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Abstract 

Introduction: Bacillus subtilis and other opportunistic bacilli are responsible for infrequent but serious infections such as 
post-surgery and post-traumatic endophthalmitis. Lysozyme is a natural protein found in various body fluids, exerting di-
rect antibacterial activity and involved in modulation of the immune response in the site of inflammation. Ceragenins 
(CSAs) are cationic lipids based on cholic acid structure. CSA-13, the best-characterised molecule of its family, is distinct due 
to its broad-spectrum of antibacterial activity against aerobic and anaerobic Gram-positive and Gram-negative bacteria, as 
well as multidrug-resistant strains of fungi, parasites, and some viruses. 
Aim of the research: To assess whether a combination of lysozyme (the antibacterial enzyme present in various human 
body fluids) and CSA-13 (a new synthetic mimic of natural antimicrobial peptides) will display higher bactericidal activity 
against B. subtilis in comparison to their activity alone.
Material and methods: The antimicrobial activities of lysozyme, CSA-13, and their combination were determined using 
a killing assay, and changes in bacterial cell morphology upon exposure to these antimicrobials were visualised by atomic 
force microscopy (AFM). In addition, interactions between the tested compounds were analysed using reductions in bacte-
rial counts and determination of synergistic effects.
Conclusions: The effects of combined treatment involving lysozyme and CSA-13 against B. subtilis indicate synergistic anti-
bacterial activity that might be used in the development of new methods to combat infections caused by this genus of bacteria. 

Streszczenie

Wprowadzenie: Bacillus subtilis oraz inne oportunistyczne laseczki odpowiadają za infekcje bakteryjne występujące ze 
względnie niską częstością, ale skutkujące poważnymi powikłaniami zdrowotnymi. Do tej grupy zalicza się przede wszyst-
kim pooperacyjne i pourazowe zapalenie wnętrza gałki ocznej. Lizozym to białko pochodzenia naturalnego, które jest obec-
ne w wielu płynach ustrojowych. Wykazuje on aktywność przeciwbakteryjną i jest zaangażowany w modulację odpowiedzi 
układu odpornościowego w trakcie infekcji oraz stanu zapalnego. Cerageniny (CSAs) są kationowymi pochodnymi kwasu 
cholowego. Wykazano, że CSA-13, najlepiej poznany przedstawiciel tej klasy związków, charakteryzuje się znaczną aktyw-
nością przeciwdrobnoustrojową w stosunku do tlenowych i beztlenowych bakterii Gram-dodatnich i Gram-ujemnych oraz 
lekoopornych szczepów grzybów, pasożytów oraz niektórych wirusów.
Cel pracy: Ocena, czy kombinacja lizozymu (enzymu przeciwbakteryjnego obecnego w różnych płynach ustrojowych czło-
wieka) i CSA-13 (nowego syntetycznego analogu naturalnych peptydów przeciwdrobnoustrojowych) wykazuje wyższą ak-
tywność bakteriobójczą przeciw B. subtilis niż stosowanie ich pojedynczo.
Materiał i metody: Aktywność przeciwbakteryjną lizozymu, CSA-13 oraz ich kombinacji oceniono metodą killing assay. 
Zmiany w morfologii komórek bakteryjnych pod wpływem analizowanych związków badano przy użyciu mikroskopii sił 
atomowych (AFM). Wzajemne interakcje pomiędzy tymi czynnikami analizowano poprzez obliczenie redukcji liczby kolo-
nii bakteryjnych oraz tzw. wartości efektu synergistycznego.
Wnioski: Nasilenie aktywności przeciwbakteryjnej przeciwko B. subtilis obserwowane w przypadku kombinacji lizozymu 
oraz CSA-13 może zostać wykorzystane jako nowy sposób walki z infekcjami powodowanymi przez te bakterie.
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Introduction

Members of the genus Bacillus are Gram-positive, 
spore-forming, rod-shaped bacteria, widely distrib-
uted in natural environments, especially in soil, 
food products, air, and water. In addition, some spe-
cies are members of human and animal intestinal 
microbiota [1]. Despite routine cleaning procedures 
Bacillus strains are also found in hospital settings 
in various reservoirs such as ventilation equipment, 
linen, medical devices, gloves, hands of medical staff, 
or alcohol-based hand disinfectant solutions, hence 
they are often regarded as environmental contami-
nants [2]. Although only Bacillus anthracis is consid-
ered a  strict pathogen in this group, several other 
species, in particular B. cereus, B. subtilis, B. lichenifor-
mis, and B. thuringiensis, may cause various opportu-
nistic infections. With the development of modern 
medicine, many immunocompromised individuals 
are able to live longer, and the clinical significance 
of these opportunistic bacilli is constantly growing  
[3, 4]. In general, eye infections, such as post-traumat-
ic or post-surgery endophthalmitis, are among the 
most frequently described conditions. However, other 
conditions such as traumatic and surgical wound in-
fections, bacteraemia, central venous catheter-linked 
infections, endocarditis, meningitis, brain abscesses, 
osteomyelitis, pulmonary infections, or neonatal in-
fections are also commonly reported. The presence 
of intravascular devices, dialysis, alcoholism, trauma, 
intravenous drug use, haematological malignancies, 
and premature birth are important predisposing fac-
tors for such infections. Finally, B. cereus is a  well-
recognised enteropathogen, causing toxin-mediated 
food-borne acute gastroenteritis [5–12].

Lysozyme is a natural protein and a key player in 
innate immunity. It is found in tissues, body fluids, 
and cells exposed to the environment or involved in 
bacterial clearance (e.g. mucosal surfaces of respira-
tory, intestinal, urogenital tracts, tears, saliva, serum, 
breast milk, and urine as well as phagocytes, includ-
ing macrophages, neutrophils, and dendritic cells). 
Generally, its two main tasks are (i) direct antibacte-
rial activity and (ii) modulation of immune response 
in the site of inflammation [13, 14].

Ceragenins (CSAs) are cationic lipids synthesised 
using the structural base of cholic acid, and CSA-13 is 
the best-characterised molecule of its family [15, 16]. 
They mimic the amphiphilic character of natural an-
tibacterial peptides such as cathelicidin LL-37, and 
are described by broad-spectrum antibacterial ac-
tivity against aerobic and anaerobic Gram-positive 
and Gram-negative bacteria, as well as multidrug-
resistant strains of fungi, parasites, and some vi-
ruses [17–20]. Furthermore, ceragenins are effective 
against microorganisms in both planktonic and bio-
film form [21]. 

Aim of the research

In the present paper, our intention was to study 
the antibacterial activity of a combination of lysozyme 
and CSA-13 against a model bacterium B. subtilis. 

Material and methods
Antimicrobial testing 

Bactericidal activities of lysozyme from chicken egg 
white and ceragenin CSA-13 (synthesised as previously 
reported [22]), against the reference strain of B. subtilis 
ATCC 6051, were evaluated using a  colony forming-
unit (CFU) assay, as described previously [23]. Briefly, 
B. subtilis bacteria were grown overnight on Luria-
Bertani (LB) agar plates (Difco, Sparks, MD) at 37°C to 
reach a mid-log phase of growth, resuspended in PBS, 
and brought to 108 CFU/ml (which corresponds to opti-
cal density of 0.5 at 600 nm). Next, the bacterial sus-
pension was adjusted to 105 CFU/ml and treated with 
different concentrations of tested agents (0–50 U/ml of 
lysozyme, and/or 0–5 µM of CSA-13). After 1 h of in-
cubation at 37°C the plates were transferred to ice and 
suspensions were diluted 10- to 1000-fold in PBS. Then, 
10 µl aliquots were spotted on agar plates for overnight 
culture at 37°C, after which CFUs were determined. 
The CFUs (CFU/ml) of the individual samples were 
determined from the dilution factor and were used to 
calculate the percentage of bacterial outgrowth. 

Evaluation of the antibacterial activity 
of CSA-13/lysozyme combinations

To evaluate possible synergy between ceragenin 
CSA-13 and lysozyme, microbial outgrowth reduction 
and synergistic effect values were calculated as present-
ed previously [24]. A mutual antimicrobial effect of the 
analysed compounds was calculated as follows: syner-
gistic effect value = A – (B + C), where A is the reduction of 
colonies from combined CSA-13/lysozyme treatment,  
B is the reduction from CSA-13 treatment alone, and 
C is the reduction from lysozyme treatment alone. 
A synergistic effect value > 0 indicates beneficial and 
synergistic interaction between tested agents, and val-
ues < 0 suggest decreased benefit of combining treat-
ment. A  synergistic effect value of 0 indicates that 
there is no synergistic effect of combining the indi-
vidual treatments.

Atomic force microscopy (AFM) analysis

To visualise the effects of CSA-13 and lysozyme 
combinations on bacteria, topography images of treat-
ed bacterial cells were recorded using atomic force 
microscopy, as a qualitative assessment of antibiotic-
mediated cell destruction. In all AFM-based experi-
ments B. subtilis cells were resuspended in distilled 
water (OD600 ~ 0.1), and incubated with 0.5–1 µM of 
CSA-13, 5 U/ml of lysozyme or CSA-13 and lysozyme 
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in combinations (the concentrations were estimated 
based on the maximum numerical synergistic value, 
see results), at 37°C for 60 min. Then, 200 µl of bac-
terial samples were transferred to a mica surface pre-
coated with 5% (3-aminopropyl)triethoxysilane (AP-
TES) in water. Bacteria attachment to functionalised 
mica was achieved during 20-min incubation. Imag-
es were collected using a  Nano Wizard 4 BioScience 
AFM (JPK Instruments, Germany) working in Contact 
Mode and Quantitative Imaging (QI) Mode. App Nano  
NITRA-TALL-V-G triangular pyramid shaped tips with 
a nominal spring constant equal to 0.24 N/m were em-
ployed. Initially, the tip was brought into contact with 
the surface of a bacterial cell until a given deflection 
of the cantilever was reached. The scanning was then 
started with a constant velocity of 3 µm/s. Three sig-
nals were recorded simultaneously while scanning the 
sample surface: topography, vertical deflection of the 
cantilever, and error signal, with a  resolution of 128 
pixels per line. Topography images serve as a qualita-
tive assessment, while vertical deflection and error sig-
nal uncover surface features with better clarity. Due to 
the high adhesion between the AFM tip and damaged 
cells after incubation and lateral forces during contact 
mode scanning, a  force curve-based imaging mode 
was used (QI mode) with the resolution of 128 pixels 
per line, using the same cantilever.

Results

Lysozyme and ceragenin CSA-13 exert
antibacterial activity against B. subtilis 
ATCC 6051

As shown in Figure 1 A and B, a decline in the sur-
vival of B. subtilis cells after incubation with various 

concentrations of lysozyme and CSA-13 was observed, 
indicating that both agents display activity against  
B. subtilis. Complete inhibition of bacterial growth oc-
curred when 25 U/ml of lysozyme and 5 µM of CSA-13 
were applied. 

Lysozyme exerts synergistic effects with
ceragenin CSA-13 against B. subtilis

The decrease of bacterial survival and colony 
forming capability upon combined treatment with 
ceragenin CSA-13 and lysozyme is presented in Fig-
ure 2 and Table 1. As shown in Figure 2, the combi-
nation of natural and synthetic-based agents signifi-
cantly reduced the number of bacterial colonies upon 
1-h incubation. The reduction of B. subtilis colonies 
was 0.17 ±0.22 to 4.48 ±0.06 log CFU/ml, depending 
on the concentrations of tested agents. It was shown 
that an increase in CSA-13 concentration resulted in 
a  decrease in bacterial viability, and this effect was 
further strengthened by relatively low doses of ly-
sozyme, which suggest synergistic interactions be-
tween these compounds. The maximum numerical 
synergistic value was 1.38 log CFU/ml after combined 
treatment with CSA-13 and lysozyme in doses of  
1 µM and 5 U/ml, respectively. Accordingly, a signifi-
cant decrease in B. subtilis viability by 4.48 ±0.06 log 
CFU/ml was observed (Figure 2 D, Table 1). In con-
trast, treatment of B. subtilis with CSA-13 and lyso-
zyme alone led to a decrease of bacterial outgrowth 
by 1.82 ±0.02 and 1.28 ±0.246 log CFU/ml, respec-
tively. Such lysozyme-mediated improved bacteri-
cidal activity of ceragenin was also observed when 
lysozyme was co-applied with lower doses of CSA-13, 
i.e. 0.25 µM and 0.5 µM (Figures 2 B and C), and the 
numerical difference was 0.63 to 0.88 log CFU/ml. 

Figure 1. Bactericidal activity of lysozyme (A) and CSA-13 (B) against Bacillus subtilis. Error bars represent standard devia-
tions from three to six measurements
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These results strongly suggest that combined treat-
ments with CSA-13 and lysozyme result in a greater 
microbial reduction than the treatments applied in-
dividually, and this effect is particularly prominent 
with higher doses of both agents.

Morphology of B. subtilis cells subjected 
to lysozyme/CSA-13 treatment

As indicated in Figure 3, B. subtilis cells exposed 
to lysozyme and CSA-13 revealed changes in surface 
morphology that indicate bacterial membrane dam-

age. The extent of membrane blebbing and the pres-
ence of cell fragments and aggregations increased 
when combined treatment was applied. Overall, these 
changes were very similar to the membrane damage 
observed previously for Pseudomonas aeruginosa PA01 
and LESB58 strains [25].

Discussion

The growing level of resistance to antimicrobials 
among pathogens involved in human infections re-
quires the development of novel therapeutic options, 

Lo
g 

(C
FU

)
Lo

g 
(C

FU
)

Lo
g 

(C
FU

)
Lo

g 
(C

FU
)

Samples

Samples Samples

Samples

6

5

4

3

2

1

0

6

5

4

3

2

1

0

6

5

4

3

2

1

0

6

5

4

3

2

1

0

A

C D

B

Figure 2. Improvement of antimicrobial activity of CSA-13 by co-treatment with varied concentrations of lysozyme. Panels 
demonstrate the decrease of Bacillus subtilis outgrowth upon treatment with 0.1 µM (A), 0.25 µM (B), 0.5 µM (C), and  
1 µM CSA-13 (D) in combination with lysozyme in doses of 1, 2, and 5 U/ml. Error bars represent standard deviations from 
three to six measurements

*The statistical significance (p < 0.05) when compared to untreated control samples.
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Table 1. Reduction and synergistic effect values recorded for bacterial samples treated with CSA-13 and lysozyme in 
various combinations 

Parameter Reduction value Synergistic effect value Interpretation

CSA-13 0.1 µM 0.62 ±0.02 n/a n/a

CSA-13 0.25 µM 0.72 ±0.07 n/a n/a

CSA-13 0.5 µM 0.82 ±0.17 n/a n/a

CSA-13 1 µM 1.82 ±0.02 n/a n/a

Lysozyme 1 U/ml 0.58 ±0.195 n/a n/a

Lysozyme 2 U/ml 0.73 ±0.306 n/a n/a

Lysozyme 5 U/ml 1.28 ±0.246 n/a n/a

CSA-13 0.1 µM + lysozyme 1 U/ml 0.28 ±0.13 –0.92 Not beneficial

CSA-13 0.1 µM + lysozyme 2 U/ml 0.37 ±0.248 –0.98 Not beneficial

CSA-13 0.1 µM + lysozyme 5 U/ml 0.47 ±0.19 –1.43 Not beneficial

CSA-13 0.25 µM + lysozyme 1 U/ml 0.17 ±0.22 –1.13 Not beneficial

CSA-13 0.25 µM + lysozyme 2 U/ml 0.81 ±0.11 –0.65 Not beneficial

CSA-13 0.25 µM + lysozyme 5 U/ml 2.66 ±0.2 +0.66 Synergistic

CSA-13 0.5 µM + lysozyme 1 U/ml 0.8 ±0.07 –0.6 Not beneficial

CSA-13 0.5 µM + lysozyme 2 U/ml 2.43 ±0.25 +0.88 Synergistic

CSA-13 0.5 µM + lysozyme 5 U/ml 2.73 ±0.37 +0.63 Synergistic

CSA-13 1 µM + lysozyme 1 U/ml 2.4 ±0.2 0 Indifferent

CSA-13 1 µM + lysozyme 2 U/ml 3.43 ±0.18 +0.88 Synergistic

CSA-13 1 µM + lysozyme 5 U/ml 4.48 ±0.06 +1.38 Synergistic

Figure 3. Atomic force microscopy measurements of untreated (A, G, M) Bacillus subtilis bacteria and incubated with  
0.5 µM CSA-13 (B, H, N), 1 µM CSA-13 (C, I, O), and 5 U/ml of lysozyme (D, J, P) and with 0.5 µM or 1 µM CSA-13 in combina-
tion with 5 U/ml of lysozyme (E, K, R and F, L, S, respectively). A–F –present optical images collected during AFM measure-
ments, G–K, M–R – demonstrate topography images and error signal recorded using AFM. L, S – images obtained from 
treated bacterial cells using QI mode. Scale bar: 1 µm. Representative results from one experiment are shown
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as well as searching for new antibiotics. Combining 
antimicrobials is a promising approach, not only for 
improving antimicrobial therapy but also for con-
trolling resistance developing through natural evo-
lution. When drugs are combined, the synergistic, 
antagonistic, or additive effects on bacterial cells 
may be observed. In general, the mode of action of 
the drugs determines the interaction that occurs be-
tween them [26]. 

One possible approach for use of antimicrobial 
combinations for medical benefit is the analysis 
of the role of natural peptides present on the skin, 
mucosal surfaces, and in body fluids [27], in combi-
nation with exogenous antimicrobials [28]. In our 
study, we examined a  combination of ceragenin 
CSA-13 and lysozyme against B. subtilis ATCC 6051, 
a  model organism for other species of bacilli. Apart 
from the ability to produce virulence factors, there 
are no significant differences in susceptibility to an-
timicrobials among various species of Bacillus, so 
our results can be related to other members of genus  
Bacillus. Notably, many Gram-positive bacilli, other than  
B. anthracis (the causative agent of the deadly disease 
anthrax), are well-recognised opportunistic patho-
gens responsible for systemic diseases in immunocom-
promised patients as well as local, post-surgical, and 
post-traumatic infections [29]. For instance, B. cereus, 
due to secretion of toxins detrimental to ocular tissue, 
rapid intraocular migration, and the ability to stimu-
late a  strong inflammatory response, is described as 
an aetiological agent of dangerous, sometimes fulmi-
nant infective endophthalmitis, which demands early 
and aggressive therapy [30]. In addition, similarly to 
other pathogens, multidrug or even extensive drug-
resistant strains of bacilli, especially among B. cereus 
isolates, have been reported [31, 32].

As reported previously, ceragenins have well-doc-
umented antibacterial properties. They act against 
a broad spectrum of Gram-positive and Gram-nega-
tive bacteria, including multidrug-resistant organisms 
[33]. The activity of CSA-13 against B. subtilis, both 
vegetative cells and spores, has also been described 
[23]. Our data confirm this observation with Bacillus 
vegetative forms and demonstrate that the bacterial 
killing activity of CSA-13 is enhanced by lysozyme, as 
supported by AFM imagining. 

In general, synergy can be observed when two an-
timicrobials associate with various targets in bacterial 
cells. The primary mode of ceragenin action against 
bacteria is concentration-dependent cell membrane 
depolarisation causing cellular dysfunction. Electro-
static interactions between cationic ceragenin and 
negatively-charged bacterial membrane molecules 
such as phosphatidylglycerol and LPS effectively kills 
bacteria, and this mechanism of action is unlikely to 
induce resistance [34]. Lysozyme can act through two 
different mechanisms. The primary mechanism leads 

to cell wall instability and subsequently to cell death 
as the result of hydrolysis of the β-(1,4)-glycosidic 
bond between N-acetylmuramic acid and N-acetyl-
glucosamine in the peptidoglycan (PG). The second-
ary mode, less important in Gram-positive bacteria, 
is independent of PG hydrolysis. Lysozyme, being 
highly cationic, can insert into negatively charged 
bacterial membranes and form pores [14]. So, the 
explanation for the synergistic interaction between 
CSA-13 and lysozyme against Gram-positive bac-
teria lies in the different modes of action of CSA-13 
that targets the cell membrane and lysozyme that 
targets the cell wall peptidoglycan. In this combina-
tion one antimicrobial increases the permeability of 
the cell’s external barrier to another. Earlier in vitro 
studies also demonstrated that the activity of CSA-13 
against Pseudomonas aeruginosa and Helicobacter py-
lori was augmented by host-secreted antimicrobial 
agents (including lysozyme), although it is known 
that lysozyme activity against Gram-negative bac-
teria is weak. In this situation, lysozyme acts by the 
membrane-dependent mechanism, so an additive but 
not synergistic effect was observed [35]. This study 
confirms that enhanced antibacterial activity of  
CSA-13 against bacteria might be expected at sites 
where lysozyme is present. Despite the reports on 
different biological features of hen egg white lyso-
zyme (used in this study) and human lysozyme, we 
suggest that the same phenomenon might occur in 
human hosts [36]. It is established that in the site of 
infection exogenous antibiotics act in the presence of 
various natural host antibacterial products, and their 
combined action can influence the final antimicrobi-
al effect. Such complex interactions of antimicrobial 
peptides are found in airway surface liquid, which 
include lysozyme, lactoferrin, secretory leukocyte 
protease inhibitor (SLPI), human b-defensins, and 
LL-37. Singh et al. [37] observed synergistic or addi-
tive effects of tobramycin with these natural defences 
against Escherichia coli. Notably, a triple combination 
of lysozyme, lactoferrin, and SLPI displayed even 
greater synergy with tobramycin than did pairs of 
antibacterial factors. Moreover, the study revealed 
that antimicrobial potency in body sites, where mul-
tiple antimicrobial compounds are present, can be in-
creased by their interactions. However, some inhibi-
tory factors, such as increased salt concentrations, 
may diminish these synergistic effects and inhibit 
local mucosal defences [37]. The enhanced activity of 
exogenous antibiotics by endogenous defences, other 
than lysozyme, present on skin and mucosal surfac-
es, has also been demonstrated in related studies. In 
one of these, the synergy between cathelicidin LL-37 
and conventional, bactericidal antibiotics (amoxicil-
lin with clavulanic acid and amikacin) was described 
[38]. On the other hand, the combination of LL-37 
and bacteriostatic tetracycline or erythromycin re-
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sulted in antagonism [38]. It is worth underlining 
that the mucosal concentration of LL-37 increases in 
the course of infection [27]. Interestingly, in patients 
with atopic dermatitis decreased expression of anti-
microbial peptides is observed [28]. As far as the ef-
fectiveness of antimicrobial treatment is concerned, 
the interactions between various exogenous as well 
as endogenous antibacterial compounds at the site of 
infection seem to play a key role in overall antimicro-
bial activity, especially in local infections. Therefore, 
the combination of lysozyme and ceragenins exam-
ined in our study might be a promising form of sup-
plementary therapy in ocular infections caused by 
Bacillus. The combination could also be considered in 
the development of products for wound healing for 
topical applications. Ceragenins, with their: (i) strong 
antimicrobial activity against a  variety of microor-
ganisms, even Bacillus spores, (ii) ability to inhibit 
biofilm formation, (iii) biological activity in body 
fluids, (iv) good safety profile, and (v) anti-inflam-
matory properties, could be excellent candidates for 
potential use also in such infections as endophthal-
mitis [39]. Endophthalmitis following ocular trauma 
can be caused by a wide range of bacteria and fungi, 
including multidrug-resistant organisms. Because en-
dophthalmitis is a serious and devastating condition, 
an early broad-spectrum antibiotic therapy should 
be introduced before results from susceptibility test-
ing are available [40]. Antibiotics can be adminis-
tered by topical, systemic, or intravitreal route [41]. 
CSA-13, thanks to its wide spectrum of activity and 
synergy with lysozyme that is naturally present in 
tears but also can be administrated as an exogenous 
drug, seems to be a reasonable option for ocular in-
fections. Another important value is the synergistic 
effects of CSA-13 in combination with conventional 
antibiotics against selected clinical resistant strains, 
as demonstrated in previous studies [42, 43]. In our 
study we used lysozyme isolated from chicken egg 
white. Even though chicken and human lysozyme 
display similarities concerning the primary sequence 
and molecular weight, they differ in terms of enzy-
matic activity. Because human lysozyme is approxi-
mately threefold more active than chicken lysozyme 
we might assume that its lower concentration will be 
sufficient to observe synergy when combined with 
CSA-13 [36, 44].

Conclusions

Our data demonstrate and highlight the synergy 
of lysozyme and CSA-13 and confirm the concept that 
activity of exogenous antimicrobials is enhanced by 
host factors. A better description of synergy between 
natural substances found in inflammatory sites and 
locally administrated antimicrobials may be a poten-
tial direction of research for novel strategies for the 
treatment of topical infections. 
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