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Background and Purpose: Treatment of infections caused by NDM-1 carbapenemase- 
producing Enterobacteriaceae (CPE) represents one of the major challenges of modern 
medicine. In order to address this issue, we tested ceragenins (CSAs – cationic steroid 
antimicrobials) as promising agents to eradicate various NDM-1-producing Gram-negative 
enteric rods.
Materials and Methods: Susceptibility to CSA-13, CSA-44, and CSA-131 of four refer-
ence NDM-1 carbapenemase-producing strains, ie, Escherichia coli BAA-2471, 
Enterobacter cloacae BAA-2468, Klebsiella pneumoniae subsp. pneumoniae BAA-2472, 
and K. pneumoniae BAA-2473 was assessed by MIC/MBC testing of planktonic cells as 
well as biofilm formation/disruption assays. To define the mechanism of CSAs bactericidal 
activity, their ability to induce generation of reactive oxygen species (ROS), permeabilization 
of the inner and outer membranes, and their mechanical and adhesive properties upon CSA 
addition were examined. Additionally, hemolytic assays were performed to assess CSAs 
hemocompatibility.
Results: All tested CSAs exert substantial bactericidal activity against NDM-1-producing 
bacteria. Moreover, CSAs significantly prevent biofilm formation as well as reduce the mass 
of developed biofilms. The mechanism of CSA action comprises both increased permeability 
of the outer and inner membrane, which is associated with an extensive ROS generation. 
Additionally, atomic force microscopy (AFM) analysis has shown morphological alterations 
in bacterial cells and the reduction of stiffness and adhesion properties. Importantly, CSAs 
are characterized by low hemolytic activity at concentrations that are bactericidal.
Conclusion: Development of ceragenins should be viewed as one of the valid strategies to 
provide new treatment options against infections associated with CPE. The studies presented 
herein demonstrate that NDM-1-positive bacteria are more susceptible to ceragenins than to 
conventional antibiotics. In effect, CSA-13, CSA-44, and CSA-131 may be favorable for 
prevention and decrease of global burden of CPE.
Keywords: antibiotic resistance, NDM-1, CSA-13, CSA-44, CSA-131, ceragenins, CPE

Introduction
The discovery of antibiotics was a remarkable moment in the history of mankind, 
which revolutionized medicine by saving the lives of previously incurable patients 
suffering from infectious disease.1 Nevertheless, the extraordinary advantages of 
these drugs in reducing morbidity and mortality have been limited by the appear-
ance of resistant bacteria.2 The rapid rise and dissemination of multiple types of 
antimicrobial-resistant (MDR) bacteria have posed a crucial threat to global public 
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health.3 Importantly, the number of new antibiotics regis-
tries is considerably limited.4 Nowadays, the advent of 
resistance among pathogenic bacteria is imperiling the 
utility of the first-line antibiotics. Currently, carbapenems, 
such as imipenem, meropenem, and ertapenem, are recom-
mended as the most effective in treatment of serious infec-
tions caused by MDR bacteria.3,5 Unfortunately, the 
indiscriminate, injudicious use of carbapenems has led to 
the appearance of bacteria resistant to these last-resort 
antibiotics.1 The consequences of this phenomenon 
increase the risk of prolonged illness, a greater mortality, 
and economic losses.1

Numerous organizations, such as the Centers for 
Disease Control and Prevention (CDC) and the European 
Centre for Disease Prevention (ECDC), are warning against 
the return to the pre-antibiotic era.1 It is estimated that 
annually, in the United States, more than 2.8 million anti-
biotic-resistant infections occur, resulting in more than 
35,000 deaths. In 2019, the CDC published a list describing 
the microorganisms that were considered urgent threats. 
This list was headlined by carbapenem- producing or -resis-
tant Enterobacteriaceae (CPE, CRE), that are classified by 
WHO as “critical” pathogens for research and development 
of new antibiotics.6 Moreover, it should be highlighted that 
in 2017, more than 13,000 cases of healthcare-associated 
CPE infections were reported in the USA and at least 1,100 
people died.7 Additionally, analysis of ECDC reports con-
cludes that the highest percentage of carbapenem-producing 
(CP) Klebsiella pneumoniae strains was detected in Greece 
(63.9%); followed by Romania (29.5%) and Italy (26.8%).8 

Despite ongoing control efforts to combat the CPE, so far 
no significant results have been achieved.1,9 Regrettably, 
recent predictions point out that bacterial infections will 
result in 10 million annual deaths by 2050, more than 
those presently induced by cancer.10

Nowadays, one of the most clinically and epidemiolo-
gically important mechanisms of resistance to carbapenems 
is NDM-1 (New Delhi Metallo-β-lactamase-1). The first 
bacterium harboring blaNDM-1 was K. pneumoniae isolated 
in 2008 from a 59-year-old Swedish man who was pre-
viously hospitalized in India. It should be emphasized that, 
since then, strains producing NDM-1 carbapenemases have 
been revealed in almost all countries and in most species 
among Enterobacterales bacteria threatening epidemic 
outbreaks.3,11-13 In effect, NDM-1 mediated resistance has 
become one of the most meaningful current problems in the 
field of drug resistance.13 It should be noted that bacteria 
harboring NDM-1 are not only resistant to β-lactams, but 

also to another groups of antibiotics, hence frequently are 
classified as pandrug-resistant (PDR) pathogens.13 To date, 
the treatment options for NDM-1 infections have remained 
very limited, with colistin, tigecycline, fosfomycin, amino-
glycosides, as well as ciprofloxacin as the basic therapy.11 

Unfortunately, the effective use of these agents is under-
mined by their significant toxicity and the increasing num-
ber of resistant strains.1 Consequently, there is an 
imperative and urgent need to introduce new antimicrobial 
therapeutic strategies.14

Ceragenins have been viewed as one of the valid solu-
tions to the impending crisis of antimicrobial resistance.15 

The molecular architecture of ceragenins is founded on a 
cholic acid, which is appended by amine groups, therefore 
ceragenins are also known as cationic steroid antimicro-
bials (CSAs).16 Describing in more detail, CSAs demon-
strate positive charges arranged on one face and 
hydrophobic residues on the other.17 The mechanism of 
the bactericidal action proposed for these compounds com-
prises an electrostatic connection between ceragenins and 
the negatively charged molecules of the bacterial surface. 
This association enables the further direct and rapid anti-
microbial activity of CSAs resulting in the microbial mem-
brane insertion, ultimately leading to changes in the 
membrane organization of phospholipids and sudden 
membrane depolarization.16 This affinity of CSAs for bac-
terial membrane components is due to the cell selectivity. 
The recent data showed that the study compounds selec-
tively associate with prokaryotes over eukaryotic cells, 
which possibly arises from the higher net of the negative 
charge present on prokaryotic membranes.18

The therapeutic appropriateness of ceragenins has been 
emphasized by multiple publications.16 CSAs are assumed 
to be a promising alternative to conventional antibiotics 
due to a broad spectrum of their activity against potent 
microbial pathogens, such as Gram-positive and Gram- 
negative bacteria as well as fungi and, importantly, MDR 
strains.15,16,19 What is more, the development of resistance 
to CSAs is considerably lower compared to conventional 
antibiotics.16 So far, no bacteria have accomplished high 
levels of resistance to ceragenins.20 Apart from antibacter-
ial effects, these molecules also display antibiofilm, 
sporicidal, antiviral, antiparasitic, and anticancer 
activities.21–24 The therapeutic potential of CSAs is also 
underlined by their low toxicity, good stability under phy-
siological conditions, and relatively inexpensive 
production.20,25 Because of promising therapeutic proper-
ties of CSAs, we investigated antibacterial features of 
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CSA-13, CSA-44, and CSA-131 against rods belonging to 
Enterobacteriaceae family producing NDM-1.

Materials and Methods
Bacterial Strains and Tested Compounds
Four NDM-1 carbapenemase-producing strains: 
Escherichia coli BAA-2471, Enterobacter cloacae BAA- 
2468, Klebsiella pneumoniae subsp. pneumoniae BAA- 
2472, and K. pneumoniae BAA-2473 were purchased 
from American Type Culture Collection (ATCC, USA). 
E. coli BAA-2471 and K. pneumoniae subsp. pneumoniae 
BAA-2472 were isolated from the respiratory sample, 
whereas E. cloacae BAA-2468 as well as K. pneumoniae 
BAA-2473 from the human urine.

Ceragenins: CSA-13, CSA-44, and CSA-131 were 
synthesized as described previously.18 The chemical 

structures of CSAs are shown in Figure 1. In the next 
step the prepared CSAs were dissolved in PBS (phos-
phate-buffered saline, Thermo Fisher Scientific, USA). 
Then, the suspension was sonicated using a washer IS-4 
(InterSonic) for 30 minutes at room temperature, before 
the investigation. Finally, appropriate CSA concentrations 
were used for the tests. In turn, antibiotics (ertapenem, 
imipenem, colistin, gentamicin, tobramycin, ciprofloxacin, 
tigecycline, and fosfomycin) were acquired from Sigma- 
Aldrich (USA), except meropenem (AstraZeneca, Poland).

MIC/MBC Assay
Minimal inhibitory concentrations (MICs) and minimal 
bactericidal concentrations (MBCs) of the tested com-
pounds against E. coli BAA-2471, E. cloacae BAA- 
2468, K. pneumoniae subsp. pneumoniae BAA-2472, and 

Figure 1 The chemical structures of tested CSAs.
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K. pneumoniae BAA-2473 were determined using the 
serial microdilution method in Mueller-Hinton broth 
(Sigma-Aldrich, USA). The MIC values for the antibiotics 
were interpreted in accordance with the European 
Committee on Antimicrobial Susceptibility Testing 
(EUCAST). MBC values were determined by plating 
each sample (10 μL) on MacConkey agar (Biomaxima, 
Poland) and defined as the lowest concentration of the 
compounds studied resulting in at least a 99.9% killing 
of the initial bacterial inoculum.

Killing Assay
To determine the bactericidal activities of CSA-13, CSA- 
44, and CSA-131 against the strains producing NDM-1, a 
killing assay was performed. Individual colonies of bac-
teria were suspended to ~108 CFU/mL and serially diluted 
to 105 CFU/mL with sterile PBS. The assays were per-
formed using ceragenins within the concentration range 
0.1–0.9 μg/mL. After 60 minutes of incubation at 37°C, 
samples were diluted from 10–1000-fold. Thereafter, 10 
μL aliquots of each dilution were plated on the 
MacConkey agar and incubated overnight at 37°C to 
establish the number of viable colonies. Colony-forming 
units (CFU/mL) of the individual samples were deter-
mined from the dilution factor.

Prevention of Biofilm Formation
Formation of biofilms by NDM-positive strains in the pre-
sence of different concentrations of CSAs (1–100 μg/mL) 
was assessed using the resazurin-based fluorimetric method. 
After incubation of bacterial samples with ceragenins (37°C 
for 24, 48, and 72 hours), the plates were washed 3-times 
with PBS to remove unattached bacteria and stained using 
resazurin (Sigma-Aldrich, USA) in a final concentration of 
0.2 mg/mL per well. After that, fluorescence intensity was 
measured (λex=520 nm/λem=590 nm) using Labsystem 
Varioscan Lux (Thermo Fisher Scientific, USA).

Disruption of Established Biofilms
Biofilms of the studied bacterial strains were grown in 
96-well plates at 37°C for 24, 48, and 72 hours in LB 
broth (LB, Bio Corp, USA). After incubation, the plates 
were washed with PBS to remove planktonic cells. Next 
CSA-13, CSA-44, and CSA-131 were added in varied 
concentrations (1–100 μg/mL). After 1 hour incubation, 
plates were washed with PBS and biofilms were 
removed from plates by sonication using a washer IS-4 
(InterSonic) for 15 minutes. After that, samples were 

diluted 10–1000-fold and 10 μL aliquots of each dilu-
tion were plated on MacConkey agar and incubated 
overnight at 37°C to determine the number of viable 
colonies. The CFU/mL of the individual samples was 
defined from the dilution factor.

Outer Membrane Permeabilization Assay
N-phenyl-1-napthylamine (NPN, Sigma-Aldrich, USA) 
uptake assay was used to assess the outer membrane 
permeability of NDM-1 producing strains. Bacterial cells 
were resuspended in PBS (OD600=0.1) prior to incubation 
with CSA-13, CSA-44, and CSA-131 in concentrations 
ranging from 1–10 µg/mL. NPN was added to a final 
concentration of 0.5 mM, and the mixture was incubated 
for 5 minutes. Fluorescence (λex=348 nm/λem=408 nm) 
was measured using Labsystem Varioscan Lux.

Inner Membrane Permeabilization Assay
To evaluate β-galactosidase activity, o-nitrophenyl-β-D- 
galactopyranoside (ONPG, Thermo Fisher Scientific, 
USA) was used as the substrate. First, bacterial cells 
were resuspended in a PBS (OD600=0.1) and pipetted 
into 96-well plates. Afterwards ceragenins at the concerta-
tions of 1, 2, 5, and 10 µg/mL were added to each well. 
ONPG (30 mM) was added to the final concentration of 3  
mM, and the mixture was incubated for 2 hours. The 
production of ortho-nitrophenol was determined by mon-
itoring the change in absorbance at 420 nm using 
Labsystem Varioscan Lux.

ROS Generation Assessment
Ceragenin-induced generation of ROS was measured using 
2′,7′-dichlorofluorescein diacetate (DFCH-DA, Sigma- 
Aldrich, USA) as a fluorescent probe. Bacterial cells 
(OD600=0.1) were pipetted into 96-well black plates. 
Then CSA-13, CSA-44, and CSA-131 in the concentra-
tions ranging from 1–10 µg/mL were added to each well. 
After, DFCH-DA in PBS at 20 µM was prepared and 
mixed. Fluorescence was measured for 60 minutes imme-
diately after addition of the dye at excitation/emission 
wavelengths of 488/535 nm.

The Atomic Force Microscope Imaging
Characterization of mechanical properties of Klebsiella 
pneumoniae BAA-2473 cells untreated and treated with 1 
μg/mL, 5 μg/mL, and 10 μg/mL of CSA-13, CSA-44, and 
CSA-131 were performed using an atomic force micro-
scope NanoWizard 4 BioScience AFM (JPK Instruments, 
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Bruker) equipped with a liquid cell setup. Silicon Nitride 
cantilevers (Bruker MSCT) described by a spring constant 
of 0.37 N/m were used. Due to the lateral forces during 
contact mode scanning, the force curves-based imaging 
mode with the resolution of 128 pixels per line was used, 
to image bacterial surfaces (JPK QI™ mode - Quantitative 
Imaging). The topography maps sizes of 5 μm×5 μm and 3 
μm×3 μm were recorded. To assess the wider spectrum of 
cells changes after treatment, QI maps were used to deter-
mine bacteria surface stiffness (a slope mode) and adhe-
sion forces between the cells and the AFM probe.

Hemolytic Activity
Hemolytic activity of CSA-13, CSA-44, and CSA-131 was 
determined using human red blood cells (RBCs) sus-
pended in PBS hematocrit ~5%. RBCs were incubated 
for 1, 6, and 12 hours at 37°C after addition of the 
compounds in the concentration of 1–100 μg/mL. To eval-
uate the relative hemoglobin concentration in supernatants 
after centrifugation at 2000 g, the optical absorbance was 
measured at 540 nm (Labsystem Varioscan Lux). 
Simultaneously, the positive control (100% of hemolysis) 
was taken from the wells in which 1% Triton X-100 
(Sigma-Aldrich, USA) was used to disrupt the cell mem-
brane, whereas RBCs in PBS were used as a negative 
control. The relative absorbance compared to that treated 
with 1% Triton X-100 was defined as the percentage of 
hemolysis.

Statistical Analysis
All statistical analyses were conducted using Graph Pad 
Prism, version 8 (San Diego, CA). Collected data are 
reported as the mean±standard deviation (SD) of three- 
to-six experiments. One-tailed Student’s t-test was used to 
compare differences between all referential strains, and a 
P-value<0.05 was considered to be statistically significant.

Results
Ceragenins CSA-13, CSA-44, and CSA- 
131 Exert Antibacterial Activity Against 
NDM-1 Producing Strains
According to EUCAST criteria, E. coli BAA-2471 belongs 
to the MDR bacteria category, whereas E. cloacae BAA 
2468, K. pneumoniae subsp. pneumoniae BAA 2472, and 
K. pneumoniae BAA 2473 are classified as XDR (exten-
sively drug resistant) strains due to the resistance to almost 
all antibiotics used. As shown in Table 1, CSA-13, CSA- 
44, and CSA-131 possess a significantly higher activity 
with MIC values ranging from 1–2 μg/mL than gentamicin 
(MIC >256 μg/mL), tobramycin (MIC 32 >256 μg/mL), 
ciprofloxacin (MIC 64 >256 μg/mL) or fosfomycin (MIC 
≥256 μg/mL, except E. coli BAA 2471).

Furthermore, CSA-13 displays the most prominent 
bactericidal effect against a planktonic form of all 
strains (Figure 2A–D). Bacterial growth inhibition was 
reported at 0.1 μg/mL; 0.3 μg/mL; 0.2 μg/mL, and 0.4 
μg/mL in the case of E. coli BAA 2471 (A); E. cloacae 

Table 1 MIC and MBC Values of CSA-13, CSA-44, CSA-131, and Antibiotics/Chemotherapeutics Tested Against Escherichia coli BAA 
2471, Enterobacter cloacae BAA 2468, Klebsiella pneumoniae subsp. pneumoniae BAA 2472, and Klebsiella pneumoniae BAA 2473

CSAs, Antibiotics, 
Chemotherapeutics/ 
Microorganisms

E. coli BAA 2471 
MIC/MBC 
(µg/mL)

E. cloacaeBAA 
2468 MIC/MBC 
(µg/mL)

K. pneumoniae subsp. 
pneumoniae BAA 2472 MIC/ 
MBC (µg/mL)

K. pneumoniae BAA 
2473 MIC/MBC 
(µg/mL)

CSA-13 1/1 2/2 2/2 2/4

CSA-44 1/1 1/2 2/4 2/2

CSA-131 1/1 1/1 2/2 2/4
Ertapenem 64/64 128/128 128/128 >256

Imipenem 16/16 32/32 2 >256

Meropenem 64/64 64/64 128/128 32/128
Colistin 0.5/0.5 1/4 1/4 0.5/2

Gentamicin >256 >256 >256 >256

Tobramycin 32/128 >256 >256 32/256
Ciprofloxacin 128/256 64/256 64/256 >256

Fosfomycin 8 >256 >256 >256

Tigecycline 0.5/0.5 - - -

Abbreviations: CSAs, ceragenins; MIC, minimal inhibitory concentration; MBC, minimal bactericidal concentration.
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BAA 2468 (B); K. pneumoniae subsp. pneumoniae BAA 
2472 (C); and K. pneumoniae BAA 2473 (D), respec-
tively. Equally high antibacterial activity was also noted 
for CSA-44 and CSA-131, since bactericidal doses of 
ceragenins mentioned were not higher than 0.8 μg/mL. 
Interestingly, the bactericidal activity of the ceragenins 
tested was not dependent on the NDM-1 producing 
strain.

Ceragenins CSA-13, CSA-44, and CSA- 
131 Prevent Biofilm Formation by NDM- 
1-Producing Strains and Disrupt Biofilms 
Formed
All of the ceragenins tested inhibited the formation of both 
young and mature biofilms, at 24–72 hours (Figure 3A–D), 
in a concentration-dependent manner. CSA-13 

significantly inhibited biofilm formation by E. coli BAA 
2471 (Figure 3A), whereas CSA-44 effectively prevented 
biofilm formation by E. cloacae BAA 2468 (Figure 3B). 
Additionally, relevant antibiofilm activities of CSA-131 
were determined against K. pneumoniae subsp. pneumo-
niae BAA 2472 (Figure 3C) and K. pneumoniae BAA 
2473 (Figure 3D).

To assess biofilm survival of NDM-1 producing strains 
in the presence of CSAs, the killing assay method was 
performed. As shown in Figure 4A–L CSA-44 exhibited 
the highest potential to efficiently eliminate bacteria 
embedded in the biofilm. Nevertheless, CSA-13 and 
CSA-131 have also been found to possess the ability to 
disrupt mature biofilms (Figure 4A–L). These results sug-
gest that CSAs should be considered as a good candidate 
for inhibition of biofilm formation as well as reduction of 
the mature biofilm.

Figure 2 Bactericidal activity of CSA-13 (black squares), CSA-44 (red circles), and CSA-131 (blue triangles) against Escherichia coli BAA 2471 (A), Enterobacter cloacae BAA 
2468 (B), Klebsiella pneumoniae subsp. pneumoniae BAA 2472 (C), and Klebsiella pneumoniae BAA 2473 (D). Killing activities of CSAs studied at 1–100 µg/mL was determined 
using a standard colony counting assay. Results show mean±SD from six measurements. * indicates statistical significance at ≤0.05, ** ≤0.01, and *** ≤0.001.
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Ceragenins CSA-13, CSA-44, and CSA- 
131 Cause Disruption of the Inner and 
Outer Bacterial Membrane Followed by 
Increased ROS Generation
The CSAs mechanism of action involved interaction 
with targeted cell membranes, and permeabilization of 
the outer and inner membrane. Those initial step 
enabling the cell death.26 The ability of CSAs to disrupt 
the outer and inner membrane of Gram-negative rods 
producing NDM-1 was determined using the NPN 
uptake assay or ONPG hydrolysis assays. The outer 
membrane (OM) of Gram-negative bacteria is consid-
ered to be relatively impervious to different hydrophobic 
chemicals, including NPN. Nevertheless, some 

permeabilizing agents have been recognized to alter 
the uptake of substances like NPN, thus making them 
an effective indicator for studying the cell permeability. 
Because NPN is hydrophobic it cannot penetrate intact 
membranes, and therefore exhibits weak fluorescence 
emission. However, in the case of damage to the outer 
membrane, enhanced uptake of NPN as well as 
increased fluorescence can be observed.27

Data presented in Figure 5A–D indicate that all 
CSAs studied were able to permeabilize the outer bac-
terial membrane in a dose-dependent manner. It is nota-
ble that CSA-131 at doses of 1–10 μg/mL caused a 1.5– 
2-fold increase in the outer membrane disruption com-
pared to the control (Figure 5A–D). Among the com-
pounds tested, CSA-131 displayed the strongest 

Figure 3 Prevention of biofilm formation by Escherichia coli BAA 2471 (A), Enterobacter cloacae BAA 2468 (B), Klebsiella pneumoniae subsp. pneumoniae BAA 2472 (C), and 
Klebsiella pneumoniae BAA 2473 (D) during treatment with CSA-13, CSA-44, and CSA-131 compounds. Formation of biofilm in the presence of CSAs ranging from 1–100 μg/ 
mL was assessed using the resazurin-based fluorimetric method after 24, 48, and 72 hours incubation. Results show mean±SD from 3–6 measurements. * indicates statistical 
significance ≤0.05, ** ≤0.01, and *** ≤0.001.
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Figure 4 Disruption of the biofilms formed by Escherichia coli BAA 2471 (A–C), Enterobacter cloacae BAA 2468 (D–F), Klebsiella pneumoniae subsp. pneumoniae BAA 2472 
(G–I), and Klebsiella pneumoniae BAA 2473 (J–L) using CSA-13, CSA-44, and CSA-131 compounds. Reduction of the biofilm formed at 24, 48, and 72 hours incubation with 
CSAs in concentration of 1–100 µg/mL was performed using killing assay method. Results show mean±SD from 3–6 measurements. * indicates statistical significance ≤0.05, 
** ≤0.01, and *** ≤0.001.
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interaction with K. pneumoniae subsp. pneumoniae 
BAA 2472 outer membrane (Figure 5C), even 3-fold 
compared to the control (at concentration of 5–10 
μg/mL).

On the other hand, to measure the permeabilization 
of the inner bacterial membrane, ONPG hydrolysis 
assays were performed (Figure 6A–D). The principle 
of this assay is based on detection of β-galactosidase 
catalytic activity. In this assay, traversal of the cytoplas-
mic membrane by ONPG (colorless) is measured by 
detection of the hydrolysis product: yellow ortho-nitro-
phenol (ONP). It should be noted that ONPG has to first 
pass the outer membrane through the non-specific por-
ins. The appearance of a yellow color as a result of the 

enzymatic hydrolysis of ONPG is used to monitor the 
permeabilization of the bacterial inner membrane.27,28

According to our study, CSA-131 exerted the greatest 
disruption of the inner membrane integrity in E. coli BAA 
2471 (Figure 6A), K. pneumoniae subsp. pneumoniae 
BAA 2472 (Figure 6C), and K. pneumoniae BAA 2473 
(Figure 6D). However, insignificant differences between 
individual ceragenins were observed with K. pneumoniae 
subsp. pneumoniae BAA 2472 (Figure 6C) as well as K. 
pneumoniae BAA 2473 strains (Figure 6D). With regard to 
CSA-131 (Figures 6A–D), over 1- to approximately 4-fold 
enhancement of permeabilization of the inner membrane 
was observed at doses ranging from 1–10 μg/mL com-
pared to the control. The data obtained for E. cloacae 

Figure 5 Disruption of the outer membrane of Escherichia coli BAA 2471 (A), Enterobacter cloacae BAA 2468 (B), Klebsiella pneumoniae subsp. pneumoniae BAA 2472 (C), 
and Klebsiella pneumoniae BAA 2473 (D) upon treatment with CSA-13, CSA-44, and CSA-131 at doses of 1–10 μg/mL was investigated using NPN uptake assay. Results show 
mean±SD, n=3; * indicates statistical significance ≤0.05, ** ≤0.01, and *** ≤0.001.
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BAA 2468 (Figure 6B) indicated that, in turn, the stron-
gest β-galactosidase activity was detected in the case of 
CSA-44 (from over twice to approximately 3-times com-
pared to the control at a concentration of 2–10 μg/mL).

Reactive oxygen species (ROS) have always played 
a critical role in the bacterial response to the lethal 
stress. To investigate the induction of ROS by NDM-1 
producing strains, DFCH-DA-utilizing fluorimetric assay 
was used. Results presented in Figure 7A–D show that 
CSAs contribute to generation of ROS in a dose-depen-
dent manner. Interestingly, the highest production of 
ROS at a concentration of 1–5 μg/mL was observed 
upon CSA-44 treatment; ie, more than a 1- to a roughly 
3-fold increase in oxidative damage was observed, as 

compared to the control. Surprisingly, addition of CSA- 
131 at doses 10 μg/mL resulted in even >10 to >12-fold 
potentiation of ROS generation among all strains produ-
cing carbapenemases (Figure 7A–D). Based on the 
results collected it is important to point out that all 
CSAs can cause disruption of the inner and outer bac-
terial membrane and affect the redox status by increas-
ing ROS formation.

Ceragenins CSA-13, CSA-44, and CSA- 
131 Affect the Morphology, Mechanical, 
and Adhesive Properties of Bacterial Cells
Visualization of the morphological alteration of K. pneumo-
niae BAA-2473 cells subjected to incubation with 

Figure 6 Permeability of the inner bacterial membrane of Escherichia coli BAA 2471 (A), Enterobacter cloacae BAA 2468 (B), Klebsiella pneumoniae subsp. pneumoniae BAA 
2472 (C), and Klebsiella pneumoniae BAA 2473 (D) was assessed using ONPG hydrolysis assay. The insertion of CSA-13, CSA-44, and CSA-131 ranging 1–10 μg/mL into the 
bacterial membrane was monitored by the enhancement of β-galactosidase activity. Results show: mean±SD, n=3; * indicates statistical significance ≤0.05, ** ≤0.01, and *** 
≤0.001.
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ceragenins (CSA-13, CSA-44, and CSA-131), using AFM 
(Figure 8), was performed to elaborate on the mechanisms 
leading to ceragenins-mediated membrane destructions. 
Figure 9 presents the representative morphology of bacterial 
cell changes. The analysis of the results indicates that the 
mechanism of ceragenins action might involve ceragenins 
interaction with the negatively charged bacterial membrane 
molecules such as lipopolysaccharide and phosphatidylgly-
cerol. Such interaction results in membrane molecules rear-
rangement leading to membrane disruption.29 Figure 9A1– 
I1 and A3–I3 present the bacterial changes in response to 
CSA-13 and CSA-131 treatment, respectively. Extensive 
morphological alterations in bacterial cells, ie, microcracks 

and surface wrinkling, were observed compared to the 
untreated cells. The shape of the K. pneumoniae BAA- 
2473 became more oval and the surface of wrinkling was 
observed, especially in higher CSAs concentrations. The 
stiffness of the bacterial surface and the adhesion force 
also decreased markedly upon CSAs addition. In the case 
of CSA-13, stiffness decreased by 25% and adhesion by 
57% compared to the untreated cells. A similar effect was 
observed upon CSA-131 treatment (reduction of stiffness 
by 35% and adhesion by 57%). These results are consistent 
with the observed changes in the shape of cells and leakage 
of their contents, indicating that changes in the organization 
of membrane lipids may also be associated with changes in 

Figure 7 Induction of reactive oxygen species (ROS) generation by Escherichia coli BAA 2471 (A), Enterobacter cloacae BAA 2468 (B), Klebsiella pneumoniae subsp. 
pneumoniae BAA 2472 (C), and Klebsiella pneumoniae BAA 2473 (D) was evaluated by DFCH-DA fluorimetric assay. Formation of ROS upon treatment with CSA-13, CSA- 
44, and CSA-131 at a concentration of 1–10 μg/mL was presented. Results show: mean±SD, n=3; * indicates statistical significance ≤0.05, ** ≤0.01, and *** ≤0.001.
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the mechanical properties of bacterial surfaces. 
Subsequently, morphological changes of K. pneumoniae 
BAA-2473 after CSA-44 addition have been shown in 
Figure 9A2–I2. It is worth highlighting that the changes 

observed are less pronounced compared to CSA-13 and 
CSA-131. Significant differences in the shape (microcracks 
and bacteria surface wrinkling) were observed only in the 
highest concentration of CSA-44. Furthermore, the stiffness 

Figure 8 Schematic model of mechanical properties of AFM.

Figure 9 Atomic force microscopy measurements of Klebsiella pneumoniae BAA-2473 cells subjected to ceragenin CSA-13, CSA-44, and CSA-131 treatment. Examination of 
AFM topography and visualization of stiffness and adhesion indicate that all CSAs affect the morphology, mechanical, and adhesive properties of Klebsiella pneumoniae BAA- 
2473. The left column of panels (in both control and CSA-13, CSA-44, and CSA-131 sectors) shows the height mode (topography), the middle column shows the slope 
mode (stiffness), and the right column is represented by the adhesion mode (forces between the cells and the AFM probe). The mean values of slope and adhesion (plus 
standard deviation) are presented in the tables.
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of the bacterial surface and the adhesion forces decreased to 
a lesser extent, ie, stiffness only by 4.6% and adhesion by 
40%, respectively.

Ceragenins CSA-13, CSA-44, and CSA- 
131 Exert Low Hemolytic Activity
Ceragenins may cause red blood cell (RBC) hemolysis at 
high concentrations as a consequence of interference with 
the integrity of plasma membrane and loss of the mem-
brane’s ability to control homoeostasis.30 It should be 
highlighted that assessment of hemoglobin release from 
RBC can provide significant information of potential toxi-
city of those compounds.30,31 Data in Figure 10A–C indi-
cated that all studied ceragenins did not affect RBC 
membrane permeability at the concentration range of 
1–25 μg/mL after 1 hour of incubation (Figure 10A–C). 
Furthermore, ceragenins in concentrations of 1–10 μg/mL 
after 6 and 12 hours of incubation, were non-hemolytic 

(Figure 10A–C). Importantly, concentrations of CSA-13, 
CSA-44, or CSA-131 mentioned above were sufficient to 
inhibit the growth or even efficiently kill NDM-1 produ-
cing bacteria (Figure 2A–D). What is more, at these doses 
CSAs prevent biofilm formation and cause reduction of the 
biofilm formed (Figure 3A–D and Figure 4A–L).

Discussion
Despite significant scientific progress, antibiotic resistance 
is still a global public health concern.32,33 What is more, 
due to the dearth of development of new antibiotics in the 
treatment of CPE infections, significant increasing in mor-
bidity and mortality are observed all over the world.33

Bacteria resistance to carbapenems is generally asso-
ciated with three fundamental mechanisms: production of 
carbapenemases, expression of efflux pumps, and porin 
mutations, which may result in reduction of the outer 
membrane permeability.5,34 The production of 

Figure 10 Hemoglobin release from human red blood cells (RBCs) after 1, 6, and 12 hours incubation in the presence of CSA-13 (A), CSA-44 (B), and CSA-131 (C) ranging 
from 1–100 μg/mL. Results show: mean±SD, n=3; * indicates statistical significance ≤0.05, ** ≤0.01, and *** ≤0.001.
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carbapenemases is a crucial mechanism underlying carba-
penem resistance among bacteria throughout the world 
(Figure 11A).5 According to the Ambler classification 
method, carbapenemases can be classified as 1) Class A 
Klebsiella pneumoniae carbapenemase (KPC); 2) Class B 
Metallo-β-Lactamases (MBLs) such as New Delhi MBL 
(NDM-1), and 3) Class D oxacillinases (OXA), eg, OXA- 

48-type carbapenemases.5,35 Studies performed in Poland 
between 2016–2018 have demonstrated that 47.1–86.9% 
of all CPE strains harbor the NDM enzyme.36 Therefore, 
NDM-1 carbapenemases have been recognized as one of 
the most dangerous concerns.13

Ceragenins could be developed as a therapeutic strat-
egy against bacteria producing NDM-1 carbapenemases. 

Figure 11 Mechanism of carbapenem resistance among bacteria belonging to Enterobacteriaceae family. Proposed mechanism of action which involves selective association 
with microbial membranes, mediated by ion pairing of positively charged CSAs with negatively charged microbial membranes (A). The pleiotropic activity of CSA-13, CSA- 
44, and CSA-131 (B). The figure was prepared using BioRender.
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CSAs possess potent antimicrobial activities against a 
broad spectrum of microorganisms including Gram-posi-
tive bacteria, Gram-negative bacteria, fungi, virus, or 
parasites.21,37 According to the literature, CSAs may be 
effective, ie, against hypervirulent Pseudomonas aerugi-
nosa strain LESB58, colistin-resistant K. pneumoniae, car-
bapenem resistant Acinetobacter baumannii, methicillin, 
or even vancomycin resistant Staphylococcus aureus. In 
turn, among fungi, CSAs can be useful against flucona-
zole-resistant Candida albicans or C. auris. Therefore, 
CSAs can be considered as a new approach to eradicate 
MDR pathogens.16,20,29,38,39

Moreover, bacteria are unable to achieve high levels of 
resistance to CSAs. It should be pointed out that ceragenins 
appear to be well tolerated and exhibits no degradation in 
the presence of bacterial and host proteases, making these 
properties a significant area of the antimicrobial research.20

An important criterion in the assessment of effective-
ness of CSAs is maintenance of the sufficient antibacterial 
activity with highly drug-resistant organisms. MIC values 
were determined for this purpose. Based on the current 
study, we point out that all ceragenins (CSA-13, CSA-44, 
CSA-131) are active against NDM-1 producing strains, ie, 
E. coli BAA 2471; E. cloacae BAA 2468; K. pneumoniae 
subsp. pneumoniae BAA 2472, and K. pneumoniae BAA 
2473. The MIC range of all ceragenins tested was from 1– 
2 µg/mL, indicating at least 16-fold to more than 256-fold 
lower values than those for gentamicin, tobramycin, cipro-
floxacin, and fosfomycin (except E. coli BAA 2471). 
According to carbapenems, ie, ertapenem, imipenem 
(except K. pneumoniae subsp. pneumoniae BAA 2472), 
and meropenem, ceragenins gave at least 8-fold to even 
more than 256-fold lower values of MICs against the 
strains expressing an NDM-1 resistance mechanism. 
Although the antibiotics/chemotherapeutics mentioned 
above have been recommended in the treatment of infec-
tions caused by NDM-1 producing strains, our results 
demonstrated that these drugs were ineffective in eradicat-
ing strains tested due to the high levels of resistance. It 
should be underlined that our data are in agreement with 
those of Ozbek-Celik et al,38 who reported that MICs 
values for meropenem-resistant clinical isolates of K. 
pneumoniae were 0.5–32 µg/mL for CSA-13 and CSA- 
44 (MIC90, 32 µg/mL) and 0.5–16 µg/mL in the case of 
CSA-131 (MIC90, 32 µg/mL). In addition, Bozkurt Guzel 
et al40 also determined the antimicrobial activity of CSA- 
13 against E. coli ATCC 25922 with the MIC value 4 µg/ 
mL. Furthermore, it must be emphasized that E. coli 

ATCC 25922 does not produce any carbapenemases. Our 
observations may lead to the conclusion that the ceragen-
ins analyzed are more effective than carbapenems, amino-
glycosides, colistin (except E. coli BAA 2471), 
ciprofloxacin, and fosfomycin against the strains tested in 
our study.

The high activity of CSA-13, CSA-44, and CSA-131 
was confirmed by the killing assay. The investigation 
showed that CSA-13, at 5-fold lower concentrations than 
MIC values, still had a potent bactericidal activity against 
K. pneumoniae BAA 2473. Moreover, at concentrations 
higher than 0.8 µg/mL, no bacteria growth was observed.

With regard to novel fields of research that focus on 
preventing adherence and biofilm formation of bacteria, 
the purpose of this study was to investigate activities of 
CSAs against formation of biofilm as well as disruption of 
the biofilms preformed. A hallmark of strains harboring 
blaNDM-1 gene is the formation of biofilm, which facilitates 
the persistence of these pathogenic isolates in the human 
body. To a great extent, biofilm formation substantially 
increases bacterial resistance to antibiotics, which is 
important in the context of infections.41

Few articles describing the antibiofilm activity of 
CSAs have been published so far. Interestingly, these 
compounds can be useful in preventing biofilm formation 
by P. aeruginosa, E. coli (associated with UTI), or 
Streptococcus pneumoniae.16,25,42 Additionally, the abil-
ity of CSAs to modulate mixed species biofilms formed 
by organisms like P. aeruginosa and S. aureus or C. 
albicans and S. aureus was observed.37,43 Additionally, 
Durnaś et al19, and Bozkurt-Guzel et al21 demonstrated the 
significant inhibition of biofilm generation by fungi as 
C. albicans. In addition, data reported by Hashemi et al39 

indicate antibiofilm activities of CSAs against C. auris.
Accordingly, all ceragenins tested (CSA-13, CSA-44, 

CSA-131) have been shown to penetrate the extracellular 
matrix and eradicate a biofilm in a dose-dependent 
manner.20,25 Importantly, even non-toxic doses of ceragen-
ins (at least 5–10 μg/mL) inhibit the biofilm formation in 
the 40–50% range.

Our results indicate that all CSAs significantly inhib-
ited biofilm formation and possessed the ability to disrupt 
the biofilm formed by strains harboring the blaNDM-1 gene. 
What is more, the most valid finding of our investigation is 
the promising application of CSA-13, CSA-44, and CSA- 
131 as potential therapeutics in preventing the biofilm- 
related infections even caused by NDM-1 producing 
strains.
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Previous results suggested that the mechanism of cer-
agenins action is the damage to the plasma membrane 
leading to its dysfunction.16,21,37 In order to confirm this 
hypothesis with regard to MDR bacteria such as NDM-1 
producing strains, NPN uptake and ONPG hydrolysis 
assays were used. We found that all analyzed CSAs were 
able to permeabilize the outer membrane of NDM-1 pro-
ducing bacteria in a dose-dependent manner. It should be 
emphasized that the minimum concentration required for 
the disruption of the outer membrane integrity was deter-
mined as 1 µg/mL. Furthermore, the studies presented 
herein demonstrated that CSA-13, CSA-44, and CSA-131 
exert significant disruption of the inner membrane integ-
rity in a dose-dependent manner. It must be noted that 
even at 1 µg/mL concentration the insertion of CSAs 
into the bacterial membrane was detected.

Additionally, we found that, apart from the disruption of 
the bacterial membrane, the generation of reactive oxygen 
species (ROS) also plays a key role in the antibacterial activity 
of ceragenins. Interestingly, ROS may cause numerous toxic 
effects, including DNA and RNA damage, membrane depo-
larization, protein carbonylation, and lipid peroxidation. ROS- 
mediated damage presumably triggers the subsequent rounds 
of ROS production leading to an unstoppable process that 
could be the terminal step in the life of bacteria. In effect, 
accumulated lesions ultimately overwhelm the capacity of a 
cell to repair which ensures the cell death.44

Increased production of ROS is assumed to be asso-
ciated with the mechanism of action of ceragenins, which 
results in the formation of pores within the cell membrane. 
As a consequence, the integrity of bacterial cells was lost 
due to an imbalance in the bacterial redox status.26 For 
instance, Niemirowicz et al26 demonstrated that treatment 
of representative clinical isolates of C. albicans with mag-
netic nanoparticles conjugated with CSA-13 contributes to 
generation of ROS. However, to date this mechanism of 
CSAs action have not been investigated in CPE strains. 
Remarkably, we noted that ROS generation depends on 
ceragenin, and CSA-44 caused only an ~3-fold increase in 
oxidative damage, whereas CSA-131 caused a from >10 to 
>12-fold increase compared to control.

Based on the results collected herein, the proposed 
mode of the antibacterial action of CSA-13, CSA-44, and 
CSA-131 against the bacteria producing NDM-1 produ-
cing involves the disruption of the inner and outer bacter-
ial membrane combined with the induction of an oxidative 
stress via the generation of ROS.

Investigating the structure and mechanical properties of 
bacterial surfaces with high resolution is the paramount impor-
tance to better understand the mechanism of ceragenins 
action.45 In order to identify changes in K. pneumoniae 
BAA-2473 cell membrane damage upon CSA-13, CSA-44, 
and CSA-131 treatment an AFM study was performed. The 
results obtained indicate that all tested ceragenins affect the 
bacterial structure which consequently leads to changes in the 
bacterial shape, ie, microcracks and surface wrinkling, and 
finally disrupt the cell membrane with the leakage of the 
intracellular contents. The data presented in this study are in 
agreement with our previous research demonstrating the 
changes in the bacterial structure and an increase in the mem-
brane permeability of S. aureus X30 after treatment with CSA- 
13 and CSA-13+MNP@NH2.29 Additionally, disorganization 
of Gram-negative bacteria membranes such as P. aeruginosa 
in response to MNP@CSA-13 was also confirmed.30 The 
similar analysis of AFM also indicates the membrane destruc-
tion of C. albicans cells after MNP@CSA-13 addition.26

Finally, a crucial aspect that must be considered in the 
development of novel compounds is their safety. In relations 
to studies describing the in vivo application of CSA, the potent 
antibacterial and anti-inflammatory activities of CSA-13 in a 
mouse model of P. aeruginosa infection has been observed.16 

Similar low toxicity of CSA-13 in the mouse model demon-
strated by Saha et al46 underlines the possibility of the applica-
tion of this compound for human therapeutics. Additionally, 
pharmacokinetic features of CSA-13 are comparable to con-
ventional antibiotics and might be placed close to 
fluoroquinolones.16,23,25,30 In order to check this property of 
CSAs, hemolysis of RBC was performed. The evaluation of 
hemoglobin release from RBC can be a helpful clue in deter-
mining the potential toxicity of ceragenins.30,31 According to 
our investigation, the toxicity of CSA-13, CSA-44, and CSA- 
131 has been established to be low relative to bactericidal and 
anti-biofilm doses. Importantly, the concentration of CSAs 
ranging from 1–25 μg/mL did not cause hemolysis after 1 
hour of incubation. It is significant to underline that the bacter-
icidal activity as well as the inhibition of biofilm formation or 
the disruption of biofilm preformed have still been observed at 
these doses of CSA-13, CSA-44, and CSA-131. Due to mini-
mal hemolytic effects, the results obtained suggest promising 
advantages of CSAs in the treatment of infections caused by 
NDM-1 producing strains.

Conclusions
This is the first report evaluating the activity of CSA-13, 
CSA-44, and CSA-131 against CPE strains producing 
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NDM-1. Globally, the prevalent expansion of multidrug or 
even extensively drug resistant pathogens demand the 
development of novel antibacterial compounds. Our 
study results suggest a promising future of CSA-13, 
CSA-44, and CSA-131 as potential therapeutics for treat-
ing infections caused by NDM-1 producing strains. 
Moreover, CSAs demonstrate many compelling advan-
tages, amidst them higher antibacterial activity than anti-
biotics/chemotherapeutics tested, notable antibiofilm 
capacity, and even the potential to efficiently eradicate 
bacteria embedded within biofilm (Figure 11B). Another 
important finding of our study is that CSAs at concentra-
tions enabling observation of the benefits mentioned still 
remain non-hemolytic. What is more, mechanisms of 
CSA-13, CSA-44, and CSA-131 involve the disruption 
of the inner and outer bacterial membrane combined with 
the increased ROS generation (Figure 11B). Additionally 
AFM imagine has shown morphological changes in bac-
terial cells, ie, microcracks and surface wrinkling as well 
as reduction of stiffness and adhesion properties. 
Significantly, our investigation indicates that CSA-13, 
CSA-44, and CSA-131 can be developed as novel and 
efficient weapons in the fight against NDM-1 strains.
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