRLKKWIQKVI) peptide, which is derived from thrombin, taking 
into account the fact that coagulation disorders occur in sepsis 
(Kasetty et al., 2011) and it can be assumed that its concentration 
increases with sepsis development. Custom synthesis of the tested 
peptides was performed at Lipopharm.pl (Zblewo, Poland). Colistin 
and vancomycin were purchased from Sigma Aldrich (Saint Louis, 
United States) and Pol-aura (Morąg, Poland) respectfully. Phosphate-
buffered saline (PBS) was purchased from Thermo Fisher Scientific, 
United States.

2.3 Assessment of antimicrobial activity

Minimum inhibitory concentrations (MIC) and minimum 
bactericidal concentrations (MBC) of CSA-13, CSA-44, CSA-131, 
LL-37, WLBU2, VFR12, colistin, and vancomycin against tested 
bacterial strains were determined using the serial broth microdilution 
method in accordance with EUCAST recommendations (EUCAST, 
2024). Mueller-Hinton Broth (Oxoid, United Kingdom) or Mueller-
Hinton Broth with 50% plasma was used to prepare a series of 
two-fold dilutions of the appropriate antimicrobial substance, ranging 
from 0.25 μg/mL to 64 μg/mL. Plasma was obtained by collecting 
whole blood from healthy, adult donors who gave informed consent 
(Study was approved by Bioethics Committee of the Collegium 
Medicum of the Jan Kochanowski University in Kielce – no. 17/2023). 
Blood was centrifuged at 2,500 g × 10 min and the plasma was 
collected. A suspension of each strain was then prepared to reach a 
final concentration of bacteria equal to 5 × 105 CFU/mL. MIC values 
were taken as the first value at which no turbidity or sediment was 
observed at the bottom of the well after 18 ± 2 h of bacterial growth. 
MIC endpoints were assessed visually. To determine MBC, 10 μL of 
the suspension was taken from the wells corresponding to 1/2MIC, 
MIC, MICx2 and MICx4, inoculated on LB Agar (BD, Becton 
Dickinson, Le Pont de Claix, France) and incubated for 24 h at 
37 °C. The lowest value at which no growth was observed on solid 
media was considered the MBC.

2.4 Hemolysis measurement

Human red blood cells (RBC) were used to assess the 
biocompatibility of the tested compounds (CSA-13, CSA-44, CSA-131, 
LL-37, WLBU2, VFR12, colistin and vancomycin) with respect to host 
cells. The test was performed in 96-well plates containing RBCs 
(hematocrit ~ 5%) and tested agents at concentrations ranging from 
1 μg/mL to 50 μg/mL. RBCs were suspended in PBS and incubated at 
37 °C for 1, 6, and 12 h. After incubation, the plates were centrifuged 
at 2500 g × 10 min, and the supernatant was transferred to new plates. 
The amount of hemoglobin released was determined by measuring the 
absorbance at 540 nm using a Tecan Spark plate reader (Tecan, 
Männedorf, Switzerland). A sample of RBC containing 1% Triton 
X-100 was considered as 100% of hemolysis. A value up to 10% is 
considered non-toxic to the erythrocyte membrane, above 10–49% 
moderately toxic, 50–89% toxic and 90–100% highly toxic (Pedrozo-
Peñafiel et al., 2025). In another set of experiments, the hemolytic 

activity of CSA-13 was assessed in whole blood. In this setting CSA-13 
was tested at 20 μg/mL and 50 μg/mL in 96-well plates and incubated 
with whole blood. We also assessed if CSA-13 addition affects the 
response of blood cells to the presence of tested bacterial isolates, 
including Pseudomonas aeruginosa, Escherichia coli and Enterococcus 
faecium. The prepared bacterial suspension was added to blood 
sample at final concentration of 105 CFU/mL and measurements were 
carried out at time intervals of 1, 3, 6 and 8 h at a temperature of 37 
°C. The plates were then centrifuged at 2,500 g for 10 min, the 
collected sediment was transferred to a sterile plate and the absorbance 
was measured at 540 nm using a Tecan Spark (Tecan, Männedorf, 
Switzerland). The positive control was a sample with 1% Triton X-100 
(100% hemolysis). This study was conducted as previously described 
(Chmielewska et al., 2020).

2.5 Time-kill kinetics assay in whole blood

A time-kill assay was performed to determine the bactericidal 
activity of CSA-13. The effect of CSA-13 was also tested in the presence 
of whole blood against three clinical strains selected from the tested 
collection: P. aeruginosa, E. coli and E. faecium. Individual bacterial 
colonies were suspended at a concentration of 108 CFU/mL and 
diluted to 105 CFU/mL in PBS or whole blood. Blood was collected in 
heparin tubes from healthy volunteers. In 96-well plates, CSA-13 was 
prepared in the concentration range of 0.5–50 μg/mL, and then a 
previously prepared bacterial suspension was added. Incubations were 
performed in time intervals: 1, 3, 6 and 8 h at 37 °C. The plates were 
then placed on ice to inhibit the action of the compounds. Dilutions 
of 1:10, 1:100, and 1:1,000 were made in PBS, and 10 μL of each 
sample was inoculated onto LB agar and incubated overnight at 
37 °C. Colony-forming units (CFU/mL) were then determined for 
each sample based on the dilution factor.

2.6 Determination of cytokine levels in 
plasma

Cytokine secretion was assessed using the Human Cytokine Array 
Kit (Bio-techne, R&D Systems, Minneapolis, MN). Four conditions 
were prepared on a 96-well plate: whole blood, whole blood + CSA-13 
(20 μg/mL), whole blood + CSA-13 (20 μg/mL) + P. aeruginosa and 
whole blood + P. aeruginosa and incubated for 6 h at 37 
°C. P. aeruginosa was suspended in whole blood at 105 CFU/mL. The 
plates were centrifuged, and the supernatant (plasma) was collected 
and processed according to the manufacturer’s protocol. Membranes 
were imaged using a Chemidoc imaging system (Bio-Rad, 
United States). The image was imported into ImageStudio to quantify 
the pixel density of each protein on the membrane.

2.7 Cell culture

Human umbilical vein endothelial cells (HUVECs) purchased 
from Sigma Aldrich (Saint Louis, United States) were used for the 
experiment. They were cultured in an endothelial cell growth medium 
(#211-500, Cell Applications, United  States), supplemented with 
antibiotics, and maintained at 37 °C in a humidified incubator with 
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5% CO2. After reaching 80–90% confluence, the cells were used for 
further experiments.

2.8 Assessment of endothelial barrier 
permeability and integrity

To recreate the functions of the endothelial barrier, cells were 
seeded at a density of 104 cells per transwell insert coated with 
collagen I  (pore size 0.4 μm, diameter 0.33 cm2 #3470, Corning, 
United States) in 200 μL of complete growth medium. Basolateral 
chambers were filled with 700 μL of complete growth medium. The 
medium was changed every 3 days. The formation of the monolayer 
was confirmed by TEER assessment, reaching maximum, stable 
values after 5–7 days. After the formation of the monolayer, cells were 
washed and incubated with CSA-13 at concentrations of 1, 5, and 
20 μg/mL, heat-inactivated (autoclaved) bacteria (HI) 108 CFU/mL, 
and their combinations. Bacterial strains, P. aeruginosa, and E. faecium 
were isolated from patients diagnosed with sepsis. A schematic 
representation of the experimental setup is presented in Figure 3. The 
barrier integrity measurements were performed before (time 0) and 
after the addition of the compounds at 1, 3, and 6 h. To evaluate the 
permeability of the endothelial monolayer, a 4-kDa dextran-FITC 
(#46944, Sigma Aldrich, United  States) was used. The tracer was 
introduced to the apical chamber of the Transwell at a final 
concentration of 1 mg/mL. The fluorescent intensity in the lower 
chamber was tracked using a Varioskan Lux microplate reader 
(Thermo Fisher Scientific, United States). Percentage permeability 

was calculated as the relative fluorescence of the medium in treated 
versus untreated conditions.

At the same time, transendothelial electrical resistance (TEER) 
was used to assess the permeability of the endothelial barrier. Each 
sample was measured separately using an EVOM voltmeter (World 
Precision Instruments, United States) equipped with an STX-2 stick 
electrode. Barrier resistance readings (Ω) were obtained for each well 
and, after subtracting the resistance of the blank, were multiplied by 
the membrane area (0.33 cm2) to calculate Ω*cm2. The resistance at 
time 0 for each sample was set to 1.0 to normalize the data. Values of 
treated samples were normalized to those of an untreated sample 
(Suprewicz et al., 2022).

2.9 VE-cadherin imaging

After 72 h of incubation, treated and untreated sample inserts 
with HUVECs were washed with PBS and fixed in 4% 
paraformaldehyde (Sigma Aldrich, United States) for 20 min at room 
temperature. Cells were permeabilized by adding 0.1% Triton X-100 
for 10 min at room temperature and then blocked in 0.3% BSA for 
30 min at 37 °C. Samples were then incubated for 48 h at 4 °C with a 
1:500 dilution of mouse VE-cadherin monoclonal antibody 
(Invitrogen, United  States). Samples were washed with PBS and 
incubated with AlexaFluor 647-conjugated secondary antibody 
(1:1,000) for 1 h in the dark at room temperature. The nuclei were 
counterstained with Hoechst for 30 min in the dark. Then, the 
membranes in the cell monolayer were cut out, placed onto a glass 

FIGURE 3

Schematic representation of experimental setting to conduct the permeability/integrity assays using HUVECs monolayers upon addition of ceragenins 
or their combination with heat-inactivated bacteria [Biorender.io software].
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coverslip, and mounted with an antifade solution (Abcam, 
United Kingdom). Fluorescence images were obtained using a Leica 
microscope DMi8 (Suprewicz et al., 2022).

2.10 Statistical analysis

Experiments were performed in 3–6 replicates, values presented 
are mean ± standard deviation (SD)/standard error (SE). Depending 
on the type of study, experiments were performed as technical or 
biological replicates, as described in the figure legends. Significance of 
differences was determined using a two-tailed Student’s t-test with 
GraphPad software (San Diego, CA) or a one-way ANOVA with 
Tukey’s post hoc test. p ≤ 0.05*, p < 0.02**, p < 0.001 *** were 
considered statistically significant.

3 Results

3.1 Antibacterial activity of tested agents

Sensitivity testing of clinical isolates showed that the MIC values 
of the tested molecules differ depending on the bacterial species. The 
results are presented in ranges (lower-higher MIC/MBC values) 
corresponding to species of G (−) and G (+) bacteria (Tables 1, 2, 
respectively). These data show that in Mueller Hinton Broth (MH) the 
lowest MIC for E. coli was obtained using CSA-13 (0.5–1 μg/mL), for 
K. pneumoniae CSA-131 (1–8 μg/mL), E. hormaechei CSA-44 and 
CSA-131 (1–4 μg/mL), E. asburiae CSA-13 (2 μg/mL), S. marcescens 
CSA-13 and CSA-131 (8 μg/mL), A. baumannii CSA-131 (1–2 μg/mL) 
and P. aeruginosa CSA-13 and CSA131 (1–2 μg/mL). Interestingly, 
MICs for CSAs against P. mirabilis exceeded > 64 μg/mL, suggesting 
low susceptibility (natural resistance) of this strain to the tested 
compounds. In the presence of 50% plasma, CSA-13 retained the 
highest activity except for activity against E. asburiae and P. mirabilis 
(> 64 μg/mL). Generally, in the presence of human plasma, the 
antibacterial activities of CSA-44 and CSA-131 were decreased 
compared to their activity in MH media. As for cationic peptides, the 
lowest MIC values were recorded in the presence of the WLBU2 
peptide for most of the above-mentioned species, except S. marcescens 
and P. mirabilis, where the MIC was outside the range of tested 
concentrations > 64 μg/mL. Considering that the MIC values for 
ceragenins of these two strains were above 64 μg/mL, it is suggested 
that both strains display lower susceptibility to the tested molecules, 
whose antibacterial activity requires membrane insertion. This study 
also confirmed the limited activity of cationic amphipathic peptides 
in the presence of blood components, particularly for LL-37 and 
VFR12, where the range of values exceeded 64 μg/mL. Low colistin 
MIC values were obtained for most of the tested bacterial strains 
(except for 2 colistin-resistant (R) strains and Serratia marcescens and 
Proteus mirabilis, which have natural resistance to colistin) (Aghapour 
et al., 2019).

The highest activity against S. aureus, S. epidermidis, S. capitis, and 
S. haemolyticus in MH was observed with CSA-13, giving a range of 
MIC values of ≤0.25–2 μg/mL, ≤0.25 μg/mL, ≤0.25 μg/mL, and 
≤0.25 μg/mL, respectively. In the presence of 50% plasma, the effect 
of ceragenins decreased; however, CSA-13 had the lowest MIC values 
among the tested ceragenins and retained its high antibacterial 

activity. All tested strains of Staphylococcus spp. were found to 
be sensitive to vancomycin, regardless of the type of broth used for 
MIC determinations. E. faecium and E. faecalis were the species for 
which the lowest MICs using CSA-13 and CSA-131 were observed. 
CSA-13 showed the highest antimicrobial activity in the presence of 
plasma against E. faecium; however, all tested ceragenins partially lost 
their antimicrobial properties against E. faecalis strains in the presence 
of blood plasma (MIC ranges exceeded > 64 μg/mL). Among the 
tested peptides against G (+) bacteria, WLBU2 showed the highest 
antimicrobial activity, at the same time the MIC range for LL-37 and 
VFR12 exceeded the highest tested concentration. In the case of G (−) 
bacteria, a similar pattern of activity was observed.

All tested strains of E. faecalis were sensitive to vancomycin; 
however, among the tested strains of E. faecium, eight strains were 
vancomycin-resistant enterococci (VRE). MIC values for reference 
strains from the ATCC collection were within the range of MIC values 
for clinical strains. MBCs were determined in the study and the values 
were close to MIC values (data included in Tables 1, 2).

3.2 Hemolysis

The hemolytic activity of the tested agents was determined using 
a hemoglobin release assay. Our studies using RBCs showed that 
CSA-44 and CSA-131 display low hemolysis after 1 h of incubation at 
a dose of 1–10 μg/mL. After 12 h of incubation, the toxicity of CSA-44 
and CSA-131 increased with higher doses ≥10 μg/mL. CSA-13 
became slightly toxic above 20 μg/mL. After the application of the 
WLBU2 peptide, slight toxicity was observed at 5 μg/mL, and this 
toxicity increased with increasing concentrations of the compound, 
regardless of the incubation time. LL-37, VFR12, colistin, and 
vancomycin did not cause significant lysis of human RBCs even at 
high concentrations (50 μg/mL) after both 1 and 12 h incubation 
(Figure 4).

CSA-13 showed the strongest antibacterial activity against the 
tested clinical strains and the highest biocompatibility among the 
tested compounds. Therefore, it was used to perform additional tests 
(killing assay, cytokines secretion profile, hemolysis in whole blood 
and endothelial cell monolayer permeability). From the collection of 
strains, three clinical isolates were selected for further testing based 
on their clinical contribution as an important etiological factor 
of sepsis.

3.3 Antimicrobial and hemolytic activity of 
CSA-13 in the presence of whole blood

The killing assay in whole blood enabled us to evaluate the activity 
of CSA-13 against clinical strains under conditions that mimic the 
pathophysiological environment developed during sepsis. 
We observed reduced antibacterial activity of CSA-13 against tested 
clinical isolates in the presence of whole blood compared to 
experiments performed in PBS. We  recorded the highest activity 
against E. coli. After 3 h, a dose of ≥ 20 μg/mL resulted in growth 
inhibition. Therefore, we did not perform the determination after 6 
and 8 h for this strain. As the dose increased and the incubation time 
increased, CSA-13 reduced the growth of both P. aeruginosa and 
E. faecium. The results are presented in Figure 5. The determination 
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TABLE 1  MIC/MBC range for CSA-13, CSA-44, CSA-131, LL-37, WLBU2, VFR12 and colistin in the presence of Mueller Hinton Broth and 50% human blood plasma for the clinical G (−) bacteria strain.

Tested 
substances

Growth 
medium

MIC/MBC range μg/mL

Organism n = 55

Enterobacterales n = 34 NF n = 21

Escherichia 
coli 

n = 17

Klebsiella 
pneumoniae 

n = 8

Enterobacter spp. n = 7 Proteus 
mirabilis 

n = 1

Serratia 
marcescens 

n = 1

Acinetobacter 
baumannii 

n = 7

Pseudomonas 
aeruginosa 

n = 14hormaechei 
n = 6

asburiae 
n = 1

CSA-13 Mueller Hinton Broth 0.5–1/0.5–2 4–16/4–16 2–8/2–16 2/4 > 64/> 64 8/8 2–8/2–16 1–2/2–8

plasma 50% ≤0.25–8/≤0.25–16 1–8/1–16 2–8/2–8 > 64/>64 > 64/> 64 32/>64 32–64/64– > 64 1–8/1–16

CSA-44 Mueller Hinton Broth 1–8/2–16 2–8/2–16 1–4/1–8 16/32 > 64/> 64 32/32 2–4/2–8 2–8/2–16

plasma 50% 4–32/4–32 8–64/8–64 16–64/16–64 >64/>64 > 64/> 64 > 64/>64 32 – > 64/64– > 64 16–64/32– > 64

CSA-131 Mueller Hinton Broth 0.5–8/0.5–8 1–8/1–16 1–4/1–8 4/4 > 64/> 64 8/8 1–2/1–2 1–2/1–4

plasma 50% 1–32/1–32 2 – > 64/2– > 64 4–64/4–64 > 64/>64 > 64/> 64 > 64/>64 32 – > 64/64– > 64 4–64/4– > 64

LL-37 Mueller Hinton Broth 32 – > 64/32– > 64 >64/>64 32 – > 64/32– > 64 > 64/>64 > 64/> 64 > 64/>64 16–64/16– > 64 32 – > 64/64– > 64

plasma 50% 4– > 64/4– > 64 64– > 64/64– > 64 32 – > 64/32– > 64 > 64/>64 > 64/> 64 > 64/>64 > 64/>64 > 64/>64

WLBU2 Mueller Hinton Broth 4–32/4–64 16–64/16–64 4–64/8–64 32/64 > 64/> 64 > 64/>64 8–16/8–16 8–32/8–64

plasma 50% 2–64/2–64 4– > 64/4– > 64 8– > 64/16– > 64 > 64/>64 > 64/>64 > 64/>64 16–32/32– > 64 4– > 64/4– > 64

VFR12 Mueller Hinton Broth 32 – > 64/64– > 64 > 64/>64 64 – > 64/>64 > 64/>64 > 64/>64 > 64/>64 > 64/>64 16 – > 64/64– > 64

plasma 50% 0.5 – > 64/0.5– > 64 16 – > 64/16– > 54 32 – > 64/32– > 64 > 64/>64 > 64/>64 > 64/>64 > 64 > 64 16 – > 64/32– > 64

Colistin Mueller Hinton Broth ≤ 0.25–4/≤0.25–4 ≤0.25/≤0.25 ≤0.25/≤0.25 > 64/>64 > 64/>64 > 64/>64 ≤ 0.25–0.5/≤0.25–2 ≤ 0.25–2/≤0.25–4

plasma 50% ≤ 0.25/≤0.25 ≤ 0.25–1/≤0.25–2 ≤ 0.25/≤0.25–0.5 > 64/>64 > 64/>64 2/4 ≤0.25–1/≤0.25–1 ≤ 0.25–0.5/≤0.25–1
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of hemolysis in whole blood in the presence of CSA-13 and three 
clinical isolates (Figure 6), allowed for the assessment of the safety of 
ceragenin in an experimental setting simulating blood infection. Our 
data show that the tested ceragenin, under various experimental 
conditions, induced hemolysis of some red blood cells. However, this 
effect was observed at doses that were several times higher than the 
MIC values. At various time points (1, 3, 6 and 8 h), this effect was 
observed at 50 μg/mL of CSA-13. In the presence of bacteria, no 
increased levels of hemolysis were observed compared to 
untreated samples.

3.4 Pro-inflammatory response

CSA-13 increases the secretion of proinflammatory cytokines, 
especially interleukin-8 (IL-8), in the presence of P. aeruginosa after 
6 h of incubation (Figure 7).

3.5 CSA-13 reduces bacteria-induced 
HUVEC monolayer permeability

To evaluate the effect of CSA-13 on endothelial cell permeability 
under various experimental conditions, we  performed a dextran 

permeability assay (Figures  8A,B) and a TEER measurement 
(Figures 8C,D). Regardless of the time point, heat-inactivated bacteria 
increased the permeability of HUVEC cells by up to 172% 
(Enterococcus faecium after 3 h). CSA-13 (1 μg/mL and 5 μg/mL) did 
not induce permeability and a decrease of up to 10% was observed 
compared to the untreated sample. A dose of 20 μg/mL after 1 h 
increased the permeability to 156%, but with increasing incubation 
time, the permeability decreased to 129%. In the presence of heat-
inactivated E. faecium after 1 h, the permeability reached 163%. After 
adding CSA-13 at doses of 1, 5, and 20 μg/mL simultaneously with 
bacteria, the permeability decreased to 101, 121, and 115%, 
respectively. After 3 h, heat-inactivated E. faecium caused an increase 
to 172%, while 1 μg/mL CSA-13 reduced this effect to 101%, 
representing a 71% decrease in permeability. After 6 h, heat-
inactivated E. faecium induced a 152% increase in permeability, while 
1 μg/mL CSA-13 induced a 101% increase, representing a 51% 
decrease in permeability. After 6 h, heat-inactivated P. aeruginosa 
increased permeability to over 160% in 1–6 h. Adding CSA-13 at 
concentrations of 1 and 5 μg/mL after 1 h reduced permeability to 70 
and 82%. A 6 h incubation with CSA-13, 1 μg/mL reduced 
permeability to 89% and a dose of 5 μg/mL to 110%. CSA-13 regulates 
the dose-dependent increase in HUVECs permeability induced by 
bacterial LPS or LTA, with a clear beneficial effect observed at a dose 
of 1 μg/mL. Measurement of TEER confirms the protective role of 

TABLE 2  MIC/MBC range for CSA-13, CSA-44, CSA-131, LL-37, WLBU2, VFR12 and vancomycin in the presence of Mueller Hinton Broth and 50% human 
blood plasma for the clinical G (+) bacteria strain.

Tested 
substances

Growth 
medium

MIC/MBC range μg/mL

Organism n = 28

Staphylococcus spp. n = 13 Enterococcus spp. n = 15

aureus 
n = 5

epidermidis 
n = 6

capitis 
n = 1

haemolyticus 
n = 1

faecium 
n = 11

faecalis 
n = 4

CSA-13 Mueller Hinton 

Broth

≤ 0.25–2/≤0.25–4 ≤0.25/≤0.25 ≤0.25/≤0.25 ≤0.25/≤0.25 ≤ 0.25–1/≤0.25–2 1–2/2–4

Plasma 50% 4–8/4–8 1–4/1–4 2/2 0.5/1 2–8/2–8 64– > 64/64– > 64

CSA-44 Mueller Hinton 

Broth

1–2/1–4 0.5–4/0.5–8 2/2 1/2 0.5–2/0.5–4 2–4/2–8

plasma 50% 32– > 64/32– > 64 16–64/16–64 16/32 16/16 32–64/32–64 64– > 64/64– > 64

CSA-131 Mueller Hinton 

Broth

0.5–2/0.5–4 ≤0.25–2/≤0.25–4 0.5/0.5 0.5/0.5 0.5–1/0.5–2 1–2/2

plasma 50% 8–64/8– > 64 4–16/4–32 8/8 4/4 16–32/16–32 64– > 64/64– > 64

LL-37 Mueller Hinton 

Broth

64– > 64/64– > 64 4– > 64/4– > 64 64/64 32/32 32– > 64/64– > 64 32– > 64/>64

plasma 50% > 64/>64 64– > 64/64– > 64 > 64/>64 > 64/>64 > 64/>64 > 64/>64

WLBU2 Mueller Hinton 

Broth

16–64/16– > 64 4–8/4–16 8/8 8/8 2–8/4–16 8–32/16–32

plasma 50% 32– > 64/32– > 64 4–32/4–32 8/8 8/16 8–64/8–64 > 64/>64

VFR12 Mueller Hinton 

Broth

> 64/>64 64 – > 64/64– > 64 > 64/>64 64/>64 32 – > 64/64– > 64 > 64/>64

plasma 50% > 64/>64 > 64/>64 > 64/>64 > 64/>64 > 64/>64 > 64/>64

Vancomycin Mueller Hinton 

Broth

0.5–1/1 1–2/2–4 1/1 2/2 0.5 – > 64/2– > 64 1–4/4–8

plasma 50% 0.5–2/0.5–4 1–4/2–4 1/1 2/2 0.5 – > 64/0.5– > 64 1–2/1–8
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FIGURE 4

Hemoglobin release from human RBCs after 1 and 12 h of incubation in the presence of CSA-13 (A), CSA-44 (B), and CSA-131 (C), LL-37 (D), WLBU2 
(E), VFR12 (F), in the range of 0–50 μg/mL. The results show: mean ± SD, n = 3 (biological replicates); * indicates statistical significance compared to 
the untreated sample, p ≤ 0.05, ** < 0.02 and *** < 0.001.

FIGURE 5

Killing activity of CSA-13 against representative clinical isolates of P. aeruginosa, E. faecium and E. coli at the dose range of 0.5–50 μg/mL in the 
presence of PBS (A–C) or whole blood (D–F). Results are presented as mean ± SE, n = 3–6 (3 biological replicates/6 technical replicates); * indicates 
statistical significance compared to an untreated sample, p ≤ 0.05.
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FIGURE 6

Hemoglobin release after 1, 3, 6 and 8 h of incubation in the presence of CSA-13 at concentrations of 20 and 50 μg/mL in whole blood (A,C,E) and 
whole blood with P. aeruginosa (B), E. faecium (D) and E. coli (F). The results show: mean ± SD, n = 3–6 (biological replicates); * indicates statistical 
significance compared to the untreated sample ≤0.05, ** < 0.02 and *** < 0.001.

FIGURE 7

Determination of cytokine levels in plasma after the addition of CSA-13 at a dose of 20 μg/mL (data expressed as fold change compared to the 
untreated condition, CT). Warmer colors suggest increased cytokine expression, while colder colors suggest decreased expression.
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CSA-13, which increases the strength of the endothelial cell barrier in 
a dose-dependent manner. Higher resistance indicates reduced 
permeability, while lower resistance is associated with impaired 
permeability. Inactivated bacteria significantly reduced resistance at 
all time points, while the addition of CSA-13 alleviated the reduction 
in TEER measurements.

We also evaluated the morphological changes occurring in the 
monolayer shown in Figure 8E. CSA-13 at doses of 1 and 5 μg/mL in 
the presence of heat-inactivated E. faecium or P. aeruginosa does not 
change the morphology of VE-cadherin intercellular junctions 
compared to the untreated sample (CT). Delocalization of 
VE-cadherin from the cell membrane to the cell interior leads to 
increased permeability resulting from gaps formation between 
endothelial cells (Lee and Slutsky, 2010). In the presence of inactivated 
bacteria, delocalization of VE-cadherin was observed. The addition of 
CSA-13 reduced this effect, which indicates “sealing” of the HUVEC 
cell monolayer.

4 Discussion

Sepsis is caused by a selected population of microorganisms and 
is accompanied by a complex pathophysiological mechanism (Jarczak 
et  al., 2021). It is a serious clinical problem associated with high 
mortality, especially among patients hospitalized in intensive care 
units and with weakened immunity (Sakr et al., 2018). The elimination 
of pathogens causing sepsis in the hospital environment is often 
hampered by their emerging resistance to most known classes of 
antibiotics (Sharma et al., 2024). To improve the outcomes of sepsis 
treatment, it is necessary to develop new antibacterial drugs with 
pleiotropic effects (Marques et al., 2023; Vincent, 2022).

Ceragenins have a broad spectrum of antimicrobial activity that 
includes bacteria, fungi and some viruses (Prasad et  al., 2021). 
Overall, our results are largely consistent with studies previously 
conducted by Bozkurt-Guzel et  al. (2014). Their study assessed, 
among other things, the activity of CSA-13 against 60 carbapenem-
resistant A. baumannii strains isolated from the blood of patients with 
bacteremia. The MIC value for all tested isolates was in the range of 
1–16 mg/mL (Bozkurt-Guzel et al., 2014). Another study confirmed 
the antimicrobial activities of: CSA-8, CSA-13, CSA-44, CSA-90, 
CSA-131, CSA-138, CSA-142, CSA-144 against MDR Gram (−) 
bacteria isolated from blood, including A. baumannii, K. pneumoniae, 
E. coli and P. aeruginosa (Yilmaz et al., 2023). Our research confirms 
the high activity of the tested ceragenins CSA-13, CSA-44 and 
CSA-131 against G (−) and G (+) bacteria. Comparable to colistin 
and vancomycin, ceragenins showed higher antimicrobial activity 
against the tested strains compared to the antimicrobial peptides 
LL-37, WLBU2, and VFR12. In the study presented here, among the 
collected clinical isolates, the most numerous were E. coli n = 17, 
P. aeruginosa n = 14 and E. faecium n = 11. Increasing resistance to 
colistin, called the “drug of last resort,” has been observed in 
A. baumannii (Qadri et al., 2025), E. coli (El-Mokhtar et al., 2021), 
P. aeruginosa (Narimisa et al., 2024), K. pneumoniae (Uzairue et al., 
2022), as well as the nephrotoxic effect of colistin (Ordooei Javan 
et  al., 2015), or the emergence of strains resistant to vancomycin 
(Iqbal et al., 2024), constitutes a serious public health problem and 
the need to search for new medicinal compounds. In this context, it 
is worth emphasizing our recent animal studies, which showed high 
activity of ceragenins against E. coli causing cystitis in mice, which did 
not show a toxic effect of ceragenins as a result of histopathological 
examination of the kidneys in the control group (Wnorowska 
et al., 2022).

FIGURE 8

Assessment of the permeability of HUVEC monolayers without and with heat-inactivated bacteria in the presence of CSA-13. Measurements were 
performed using a fluorometric method based on dextran-FITC permeability (A,B) and transendothelial electrical resistance (TEER) (C,D). The results 
represent the mean ± SD of three measurements (biological replicates), * and # indicate statistical significance at p ≤ 0.05, ** /## < 0.02 and *** 
/### < 0.001 compared to CT and heat-inactivated P. aeruginosa (A,C)/heat-inactivated E. faecium (B,D). VE-cadherin (red) rearrangement in 
response to CSA-13 with the addition of heat-inactivated E. faecium or P. aeruginosa (E), nuclei are in blue.
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An additional advantage of using ceragenins is their chemical 
nature, which makes them resistant to the action of proteolytic 
enzymes, which distinguishes them from natural and synthetic 
antimicrobial peptides (Czarnowski et al., 2024). Indeed, AMPs such 
as human cathelicidin (LL-37) may lose their antimicrobial activity 
when exposed to various proteolytical enzymes in plasma (Yang et al., 
2024). However, according to previous reports, plasma might weaken 
the antibacterial effect of CSA-13 (Leszczyńska et al., 2011) and some 
antibacterial peptides due to their potential interaction with 
lipoproteins (Ciornei et al., 2005). In our study we observed high 
stability of CSA-13  in human plasma compared to CSA-44 and 
CSA-131 when tested against E. coli isolates, where the MIC was in the 
range of 0.25–8 μg/mL. This range of activity against E. coli is in good 
agreement with previous studies in which uropathogenic E. coli 
bacteria show sensitivity to ceragenin in the range of 1–8 μg/mL 
(Wnorowska et  al., 2022). On this basis, it can be  concluded that 
CSA-13 may be particularly important in the treatment of infections 
caused by E. coli.

In whole blood, the antimicrobial activity of CSA-13 is lower 
compared to PBS, and a higher dose and longer incubation time are 
required to observe its effect. We  noticed particular bactericidal 
effectiveness when using CSA-13 at a concentration of ≥ 20 μg/mL 
against E. coli after 3 h of incubation. Blood reduces the 
pharmacological activity of some amphipathic drugs due to their 
interaction with blood cells membranes and/or blood plasma 
components. These findings may open a new avenue of research to 
understand the pharmacokinetics of ceragenin. Despite these 
limitations, it is worth noting that CSA-13 at this dose is non-toxic to 
human erythrocytes and maintains its antimicrobial properties. A 
limitation of our study was the small group of subjects. In the future, 
the group of blood donors for whom blood counts will be performed 
should be increased, as individual differences may affect the obtained 
results. Individual differences in blood counts impact the risk of 
infection, the course of disease, and response to treatment. Our study 
should be considered as a preliminary study evaluating the effects of 
ceragenin in the presence of whole blood and its components. 
Additionally, the future, studies using this experimental model should 
be carried out on a wider group of microorganisms.

Blood contains various immune components cells and molecules, 
such as white blood cells (WBCs), platelets (PLTs), complement 
components, and antimicrobial peptides, which have antimicrobial 
functions (Taha et al., 2019). In our study, Escherichia coli grows in the 
control blood sample, which proves that blood itself does not inhibit 
the growth of this pathogen. With increasing CSA-13 concentration 
and increasing incubation time in blood, we observe a decrease in 
CFU/mL of this bacterium, but we  assume that the extension of 
incubation time may correlate with a reduction in the therapeutic dose 
of CSA-13.

An alternative to increasing the bioavailability of CSA-13 after 
intravenous administration may be  the use of ceragenin-based 
nanosystems. According to previous studies, in the presence of body 
fluids: blood plasma, serum, urine, cerebrospinal fluid, abdominal 
fluid, sputum, dental plaque (Niemirowicz et  al., 2017), ear wax 
(Prasad et al., 2021), ceragenins and ceragenin-based nanosystems 
demonstrated strong antimicrobial activity.

An interesting direction of research is the combination of 
ceragenins with conventional antibiotics in order to reduce the 
therapeutic dose. Recently, the activity of CSA-44 and CSA-131 

against blood clinical isolates of G (−) bacteria in combination 
with classical antibiotics was reported (Yilmaz et al., 2023). This 
study highlights that CSA-44 and CSA-131, alone or in 
combination with meropenem or ceftazidime + avibactam, should 
be  considered when developing new alternative treatments for 
infections caused by antibiotic-resistant bacterial strains. Another 
study confirmed the effectiveness of the combination of CSA-13 
with colistin, tobramycin and ciprofloxacin (Bozkurt-Guzel 
et al., 2014).

As a result of infection, the host’s reaction is impaired, which is 
associated with an excessive pro-inflammatory response (Liu et al., 
2022). Therefore, we decided to check whether ceragenins can reduce 
the inflammatory response. In our previous study, 30 μM CSA-13 and 
LL-37 reduced IL-8 release by 50% in A549 cells infected with 
P. aeruginosa Xen5 (Bucki et al., 2015). In another study, CSA-13 and 
CSA-131 effectively reduced the inflammatory response associated 
with Gardnerella vaginalis infection. Reduced levels of MIP-1α/β, 
IL-1α and IL-1β IL-10 was observed (Wnorowska et al., 2024). Our 
results suggest activation of immune system cells upon blood exposure 
to CSA-13, as evidenced by the increased levels of MIP-1α and MIP-1β 
in the CSA-13 + P. aeruginosa sample. MIP-1α is an inflammatory 
protein of macrophages, secreted by cells of the immune system: 
monocytes, T and B lymphocytes, neutrophils, dendritic cells and NK 
cells (Bhavsar et al., 2015). In a study by Leszczyńska et al. (2012), 
CSA-13 was found to induce IL-8 release, which we confirmed here. 
Proinflammatory cytokine IL-8, has a chemotactic effect on 
neutrophils and stimulates phagocytosis. Enhanced phagocytosis 
allows for the restoration of homeostasis which remains disturbed in 
sepsis (Hortová-Kohoutková et  al., 2020). Based on the available 
experimental data, it can be  concluded that CSA-13 has 
immunomodulatory properties, but further studies are needed to 
understand its molecular basis. In the future, cytokine levels should 
be also measured after longer incubation times. It is also worthwhile 
to test a lower dose of CSA-13.

Endothelial dysfunction, which accompanies sepsis (Joffre et al., 
2020), is a crucial determinant of sepsis outcome; therefore, 
compounds are being sought that will enhance the integrity of this 
barrier. We used heat-inactivated bacteria to assess endothelial cell 
permeability. The observed changes are most likely related to immune 
signaling. In our studies, in addition to its antimicrobial properties, 
CSA-13 regulates the permeability of endothelial monolayers. 
We  hypothesize that CSA-13 may stabilize the junctions between 
endothelial cells and V-cadherin and/or modulate inflammatory 
mediators. Future studies should investigate the mechanism by which 
CSA regulates endothelial cell permeability. In addition to its 
antimicrobial properties, CSA-13 regulates the permeability of 
endothelial monolayers. Another important aspect in the search for 
new therapeutic agents is the low toxicity of CSAs. The biocompatibility 
of CSA-13, CSA-44 and CSA-131 has been tested in some previous 
studies (Paprocka et al., 2022; Skłodowski et al., 2021). Our results 
confirm low cytotoxicity at bactericidal doses. Toxic doses are several 
times higher than the MIC values. It is also worth emphasizing that 
ceragenin-induced host cell damage can be  controlled by using 
Pluronic F-127 (Paprocka et al., 2021), which reduces the toxicity of 
CSA-13 and does not affect its bactericidal activity (Bucki et al., 2015).

In vivo, CSA-13 demonstrates antibacterial efficacy in an 
animal model of peritoneal infection (Bucki et al., 2015) in a mouse 
model of urinary tract infections (Wnorowska et  al., 2022) in 
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bacterial vaginosis in mice (Wnorowska et al., 2024). To date, there 
are no data assessing the effect of ceragenin on an animal model 
of sepsis.

5 Conclusion

This study demonstrates the potential of ceragenins, especially 
CSA-13, as possible agents for developing new therapies for patients 
with bloodstream infections. Low hemolytic activity at bactericidal 
concentrations, high antibacterial activity maintained in the presence 
of plasma and protective function for endothelial cells encourage 
further evaluation of the potential of this substance in the treatment 
of sepsis, which is associated with infection and accompanied by 
endothelial dysfunction. In the future, the focus should be  on 
understanding the molecular mechanism associated with the 
immunomodulatory function of ceragenins as well as assessing the 
potential of ceragenins in vivo using animal models of sepsis in order 
to assess the efficacy and safety of these substances from the 
perspective of potential clinical trials.
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