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Background: Therapeutic efficiency of ceragenins against cancers may be limited by lack

of their hemocompatibility when high concentrations of molecules are required to reach

a desired result. Synergistic effects observed upon administration of anticancer agents and

metal nanoparticles may provide an opportunity to limit toxicity of immobilized ceragenins

on the surface of metal nanoparticles and to improve their therapeutic efficiency at the same

time. The aim of present work is to investigate the anticancer activities and hemocompat-

ibility of nanoformulations consisting of ceragenin CSA-131 united with aminosilane-

modified iron oxide-based magnetic nanoparticles (MNP) and prepared by 1) covalent

bonding (MNP@CSA-131) or 2) by combining CSA-131 with MNP in 1:1 ratio (CSA-131

+ MNP). Possible synergistic interactions between CSA-131 and magnetic nanoparticles

were also quantified.

Methods: MNP@CSA-131 and CSA-131+MNP were tested in vitro against selected lung

and colon cancer cells using colorimetric, fluorimetric and flow cytometry methods.

Results: Performed analysis demonstrates that MNP-based nanosystems significantly improve

the killing efficiency of tested ceragenin, decreasing the viability of extra 1.37±4.72% to 76.07

±15.30% cancer cells when compared to free CSA-131. Quantification of synergistic effects

indicates the favorable interactions between CSA-131 and magnetic nanoparticles (CI < 1 for all

tested doses), revealing at the same time a reduction in effective doses of ceragenin from 1.17 ±

0.61 to 34.57 ± 12.78 times when combined with MNP. We demonstrate that both MNP@CSA-

131 and CSA-131+MNP induce significantly apoptosis of cancer cells and prevent the division

of colon cancer cells even at relatively low doses of the active compound (10 µg/mL).

Importantly, combining CSA-131 with MNP decreases the hemolytic activity of free ceragenin

4.72 to 7.88 times, which indicates a considerable improvement of hemotoxicity profile.

Conclusion: Comparative analyses have revealed that both developed CSA-containing

nanoformulations due to the utility of synergistic interactions between MNP and CSA-131,

which are effective against lung and colon cancer cells. This indicates the new directions in

preparation of MNP-based therapeutics, which are relatively easy to synthetize, cost-

effective and safe when intravenously administrated.

Keywords: ceragenins, anticancer activity, colon cancer, lung cancer, synergistic effects,

combinatory therapy

Introduction
Differences between surface plasma membranes, such as higher negative membrane

potential and increased fluidity, between cancer and healthy cells are associated

with interactions that control receptor accessibility and cell adhesion,1 and these
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might be considered as potential targets for anticancer

molecules. This possibility is supported by actions of

endogenous membrane-active antimicrobial peptides,

which have been described as anticancer agents with the

capability to selectively kill malignant cells.2 To date,

a number of host defense and synthetic anticancer peptides

(ACPs) have been described. These peptides display selec-

tive recognition of cancer cells, usually based on electro-

static interactions, resulting in mitochondrial membrane

damage, induction of apoptosis and PIP2-mediated mem-

brane permeabilization and growth inhibition.1,2

Nevertheless, despite the characterization of numerous

peptides with such activity, there is still a need to reduce

their side effects, low stability in body fluids and toxicity

in relation to healthy cells.3 Therefore, continued efforts

are required to design novel or modified membrane-active

compounds with reduced side effects and high therapeutic

efficiency. An ever-growing number of studies confirm

that ceragenins (CSAs), bile acid-based analogs of antimi-

crobial peptides, may be considered as anti-neoplastic

agents due to their 1) membrane-permeabilizing proper-

ties, 2) ability to induce both caspase-dependent and inde-

pendent apoptosis, 3) introduction of cells into cell cycle

arrest and 4) disruption of oxidative balance.4,5

Importantly, ceragenins CSA-13, CSA-90, CSA-131, and

CSA-192 were demonstrated to exert anti-proliferative

properties against breast cancer, colon cancer and lung

adenocarcinoma, which confirms their non-specific

mechanism of killing action.4,6 Nevertheless, at higher

doses, considerable toxicity and hemolytic activity of cer-

agenins were observed, limiting the therapeutic utility

when intravenous administration is required.7

Combination chemotherapy of tumors is currently

a primary treatment option, allowing for improvement of

overall survival rates and simultaneously limiting toxici-

ties and adverse effects, despite ever-growing tumor

resistance.8 Importantly, combined therapies present an

opportunity to utilize nanocarrier-based methods.8 Due to

the unique properties of these materials at the nanoscale

level, a variety of nanostructures, including metallic nano-

particles have attracted attention in biomedical engineer-

ing, particularly as drug delivery systems (DDS),

diagnostic tools, antimicrobial agents and anticancer

therapeutics.9–13 A compelling number of reports indicate

the possibility of attaching anticancer drugs on the surface

of nanoparticles, thereby facilitating drug delivery and

increasing drug accumulation in cancer cells, which results

in improved therapeutic efficiency of anti-neoplastic

agents and potentially overcoming drug resistance.14

Immobilization techniques used for bioconjugation pro-

cesses include physical interactions (electrostatic or affi-

nity interactions) and chemical interactions such as

covalent bonding.15 One of the crucial advantages of

metallic nanoparticles is their easy, reagent-controllable

synthesis and considerable cytotoxicity.16–19 Among

them, iron oxide nanoparticles are characterized by high

targetability, relatively easy surface functionalization and

strong affinity towards cancer cells and are more stable

than organic nanoparticles.20,21 Importantly, while the

safety of bare magnetic nanoparticles might be

questionable,22 their cytotoxicity and genotoxicity might

be significantly limited by coating with aminosilane

shell.23 Our previously published reports have shown that

covalent attachment of the first-generation ceragenin,

CSA-13 to aminosilane-functionalized iron oxide mag-

netic nanoparticles (MNP) surface significantly improves

the killing features of membrane-active compounds with

subsequent improvement of their hemocompatibility.4,6 It

was also revealed that simple combining MNP and CSA-

13 significantly improves the bactericidal effects against

bacteria. Importantly, such nanoformulations are easy to

prepare and do not require additional reagents and synth-

esis steps.24 Nevertheless, none mathematic quantification

of synergistic effects resulting from combining ceragenins

with magnetic nanoparticles was performed to date. No

study was also performed, in which anticancer effective-

ness of ceragenins-containing nanosystems was compared

to the efficiency of nanomixtures consisting of CSA-131

co-administrated with MNP.

In agreement with the benefits of combinatory therapy,

we aimed to develop an efficient, non-toxic and cost-

effective nanoparticles-based formulation, based on iron

oxide nanoparticles united with ceragenin CSA-131,

a second-generation ceragenin, with some improvements

in activity over CSA-13. For this purpose, we compared

the efficiency of 1) ceragenin CSA-131 nanoformulation

consisting of CSA-131 covalently attached to the surface

of iron oxide magnetic nanoparticles (MNP@CSA-131)

and 2) combined by simple mixing of two compounds

with each other (CSA-131 + MNP) against colon and

lung cancer cells. We investigated whether immobilization

significantly affects the anticancer activity of membrane-

active ceragenin CSA-131 and determined mathematically

possible synergistic interactions between CSA-131 and

magnetic nanoparticles. Hemocompatibility of such nano-

formulations was tested as well. According to our
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knowledge, none of those issues were addressed to date,

which underlines the novelty of the research presented.

Materials and Methods
Materials
A representative of ceragenins,25 CSA-131, was synthe-

tized using previously published protocols.26 Human lung

adenocarcinoma A549 (ATCC® CCL-185™) and human

Dukes’ type C colorectal adenocarcinoma DLD-1 (ATCC®

CCL-221™) cells were obtained from the American Type

Culture Collection (ATCC, Manassas, VA, USA). High-

glucose DMEM (Dulbecco′s Modified Eagle′s Medium)

and fetal bovine serum were purchased from ATCC.

L-Glutamine, Penicillin-Streptomycin solution (10,000

units penicillin and 10 mg streptomycin/mL), colorimetric

and fluorescence probes: MTT; 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide and resazurin

sodium salt, and DAPI dye were from Sigma-Aldrich

(Saint Louis, MO, USA). Solution 5 VB-48™ PI – AO

was from Chemometec (Allerod, Denmark). Apoptosis

estimation was performed using Muse® Annexin V

& Dead Cell Kit (Merck, Darmstadt, Germany).

Synthesis of Ceragenin-Decorated

Magnetic Nanoformulations
Aminosilane-coated iron oxide particles (MNP) were

synthesized according to the published procedure and

thoroughly characterized using TEM, XRD, FT-IR, TGA,

and magnetization measurements.27,28 The obtained iron

oxide cores (average diameter 10 ± 2 nm) form small

clusters surrounded by thin aminosilane shell (~1nm)

clearly observed in TEM images.28 MNP particles

(30 mg) were suspended in an aqueous solution of glutar-

aldehyde (25%, 50 mL) using an ultrasound bath (1 h).

After 6 h of mechanical stirring at room temperature,

glutaraldehyde-functionalized MNPs were magnetically

separated from the solution, washed several times with

ethanol, and re-suspended in ethanol containing CSA-131

(10 mL, 3 mg/mL). The mixture was stirred overnight.

Then, the particles were magnetically isolated, washed

three times with ethanol, and dried to powder at 60°C.

The product was analysed by FT IR, TGA and DSC

methods. In another approach, CSA-131 was mixed with

magnetic nanoparticles in a 1:1 ratio (indicated as CSA-

131 + MNP), suspended in phosphate-buffered saline

(PBS) and left for 48 h before experiments.

Physicochemical Characterization of

Magnetic Nanosystem
The formation of nanosystems, including aminosilane-

modified and ceragenin-functionalized magnetic nanoparti-

cles, was evaluated using spectral and thermal techniques.

ATR FT-IR spectra were recorded on Nicolet 6700 FT-IR

Spectrometer from Thermo Scientific in the range of 4000 to

500 cm−1 by co-adding 16 scans with a resolution of 4 cm−1.

Thermogravimetric analyses (TGA) were performed on

a Mettler Toledo Star TGA/DSC unit. Samples weighing

2–3 mg were placed in aluminum oxide crucibles and heated

from 50°C to 900°C at a heating rate of 10 K min−1 under an

argon flow rate of 20 mL‧min−1. Differential scanning calori-

metry (DSC) measurements were performed on a Mettler

Toledo Star DSC system. A solid-state sample (2–3 mg)

was placed in an aluminum crucible, sealed and heated

from 25°C to 450°C at a heating rate of 10 K‧min−1 under

an argon flow rate of 200 mL‧min−1. An empty aluminum

crucible was used as the reference.

Cell Culture
Human lung adenocarcinoma A549 (ATCC® CCL-185™)

and humanDukes’ type C colorectal adenocarcinomaDLD-1

(ATCC® CCL-221™) cells were cultured in high-glucose

DMEM supplemented with 10% fetal bovine serum (FBS),

glutamine (2 mM/L), penicillin (50 U/mL) and streptomycin

(50 µg/mL) and maintained at 37°C in an atmosphere con-

taining 5% CO2 with saturated humidity.

Cytotoxicity Assessment
Cell viability after treatment with CSA-131 and ceragenin-

containing combinations was estimated using the meta-

bolic activity-assessing tetrazolium test (MTT assay) as

described previously.4 Briefly, 5x103 of both A549 and

DLD-1 cells were plated in 96-well plates in 200 µL of

media per well and left to cultivate until confluence ~80%

was obtained. Next, ceragenin CSA-131, MNP@CSA-131

and CSA-131 + MNP in concentrations ranging from 0 to

50 µg/mL were added in three replicates to each cell

population and left for further incubation for 24 h at 37°

C. To quantify the viability of cells, the MTT solution at

a final concentration of 0.5 mg/mL was added, followed

by further incubation for 4 h. The absorbance of MTT-

containing samples was measured using Varioscan Lux

microplates reader at 540 nm (Thermo Fisher Scientific,

Waltham, MA, USA) by the dissolution of formazan by

100 µL of dimethyl sulfoxide (DMSO) and gently shaking.
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The absorbance value obtained in cultures of control cells

(without tested agents) was taken as 100%. The average of

all the experiments has been shown as a cell viability

percentage in comparison to the control.

Interaction Assessment
To quantitively evaluate the pharmacological interactions

between CSA-131 and magnetic nanoparticles when cera-

genin is covalently attracted to MNPs or combined in equal

ratio, the combination method of Chou29 and commercially

available CompuSyn software were employed. Antagonism,

additive or synergistic interaction between tested compounds

was calculated using multiple drug effect equation allowing

for the quantitative determination of the combinatory index

(CI) and dose-reduction index (DRI). The CI was calculated

based on the equation: CI=(D)1/(Dx)1+(D)2/(Dx)2+(D)1

(D)2/(Dx)1(Dx)2, where (Dx)1 and (Dx)2 are the doses of

drug 1 and drug 2, alone, inhibiting “x%”, whereas (D1) is

the dose of drug 1 in combination, and (D2) the dose of drug

2 in a combination that corresponds to the observed “x”

inhibition. Accordingly, CI values higher than 1 indicate

antagonistic interaction, CI = 1 is an indicator that two

drugs have an additive effect and CI < 1 corresponds to

synergistic interaction, with the discrimination that values

between 1 and 0.76, 0.75–0.3 and <0.3 indicate slight syner-

gistic effects (SlS), synergistic (S) and strong synergistic

effects (SS), respectively. CI values were calculated for

a broad spectrum of effect levels and on the basis of this

analysis, fraction affected (FA) versus CI plots was gener-

ated. To evaluate the drug dose in a synergistic combination,

dose-reduction index (DRI) was calculated as follows: (DRI)

1=(Dx)1/(D)1 and (DRI)2=(DRI)2/(D)2, where DRI>1

shows that combinations could result in reduced drug doses

when compared to doses for each drug alone.

Analysis of Ceragenin-Induced Apoptosis
To qualitatively evaluate the anticancer activities of cera-

genin CSA-131 and ceragenin-based formulations and to

investigate the mechanisms of detected antineoplastic fea-

tures, a series of flow cytometry- and fluorimetric-based

analyses was employed. In the first, alterations in intracellu-

lar glutathione (GSH) levels, being an early hallmark in the

progression of cell death in response to different apoptotic

stimuli, were investigated. For this purpose, vitality assay

(ChemoMetec, Denmark) employing fluorescent dye

VitaBright-48™ (VB-48) (reacting with thiols forming

a fluorescent product) was performed according to the man-

ufacturer’s instructions. By comparing the VB-48™ and

propidium iodide (PI) intensities recorded for control and

treated cells, the fractions of 1) healthy cells, 2) PI-negative

cells with low viability and 3) dead cells can be determined.

The proliferation capability of CSA-131-treated cancer cells

was measured according to a previously described

procedure.4,30 The externalization of phosphatidylserine

(PS) to the cell surface in the response to the treatment with

CSA-131 and its MNP-based derivatives, and thus the induc-

tion of CSA-mediated apoptosis was assessed using Muse®

Annexin V

& Dead Cell Kit (Merck, Germany). Differentiation of

early and late apoptotic cells and necrotic cells was per-

formed through the use of a combination of FITC-labeled

Annexin V with 7-AAD (7-aminoactinomycin D; indicator

of cell membrane structural integrity). Visualization of

CSA-131- and MNP@CSA-131-induced DNA fragmenta-

tion and investigation of changes in nuclei morphology

was performed using fluorescence microscopy (BD

Pathway Bioimaging Systems, BD Biosciences, San Jose,

CA, USA). For this assay, A549 or DLD-1 cells were

seeded in 96-well plates and treated with test agents for

24 h. Cells were then fixed with 4% paraformaldehyde in

PBS for 15 min at room temperature. After incubation

with 0.1% Triton X-100 in PBS (5 min, room tempera-

ture), cells were thoroughly washed and stained with

DAPI solution (1 µg/mL) for 5 min at room temperature.

All experiments were performed using test agents at

a concentration of 10 µg/mL for 24 h.

Hemolysis Assay
Hemocompatibility of test agents was evaluated using

a hemolysis assay, which is based on the colorimetric mea-

surement of the amount of hemoglobin released from

damaged red blood cells (RBCs). For this purpose, human

red blood cells (RBCs), isolated from the blood of healthy

volunteers, were suspended in phosphate-buffered saline

(PBS) (hematocrit ~5%) with concentrations of test agents

ranging from 0 to 100 μg/mL. RBCs were then incubated

with analyzed compounds for 1 h at 37°C. Relative hemoglo-

bin concentration in supernatants after centrifugation at 2500

g was monitored by measuring optical absorbance at 540 nm.

Complete hemolysis was measured in samples treated with

1% Triton X-100, which disrupts all cell membranes.

Statistical Analysis
Provided data are mean from 3 to 6 independent experi-

ments ± SD. The significance of differences was deter-

mined using the two-tailed Student’s t-test. Statistical
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analyses were performed using Statistica 10 (StatSoft Inc,

Tulsa, OK, USA), and p<0.05 was considered to be statis-

tically significant.

Results
Lung and Colon Cancer Cells Treated

with CSA-131 and MNP Exhibit Decrease

in Cell Viability
To test whether ceragenin CSA-131 and iron oxide-based

magnetic nanoparticles reduce lung and colon cancer cell

viability, lung carcinoma A549 and colon cancer DLD-1

cells were incubated with increasing concentrations of test

agents (concentrations ranging from 1 to 50 µg/mL) for 24

h. As shown in Figure 1 and Tables 1 and 2, treatment of

both cancerous cell lines with CSA-131 resulted in a dose-

dependent decrease of cell survival; at the highest tested

dose, ie 50 µg/mL, cell growth of A549 and DLD-1 cells

was inhibited by 89.34 ± 7.65% and 57.91 ± 1.03%,

respectively. Using Chou-Talalay median-effect analyses,

effective doses (ED) necessary to decrease the cellular

viability by 10%, 50% and 75% were calculated by extra-

polation from each dose-response curves; accordingly,

ED10%, ED50% and ED75% were 2.03 ± 0.71, 12.63 ±

5.44 and 31.65 ± 14.89 µg/mL for A549 cells and 3.49 ±

3.45, 24.83 ± 5.69 and 201.4 ± 102.67 µg/mL for DLD-1

cells. Cancer cells were considerably less sensitive to

MNP-mediated treatment (with no CSA-131), since at

the dose of 50 µg/mL cell growth inhibition was 34.87 ±

3.22% and 16.18 ± 4.57% for lung and colon cancer cells,

respectively.

Synthesis and Physicochemical Analysis of

Ceragenin-Containing Nanoformulations
Given the 1) considerable anticancer potential of ceragenin

CSA-131, 2) decrease of cancer viability upon MNP treat-

ment and 3) previous reports on the intensification of anti-

neoplastic features of biologically active compounds by

nanomaterials, two questions were raised: (a) do ceragenin

Figure 1 Cytotoxicity of ceragenin CSA-131 and magnetic nanoparticles (MNP) against lung carcinoma A549 and colon cancer DLD-1 cells. Decrease of lung cancer A549

(A) and colon cancer DLD-1 (B) cell viability after 24 hour treatment with ceragenin CSA-131 (grey bars) and MNP (yellow bars) in concentrations ranging from 1 to 50 µg/

mL. Results are presented as mean ± SD from 3 to 6 individual experiments. *Indicates statistical significance (p-value < 0.05) when comparing to untreated control cells (0

µg/mL).

Table 1 Relative Inhibitory Effects (RIE) of CSA-131, MNP@CSA-131 and CSA-131 + MNP on Lung Carcinoma A549 Cells Growth

(µg/

mL)

CSA-131 MNP@CSA-131 CSA-131 + MNP

Cell Growth

Inhibition (%)

Cell Growth

Inhibition (%)

Relative Inhibitory

Effect (%)

Cell Growth

Inhibition (%)

Relative Inhibitory

Effect (%)

1 6.92 ± 2.89 20.77 ± 15.93 + 13.86 ± 13.05 13.91 ± 7.26 + 7.00 ± 4.37

2 13.42 ± 4.47 31.54 ± 14.67 + 18.12 ± 10.20 35.75 ± 3.40 + 22.32 ± 1.07

5 19.48 ± 14.88 66.37 ± 4.09 + 46.89 ± 10.79 54.88 ± 5.09 + 35.40 ± 9.79

10 22.16 ± 16.16 98.23 ± 0.86 + 76.07 ± 15.30 66.05 ± 2.61 + 43.89 ± 13.59

20 61.13 ± 17.79 100.06 ± 0.55 + 38.93 ± 17.24 92.87 ± 0.26 + 31.74 ± 17.53

50 89.34 ± 7.65 100.06 ± 0.29 + 10.72 ± 7.35 97.42 ± 1.01 + 8.07 ± 6.63
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CSA-131 and MNP interact synergistically against tested

cancer cell lines and (b) how this effect will be varied if

ceragenin CSA-131 is covalently attached on the surface

of MNP (MNP@CSA-131) or combined in one nanomix-

ture (CSA-131+MNP). In one approach, CSA-131 was

mixed with magnetic nanoparticles in 1:1 ratio, suspended

in phosphate-buffered saline (PBS) and left for 48 h. In

the second approach, a novel ceragenin-containing nano-

system was synthetized through glutaraldehyde and thor-

oughly analyzed.

FT-IR spectroscopy indicated that ceragenin CSA-131

was successfully attached to the nanoparticles surface via

imine bonds (Figure 2A). The presence of iron oxide

magnetic cores was confirmed by the intense band at

550 cm−1, which corresponds to the Fe-O stretching

mode of magnetite (Fe3O4). In the spectra of MNP and

MNP@CSA-131, the extensive band at ~1000–1150 cm−1

might be ascribed to the stretching vibrations of organosi-

lane derivatives such as Si-O-Si, Si-O, and Si-O-Fe.

However, in the system containing CSA-131, more intense

and wider signal was observed. The absorption peak at

1630 cm−1 was detected in the spectrum of the ceragenin-

functionalized particles and was assigned to C=N stretch-

ing vibrations. Weak bands observed at 2853 and

2928 cm−1 were ascribed to C-H stretching modes. The

signals above 3300 cm−1 were characterized as

N-H stretching vibrations. Differential scanning calorime-

try and thermogravimetric analysis were used to evaluate

the thermal characteristic of synthesized nanosystems and

support the data from FT-IR analysis. The DSC curves of

analyzed nanoparticles (MNP and MNP@CSA-131,

Figure 2B) indicate differences in the chemical nature of

the coating. A new endothermic transition above 350°C is

observed in the heating curve of CSA-131-modified parti-

cles. It is most likely associated with the presence of

ceragenin and its partial decomposition. Figure 2C and

D show thermogravimetric analysis results for MNP and

MNP@CSA-131. TG and DTG data for CSA-131 are

enclosed in Supplementary Material. A greater total

weight loss of the MNP@CSA-131 compared to the

MNP indicates successful functionalization.

Combined Therapy with Use of

CSA-131-Containing Nanoformulations

Exerts Enhanced Anticancer Activity

When Compared to Single Treatments
The effect of combined treatment using CSA-131 and

MNPs on lung and colon cancer cell viability was deter-

mined using the MTT assay. For this purpose, lung ade-

nocarcinoma A549 and colon cancer DLD-1 cells were

treated with MNP@CSA-131 and CSA-131+MNP at

doses ranging from 1 to 50µg/mL and combination

effects are summarized in Figure 3A and C. Combined

treatment using MNP@CSA-131 and CSA-131 + MNP

shifted the dose–response curves to lower doses indicat-

ing that activity of above compounds was greater than

either CSA-131 or MNP alone. A considerable alteration

in cytomorphological characteristics of A549 and DLD-1

cells were observed by inverted phase-contrast micro-

scopy (Figure 3B and D). Compared to control cells,

both treated lung and colon cancer cells, upon treatment

with tested compounds, became less adhered, more round

and shrunken, displaying vacuolization in cytoplasm.

Importantly, these changes became progressively more

pronounced when a combined treatment using CSA-131

and MNP was used.

Nevertheless, it is difficult to draw conclusions on

a synergistic interaction between CSA-131 and MNP

based on microscopic observations and dose–response

Table 2 Relative Inhibitory Effects (RIE) of CSA-131, MNP@CSA-131 and CSA-131 + MNP on Colon Cancer DLD-1 Cells Growth

(µg/

mL)

CSA-131 MNP@CSA-131 CSA-131 + MNP

Cell Growth

Inhibition (%)

Cell Growth

Inhibition (%)

Relative Inhibitory

Effect (%)

Cell Growth

Inhibition (%)

Relative Inhibitory

Effect (%)

1 6.91 ± 6.62 8.28 ± 1.90 + 1.37 ± 4.72 7.63 ± 3.30 + 0.73 ± 3.32

2 9.35 ± 4.65 14.57 ± 5.79 + 5.22 ± 1.15 13.66 ± 2.24 + 4.31 ± 2.41

5 14.26 ± 5.86 26.76 ± 4.00 + 12.49 ± 1.85 16.29 ± 3.25 + 2.03 ± 2.61

10 25.01 ± 6.07 39.82 ± 13.18 + 14.81 ± 7.11 35.09 ± 6.25 + 10.08 ± 0.18

20 27.39 ± 7.92 45.93 ± 6.72 + 18.55 ± 1.20 60.80 ± 2.75 + 33.41 ± 5.17

50 57.91 ± 1.03 72.97 ± 1.80 + 15.06 ± 0.78 80.87 ± 0.92 + 22.96 ± 0.10
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curves alone, despite the statistically significant shifts. To

more quantitively analyze the interactions between test

compounds, relative inhibitory effect (RIE), combinatory

index (CI) and dose reduction (DRI) values were calcu-

lated using the median effect principle method developed

by Chau and Talalay.29 The results of this analysis are

summarized in Tables 1–4. Notably, combined treatment

using CSA-131 with MNP exhibited synergistic interac-

tions at all tested doses, since relative inhibitory effect

(RIE) values were positive in a range from +0.73 ±

3.32% (for 1 µg/mL of CSA-131 + MNP against DLD-1

cells; Table 2) to +76.07 ± 15.30% (for 10 µg/mL of

MNP@CSA-131 against A549 cell line; Table 1). More

precisely, when comparing RIE values for both cells lines,

it seems that covalent immobilization of CSA-131 on the

surface of nanocarriers is more prone to exert synergistic

effect – employment of combined treatment using

MNP@CSA-131 intensify the activity of CSA-131 by

34.09% and 24.70% by average against A549 and DLD-

1 cells, respectively. At the same time, a mixture of CSA-

131+MNP improves the therapeutic efficiency of CSA-131

against A549 and DLD-1 cells by 11.25% and 12.52%,

respectively (Tables 1 and 2). Accordingly, combined

treatments resulted also in the decrease of effective doses

(ED) values. As shown in Figure 4A and D, effective

doses at 10%, 50% and 75% effects levels were 2.97 to

9.01-fold lower than those noted for a single treatment

with CSA-131. These results indicated that the combina-

tion treatment was more powerful in decreasing both A549

and DLD-1 cell viability.

From the date described above, the combinatory index

(CI) analysis demonstrated synergistic interactions

between CSA-131 and MNP (Tables 3 and 4). Because

our aim was to achieve maximal effects of tested nanofor-

mulations, a mean combinatory index value was calculated

for each tested dose and for each fraction affected (Fa)

value (ie indicating the fraction of cells inhibited after

drug exposure). To indicate the effects of drugs at different

Figure 2 Physicochemical analysis of ceragenin CSA-131, ceragenin-containing nanosystem, MNP@CSA-131 and magnetic nanoparticles MNP. ATR FT-IR spectra of CSA-

131 (grey curve), MNP@CSA-131 (red curve) and MNP (yellow curve) (A). Results of DSC, TGA and DTG analyses are presented in (B–D), respectively. TG and DTG data

for CSA-131 are enclosed in Supplementary Materials.
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Fa values, Fa-CI plots were constructed (Figure 4B and E).

As presented, non-beneficial interactions between cera-

genin CSA-131 and MNPs were observed only for the

lowest doses of MNP@CSA-131 and CSA-131+MNPs in

the DLD1-based model, where Fa was less than 0.2.

Considering that Fa <0.2 indicates low growth inhibition

and a large population of cells actively growing, we con-

sidered these effects as less important than those at higher

growth inhibition. For Fa > 0.6, CI values were below 1

indicating synergistic to mostly strong synergistic interac-

tions. In addition, CI values of <1 corresponded to favor-

able DRI values (>1). According to the established

Figure 3 Cytotoxicity of ceragenin-containing nanocomposites against lung carcinoma A549 and colon cancer DLD-1 cells. Decrease of cancer cells viability and alterations

in morphological features of lung (A and B, respectively) and colon cancer cells (C and D, respectively). For assessment of cytotoxicity, cells were treated for 24 hour with

ceragenin CSA-131 (grey squares), MNP@CSA-131 (red circles), CSA-131 + MNP (blue diamonds) and MNP (yellow inverted triangles). Results are presented as mean ±

SD from 3 to 6 individual experiments. ^Indicates statistical significance (p-value <0.05) when comparing to CSA-131-treated cells. Morphology of cancer cells were

investigated upon treatment with 10 µg/mL of tested agents. Results from one representative experiment are shown. Black scale bar ~300 µm.

Piktel et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
International Journal of Nanomedicine 2020:154580

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


definition, DRI designates how many folds of dose reduc-

tion are allowed for each drug at a given effect level

compared with the drug alone. Regardless of the dose

and the cell line used, the DRI values were always >1,

indicating a beneficial dose reduction of CSA-131. The

Fa-DRI plots (Figure 4C and F) constructed using DRI for

each Fa, indicate that chemotherapeutic doses of CSA-131

might be reduced from 1.17 ± 0.61 to 34.57 ± 12.78 times,

which not only highlights the high capability of MNP to

reduce effective doses of agents incorporated into nano-

formulations, but most importantly, provides the possibi-

lity to improve the safety of performed cytostatic therapy.

Apoptosis Increases Death-Associated

Effects in Cancer Cells Upon Combined

Treatment Using CSA-131-Containing

Nanoformulations
To more qualitatively describe the potential of combined

treatment consisting of ceragenin CSA-131 andMNP, using

covalent-based immobilization technique and co-treatment

using both agents, a set of flow cytometry experiments was

performed, and results of these studies are demonstrated in

Figures 5 and 6. Due to the different content of ceragenin in

the analyzed formulations, we decided to unify the tested

amount and one dose of the substance was used for all

combinations to compare the anti-cancer effects. Having

in mind the dose-dependent toxicity of ceragenin against

mammalian cells, flow cytometry analyses were carried out

at a dose of 10 µg/mL. Increased levels of reduced glu-

tathione (GSH) in ceragenin-treated cancer cells were

observed, which indicates the introduction of cells into

death processes (Figures 5A and 6A), conditioned by the

exhaustion of intracellular reductive substances and rapid

oxidative stress in treated cells. When compared to

untreated, control cells characterized by the relatively low

level of GSH (16.25 ± 11.24% and 23.5 ± 3.54% for A549

and DLD-1 cells, respectively), treatment of cancer cells

with ceragenin CSA-131 resulted in a nearly 3-fold increase

Figure 4 Effects of combined treatment of lung (A–C) and colon cancer cells (D–F) with ceragenin CSA-131 and magnetic nanoparticles. Effective doses at 10%, 50% and

75% effect levels of ceragenin CSA-131, MNP@CSA-131 and CSA-131 + MNP in lung cancer and colon cancer cells (A and D, respectively) calculated with Compusyn

software from dose–response curves. Results are presented as mean ± SD from 3 to 6 individual experiments. ^Indicates statistical significance (p-value <0.05) when

comparing to the effectiveness of CSA-131 alone. Illustrative Fa-CI (B and E for A549 and DLD-1 cell line, respectively) and Fa-DRI plots (C and F for A549 and DLD-1 cell

lines, respectively). Data points represent the mean value calculated from triplicate experiments. Combinatory index (CI) and dose–response index (DRI) equal to 1

(indicated as black line on the plots) point out the additive effect and no dose reduction for combinatory treatment, respectively.
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of reduced GSH, confirming the anti-cancer potential of this

compound against lung and colon carcinomas. More impor-

tantly, this effect was further intensified when cells were

exposed to MNP@CSA-131 or CSA-131 + MNP in doses

corresponding to ceragenin concentrations. This observa-

tion was confirmed by the introduction of cells into orange

acridine (AO)/propidium iodide (PI) double staining, which

allowed for discrimination between 1) viable, healthy cells,

2) PI-negative cells with low viability and 3) PI-positive

dead cells with permeable membranes. According to results

shown in Figures 5B and 6B, both MNP@CSA-131 and

CSA-131+MNP in a dose of 10 µg/mL significantly

increased the number of dead and membrane-permeable

cells – combined treatment induced killing processes in

extra 30.8% and 20.9% of A549 and DLD-1 cells, respec-

tively, when compared to CSA-131 alone. This observation

was also confirmed by resazurin-based quantification of the

ability of treated cancer cells to proliferate – as shown in

Figures 5C and 6C. Tested agents efficiently arrested the

proliferation of nanoformulation-treated cells, with

MNP@CSA-131 as the most effective agent.

To investigate the killing mechanism of ceragenin CSA-

131 and ceragenin-containing nanoformulations, the externa-

lization of phosphatidylserine (PS) into the outer leaflet of

cell membranes was investigated using FITC-labeled

Annexin V followed by PI-staining of cells (apoptosis

assay). As shown in Figures 5D and 6D, combined treatment

with CSA-131 + MNP increased the level of late apoptotic

cells to 68.68 ± 8.88% and 52.76 ± 3.29% for A549 and

DLD-1 cells, respectively. At the same time, the number of

necrotic cells remained unchangedwhen compared to control

and CSA-131-treated cells, which indicates that the killing

ability of these compounds is determined by the induction of

apoptosis processes. This observation is also in agreement

with fluorescence microscopic observations of genetic mate-

rial destruction upon exposed treatment (Figures 5E and 6E).

Considering that DNA fragmentation is recognized as

a major and most crucial event occurring in late apoptosis,

it is justified to state that ceragenin-containing nanoformula-

tions do not alter the route of cells death, but only intensify

the main killing ceragenin-associated mechanisms.

Table 3 Analysis of the Combinatory Index (CI) and Dose-Reduction (DRI) of MNP@CSA-131 and CSA-131 + MNP Against Lung

Carcinoma A549 Cells

(µg/mL) MNP@CSA-131 CSA-131 + MNP

CI Effect DRI CI Effect DRI

1 0.30 ± 0.09 S 3.39 ± 1.69 0.41 ± 0.32 S 12.29 ± 16.70

2 0.50 ± 0.24 S 2.92 ± 0.54 0.34 ± 0.08 S 3.74 ± 1.15

5 0.27 ± 0.10 SS 4.28 ± 1.48 0.41 ± 0.12 S 2.84 ± 0.88

10 0.03 ± 0.01 SS 34.57 ± 12.78 0.56 ± 0.24 S 2.14 ± 0.83

20 0.004 ± 0.01 SS >100* 0.24 ± 0.17 SS 5.37 ± 2.7

50 0.006 ± 0.01 SS >100* 0.23 ± 0.11 SS 4.99 ± 1.96

Notes: Combinatory index (CI) values >1 indicate antagonistic effect (AN); CI = 1 indicates additive effect (A); values between 1 and 0.76 indicate slight synergistic effects

(SlS); values <0.75–0.3 indicate synergy (S) and <0.3 indicate strong synergistic effect (SS). Dose-reduction index (DRI) values >1 indicate favorable dose reduction, DRI<1

indicate unfavorable dose reduction, DRI=1 indicate no dose reduction. *Indicate values with low level of certainty in a dose range tested.

Table 4 Analysis of the Combinatory Index (CI) of MNP@CSA-131 and CSA-131 + MNP Against Colon Cancer DLD-1 Cells

(µg/mL) MNP@CSA-131 CSA-131 + MNP

CI Effect DRI CI Effect DRI

1 1.38 ± 0.25 AN 2.55 ± 2.27 3.50 ± 3.47 AN 2.08 ± 1.48

2 1.02 ± 0.35 A 2.39 ± 0.80 1.11 ± 0.62 AN 2.35 ± 1.59

5 0.51 ± 0.17 S 2.47 ± 0.56 1.58 ± 0.55 AN 1.17 ± 0.61

10 0.47 ± 0.11 S 3.20 ± 1.68 0.60 ± 0.14 S 2.07 ± 0.13

20 0.73 ± 0.21 S 1.94 ± 0.55 0.43 ± 0.21 S 4.16 ± 1.56

50 0.69 ± 0.45 S 3.70 ± 2.06 0.51 ± 0.41 S 7.10 ± 4.76

Notes: Combinatory index (CI) values >1 indicate antagonistic effect (AN); CI = 1 indicates additive effect (A); values between 1 and 0.76 indicate slight synergistic effects

(SlS); values <0.75–0.3 indicate synergy (S) and <0.3 indicate strong synergistic effect (SS). Dose-reduction index (DRI) values >1 indicate favorable dose reduction, DRI<1

indicate unfavorable dose reduction, DRI=1 indicate no dose reduction.
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Figure 5 Anticancer activity of ceragenin CSA-131 and ceragenin-containing nanoformulations against lung carcinoma A549 cells. Increase of intracellular levels of reduced

thiols in A549 cells treated with CSA-131 (grey bar), MNP@CSA-131 (red bar), CSA-131+MNP (blue bar) and MNP (yellow bar) when compared to untreated control

(0 µg/mL; black bar) (A). The percentages of dead cells (black columns), PI-negative cells with low viability (dark grey columns) and healthy cells (light grey columns) in lung

carcinoma cells treated with CSA-131, MNP@CSA-131, CSA-131 and MNP or naked MNPs (B). The proliferation of cancer cells treated with CSA-131 (grey squares),

MNP@CSA-131 (red circles), CSA-131 + MNP (blue diamonds) and MNP (yellow inverted triangles) when compared to untreated control (black squares) estimated using

resazurin-based fluorimetric method (C). Induction of apoptosis in A549 cells by CSA-131 and its magnetic derivatives (D). Percentage of early apoptotic (black columns),

late apoptotic/dead cells (dark grey columns) and dead cells (light grey columns). For the purpose of the clarity of the presented data, live cells (Annexin V-negative and

7-AAD-negative) were not presented in the provided figures. Morphological alternations in nuclei of A549 cells upon treatment with CSA-131, MNP@CSA-131 and CSA-

131 + MNP when compared to uncreated cells (E). White arrows indicate treatment-induced morphological changes in nuclei of treated cells. All experiments were

performed using agents at a concentration of 10 µg/mL for 24 h. (A–D) demonstrate results from 3 to 6 individual experiments ± SD, for panel E results from one

representative experiment are shown. * and ^ indicate statistical significance (p-value <0.05) when comparing to control cells (0 µg/mL) and CSA131-treated cells,

respectively. Scale bar ~50 µm.
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CSA-131 in Combination with Magnetic

Nanoparticles Improves the

Hemocompatibility and

Membrane-Permeabilizing Properties
A considerable limitation in the clinical introduction of

membrane-active compounds with anticancer activity is

their low selectivity and thus, potential damage to host

cells membranes. To evaluate whether combining of cer-

agenin CSA-131 in MNP-based nanoformulations would

prevent toxic effects against host cells, a hemolysis assay

was performed. In this assay, isolated red blood cells act as

a model of host membranes, allowing for the determina-

tion of membrane-permeabilizing properties of designed

agents. As presented in Figure 7, ceragenin-based nano-

systems are characterized by low hemolytic activity in

a broad spectrum of doses, up to 50 µg/mL, ie doses 5

times higher than effective against cancer cells. At dose of

20 µg/mL MNP@CSA-131 and CSA-131+MNP induce

hemoglobin release from only 3.07 ± 3.57% and 1.47 ±

0.79% red blood cells, when CSA-131 alone damage

34.04 ± 10.12% of RBCs at the same dose. Using dose–

response curves, MHC10% (minimal hemolytic concentra-

tion causing the release of hemoglobin from 10% red

blood cells) was calculated. Importantly, MHC10% for

MNP@CSA-131 and CSA-131+MNP were 7.88 and 4.72-

fold higher than for CSA-131 alone, clearly indicating the

improvement of hemocompatibility of ceragenin CSA-131

upon its immobilization with magnetic nanoparticles.

Discussion
Currently, a variety of both single and combinatory therapies is

proposed as an option for the treatment of lung adenocarci-

noma and colon cancer; nevertheless, high numbers of drug-

resistant tumors and considerable toxicity of currently used

chemotherapeutics hamper the treatment process.31,32 Efforts

are being made to design potent cytostatics characterized by

lower toxicity. Ceragenins, due to their favorable pharmaco-

dynamic features and nonspecific, cellular membrane-based

mechanism of action, are currently tested as potential antic-

ancer agents.4–6,33 Previous reports have demonstrated that

ceragenin CSA-13 effectively inhibits the proliferation cap-

ability of cancer cells in vitro and disrupt the oxidative balance

of treated cells resulting in the induction of apoptosis.4,5

Nevertheless, in higher doses of ceragenins of approx.

50–100 µg/mL, considerable hemolysis and cellular toxicity

are observed, restricting its utility via intravascular routes.7

Responding to the basic assumptions of combined therapy, we

aimed to create a ceragenin-containing nanoformulation with

high anticancer activity and low toxicity at the same time,

which is easy to synthetize and cost-effective. To date,

a variety of nanomaterials, including liposomes,34 polymeric

nanoparticles,35 dendrimers,36 carbon nanoparticles37 and

metallic nanoparticles38 were demonstrated as compounds

enhancing the anticancer effectiveness of conventional

chemotherapeutics. In our study, the employment of iron

oxide-based magnetic nanoparticles as synergistic agents in

combination with ceragenin CSA-131 was encouraged and

justified by our previously published reports, clearly indicating

the improvement of activity of ceragenins, particularly cera-

genin CSA-13, in the presence of magnetic

nanoparticles.7,24,30,39 Apart from the role of MNP as drug

nano-delivers, we believe that a significant advantage of mag-

netic nanoparticles employment when compared to other

materials is the possibility to easily purify developed nanosys-

tems from residues of reagents that are necessary for the

proper functionalization of anticancer drugs and relatively

low toxicity of MNP. A compelling number of studies indicate

that aminosilane coating reduces the toxicity of iron oxide

nanoparticles,23 making them appropriate agents for combin-

ing with other anticancer agents. Considering the above

assumptions, we have chosen a relatively low concentration

of CSA-131 (10 µg/mL) in combination with magnetic nano-

particles, both covalently attached or co-administrated

together in one nanomixture to explore the synergistic inhibi-

tory effect against lung A549 adenocarcinoma and colon

DLD-1 cancer cells. When assessing cell growth inhibition,

we have noted that for clinically relevant cytotoxicity, higher

doses of tested agents, particularly magnetic nanoparticles, are

required (Figure 1). At the same time, combinations of these

therapeutics have demonstrated significant synergy and dose-

reduction effects, which suggest that the combined use of

MNPs could strongly limit the toxicity of ceragenin CSA-

131 by reducing its effective dose (Figure 4, Tables 3 and 4).

Although a majority of studies aiming to assess the improve-

ment of killing abilities of ceragenins using MNP involve

covalent-based nanosystems, it was demonstrated that anti-

bacterial properties of membrane-active compounds against

Pseudomonas aeruginosa and Staphylococcus aureus might

be potentiated by combining the ceragenin with aminosilane-,

gold- or poly (quaternary ammonium salt-coated iron oxide

nanoparticles).24 Anticancer activities of those formulations

and mathematic quantification of such have not been investi-

gated to date, which highlights the novelty of this research.

According to our results, bothMNP@CSA-131 and CSA-131

+MNP nanoformulations exert accelerated inhibitory effects.
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Figure 6 Anti-cancer activity of ceragenin CSA-131 and ceragenin-containing nanoformulations against colon cancer DLD-1 cells. Increase of intracellular levels of reduced

thiols in DLD-1 cells treated with CSA-131 (grey bar), MNP@CSA-131 (red bar), CSA-131+MNP (blue bar) and MNP (yellow bar) when compared to untreated control

(0 µg/mL; black bar) (A). The percentages of dead cells (black columns), PI-negative cells with low viability (dark grey columns) and healthy cells (light grey columns) in colon

carcinoma cells treated with CSA-131, MNP@CSA-131, CSA-131 and MNP or naked MNPs (B). The proliferation of cancer cells treated with CSA-131 (grey squares),

MNP@CSA-131 (red circles), CSA-131 + MNP (blue diamonds) and MNP (yellow inverted triangles) when compared to untreated control (black squares) estimated using

resazurin-based fluorimetric method (C). Induction of apoptosis in DLD-1 cells by CSA-131 and its magnetic derivatives (D). Percentage of early apoptotic (black columns),

late apoptotic/dead cells (dark grey columns) and dead cells (light grey columns). For the purpose of the clarity of the presented data, live cells (Annexin V-negative and

7-AAD-negative) were not presented in the provided figures. Morphological alternations in nuclei of DLD-1 cells upon treatment with CSA-131, MNP@CSA-131 and CSA-

131 + MNP when compared to uncreated cells (E). White arrows indicate treatment-induced morphological changes in nuclei of treated cells. All experiments were

performed using agents at a concentration of 10 µg/mL for 24 h. (A–D) demonstrate results from 3 to 6 individual experiments ± SD, for (E) results from one representative

experiment are shown. * and ^ indicate statistical significance (p-value <0.05) when comparing to control cells (0 µg/mL) and CSA131-treated cells, respectively. Scale bar

~50 µm.
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Although comparative analysis of these nanoagents is consid-

erably hampered due to different amount of ceragenin in those

formulations, a favorable interaction betweenMNP and CSA-

131 is strongly highlighted in both cases, since the ED75 of

MNP@CSA-131 was 2.97–9.22 fold lower and the ED75 of

CSA-131+MNP was 3.64–4.62 fold lower when compared to

free CSA-131 (Figure 4A and D). Analysis of combinatory

effects using the Chou-Talalaymethod indicatedmostly syner-

gistic or strong synergistic interactions between tested com-

pounds, highlighting their utility as nanoagents for lung and

colon cancer treatment (Tables 3 and 4). These results suggest

that not only covalent attachment of ceragenin CSA-131 to

MNP surface but also simple combining of these agents into

one nanomixture seems to be sufficient to exert potent antic-

ancer activity, which provides new possibilities to design

novel ceragenin-containing nanoformulations. Our data are

in agreement with previous reports demonstrating the possibi-

lity to co-deliver antineoplastic agents using metal

nanoparticles.40,41 Most recently, Tao et al prepared novel

disulfiram/doxorubicin co-loaded nanoparticles using the

attraction of cytostatic to NPs. Accordingly, disulfiram and

doxorubicin were found to have increased intracellular accu-

mulation in breast cancer cells, compared to free drug

solutions.40 Synergistic effect of silver nanoparticles conju-

gated with gemcitabine against metastatic breast cancer cells

resulted in a significant reduction of both gemcitabine and

silver nanoparticles effective doses, and thus, has allowed for

improvement of treatment safety.41 Importantly, combining of

active agents into one nanomixture as indicated byKaruppaiah

et al were much simpler and cost-effective methods, when

compared to linkers required for covalent immobilization.41

We suggest that similar advantages might be recognized for

ceragenin-containing nanoformulation proposed in this work.

Although the exact mechanism of observed synergistic inter-

actions was not determined in this study, some hypotheses can

be made. Firstly, it is suggested that enhanced anticancer

activity of developed nanoformulations results from the

increased intracellular accumulation of CSA-131. Previous

studies clearly indicated that iron oxide magnetic nanoparti-

cles exert a synergistic effect with daunorubicin due to

enhanced drug uptake of targeted leukemia cells.42 Effective

delivery of daunorubicin and let-7a mRNA on the surface of

zinc-doped iron oxide core nanoparticles with mesoporous

silica was demonstrated to be efficient to overcome drug-

resistance in breast cancer cells.43 Our previously published

research performed using HT-29 colon cells revealed

increased cellular internalization of MNP@CSA-13 when

compared to free alone.6 Although the similar analyses

employing CSA and MNP simply combined were not per-

formed to date, it is suggested that a similar mechanism might

determine the therapeutic effectiveness of CSA-131+MNP.

The second hypothesis, which does not exclude the mechan-

ism proposed above, assumes that both MNP and CSA-131

target similar points in cancer cells resulting in an increase of

overall cytotoxicity. Our previous study performed using

breast cancer MCF-7 cells clearly indicated that ceragenin

CSA-13 acts as pro-apoptotic agents due to the induction of

excessive oxidative stress followed by membrane depolariza-

tion, caspases activation and DNA fragmentation and this

effect is further intensified by attachment of CSA-13 to

Figure 7 Improvement of hemocompatibility of ceragenin CSA-131 when attached to MNP surface. Hemoglobin released from red blood cells incubated in the presence of

CSA-131 (grey squares), MNP@CSA-131 (red circles) and CSA-131+MNP (blue diamonds) at concentrations ranging from 0 to 50 µg/mL (A). Minimal concentrations of

CSA-131 (grey bar), MNP@CSA-131 (red bar) and CSA-131+MNP (blue bar) required to induce hemolysis in 10% of RBCs (B). Results are presented as mean ± SD from 3

to 6 individual experiments. ^Indicates statistical significance (p-value <0.05) when comparing to CSA131-treated cells.
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MNP surface.4 At the same time, Alarifi et al demonstrated

that iron oxide nanoparticles attack mitochondria, which are

redox-active organelles, leading to oxidative stress generation

and cell death.44 Based on the above data, it is hypothesized

that the observed increased killing effect of MNP@CSA-131

and CSA-131+MNP results from increased CSA-131 uptake

by lung and colon cancer cells and from the fact that both

CSA-131 and MNP exert pro-apoptotic activities and this

effect is only intensified when administrated simultaneously.

Properly planned and carried out synergistic therapy

requires not only increases in the tumor response to the

treatment used but also reduction of the initial toxicity and

preventing its overlapping in the case of drugs with dif-

ferent mechanisms of action and chemical structure. In this

work, due to the utility of ceragenin-decorated nanoformu-

lations, we present the possibility of limiting the mem-

brane-permeabilizing properties of CSA-131 and thus, to

increase the safety of such treatments, even when systemi-

cally administered. Previous studies demonstrated that

limitations of the membrane-damaging activity of cera-

genin CSA-13 might be achieved by covalent immobiliza-

tion of CSA-13 on the surface of iron oxide magnetic

nanoparticles, resulting in a decrease of hemolysis from

40% to less than 1%.7 In our current work, MNP-based

nanoformulations were found to be non-hemolytic in

effective, anticancer doses. As presented in Figure 7, up

to a dose of 20 µg/mL, hemolysis did not exceed 2.5%

when MNP@CSA-131 and CSA-131+MNP were tested,

while unconjugated CSA-131 induced hemoglobin release

in approx. 35% of red blood cells at the same concentra-

tion. These results confirm that both of the combined

nanoformulations are sufficient to prevent erythrocytes

damage. Therefore, improving the safety of ceragenin-

containing nanoagents and understanding the key mechan-

isms governing this process are necessary to create optimal

ceragenin-containing nanoformulations for medical appli-

cations. Some reports suggest that this effect can be deter-

mined by the stable immobilization of drugs on the

nanomaterial surface as shown for daunorubicin encapsu-

lated on self-assembled magnetic iron oxide

nanoparticles.45 While this mechanism is potentially

involved in higher hemocompatibility of MNP@CSA-

131, its effect on the toxicity of CSA-131+MNP remains

unclear. Similar protective mechanism of silver nanoparti-

cles (AgNPs) against hemolytic activities of membrane-

permeabilizing antimicrobial peptides was demonstrated

by Ruden et al.46 Accordingly, the addition of increasing

concentrations of AgNP caused a decrease in the

hemolytic activity of PGLa peptide, magainin 2, gramici-

din S, polymyxin B and gramicidin A, but this issue

requires additional analysis.46

Our results suggest a promising approach for using

a combination of ceragenin CSA-131 with iron oxide nano-

particles in the development of new cancer treatment.

Nanoformulations explored in this study possess two impor-

tant features: they are characterized by potent anticancer

activity against colon and lung carcinoma cells and possess

satisfactory hemocompatibility, and their lack of substantial

hemolytic activity may allow for systemic administration.

Our results suggest that the strategy to utilize iron oxide

magnetic nanoparticles as a carrier of ceragenin CSA-131

might be a highly efficient approach to achieve anticancer

synergism. This indicates new directions for the preparation

of MNP-based drugs, which may be relatively easy to synthe-

size, cost-effective and safe when administered intravenously.
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