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Abstract. Ionic liquids (ILs) exhibit cytotoxic effects on 
prokaryotic and eukaryotic cells. In this study, the antibacte‑
rial and antiproliferative activities of tetrahexylammonium 
bromide‑based ILs were investigated. In order to evaluate 
the therapeutic potential of these ionic liquids, firstly micro‑
biological assay using both Gram‑positive and Gram‑negative 
bacteria were conducted by employing Disk‑Diffusion and 
2,3,5‑triphenyltetrazolium chlorine (TTC) methods to assess 
the antimicrobial effects. Likewise, the antitumor effects on 
2D and 3D cell culture systems were assessed using the human 
colon cancer Caco‑2 cell line and cytotoxic activity was assessed 
using 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium 
bromide (MTT) and Alamar blue assays. Results obtained 
showed that [CH3(CH2)5]4N(Br) possesses an antibacterial 
potential, particularly in the case of two bacteria, S. aureus 
(Gram+) and H. influenzae (Gram‑). Preliminary screening of 
antiproliferative activity showed moderate activity, except for 
the concentration of 10 mM. Furthermore, regarding the effect 
of [CH3(CH2)5]4N(Br) on tumor cell aggregation, positive 
outcomes were noted. [CH3(CH2)5]4N(Br) presents promising 

and under‑explored potential to improve antibacterial or 
anticancer therapies.

Introduction

Ionic liquids (ILs) are a class of compounds of great importance 
in modern science due to their extensive use in major areas 
of research activity. For example, these liquids can be used 
as: i) alternative solvents to volatile organic compounds (1,2), 
ii) media for electrodeposition of metals  (3), iii)  catalysts 
and biocatalysts (4,5), iv) potential corrosion inhibitors (6,7), 
or v) solvents in the food industry (8). ILs have several key 
physicochemical properties for such applications, including: 
high thermal stability, increased ionic conductivity, low vapor 
pressure, non‑flammability, tenability and high polarity (9). As 
a result, they have attracted increasing research interest from 
the pharmaceutical industry.

ILs can affect biological systems at different biochemical 
levels, starting from simple macromolecules to complex 
metabolic mechanisms in prokaryotic and eukaryotic cells. 
In this context, investigation into the antimicrobial activity 
of different ILs classes on microorganisms of clinical 
and environmental importance has emerged as an impor‑
tant direction of research during the past few decades. 
Recent studies have shown that many types of ILs have 
the potential to inhibit the growth of different bacteria 
and fungi, rendering them useful for various applications 
in medicine and industry  (1,10,11‑13). It has also been 
reported that antimicrobial activity is linked to the length 
of the substituent chain, with the mention that short‑chain 
compounds exert a weaker antimicrobial efficacy compared 
to long‑chain compounds (14‑16). This antimicrobial effect 
was studied on both standardized bacterial strains and 
bacterial strains isolated from the hospital environment, 
and some of the strains of interest were found to display 
antibiotic resistance (17,18). However, to fully evaluate the 
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clinical applicability of ILs, further studies are required; one 
important topic being the deciphering of the toxicological, 
antimicrobial and antiproliferative effect of ILs.

The cytotoxicity of ILs has been extensively analyzed 
using in vitro 2D monolayer culture systems and different 
cell lines as study systems‑both normal cells (fibroblasts, 
osteoblasts, macrophages, keratinocytes, rat glial cells) and 
neoplastic cell lines (breast, colon, lung, liver carcinoma and 
leukemia cells)  (19). However, our knowledge concerning 
the possibility of using ILs as anticancer agents is yet to be 
fully understood. In addition, the use of the aforementioned 
culture systems has several drawbacks which may lead to the 
obtaining of unrealistic results. Thus, the substance of interest 
is applied in a uniform layer to the surface of the 2D culture. 
This contrasts with the three‑dimensional architecture of 
tumors in vivo and also with the heterogeneous distribution 
of nutrients and drugs in tumor cells. This environment can 
more realistically be replicated via the use of an in vitro 3D 
culture, which generates multilayer cell aggregates with a 
complex tissue organization, similar to what can be observed 
in vivo (20).

The present study was designed to investigate the anti‑
bacterial and antiproliferative effect of tetrahexylammonium 
bromide (THABr) ionic liquid formulation. To evaluate the 
antibacterial effect of THABr_IL, the following standardized 
bacterial strains were used: i) Gram‑positive bacteria (Gram+): 
Staphylococcus  aureus, Streptococcus  pneumoniae and 
Enterococcus faecalis; and ii) Gram‑negative bacteria (Gram‑): 
Escherichia coli, Salmonella typhimurium, Proteus miria-
bilis, Klebsiella pneumoniae, Pseudomonas aeruginosa and 
Haemphilus  influenzae. The cell line Caco‑2 (colorectal 
adenocarcinoma) served as a study system and was grown 
in vitro using both 2D and 3D culture systems.

Materials and methods

Tetrahexylammonium bromide [CH3(CH2)5]4N(Br) and 
distilled water were purchased from Sigma‑Aldrich (Merck 
KGaA). Cell culture specific reagents [Dulbecco's modified 
Eagle's medium (DMEM), fetal bovine serum (FBS), dimethyl 
sulfoxide (DMSO), trypsin‑EDTA solution, penicillin‑
streptomycin mixture, and phosphate‑buffered saline 
(DMSO)] and cytotoxicity assays [3‑(4,5‑dimethylthiazol‑
2‑yl)‑2,5‑diphenyltetrazolium bromide (MTT) and Alamar 
blue] were obtained from Invitrogen (Thermo Fisher 
Scientific, Inc.).

Antimicrobial susceptibility tests
Microorganism testing. The antimicrobial activity was studied 
for Gram+ bacteria, represented by Staphylococcus  aureus 
(ATCC 25923), Streptococcus  pneumoniae (ATCC  49619) 
and Enterococcus  faecalis (ATCC  29212) and Gram‑ 
bacteria, represented by Escherichia  coli (ATCC  25922), 
Salmonella  typhimurium (ATCC 14028), Proteus miriabilis 
(ATCC  12453), Klebsiella  pneumoniae (ATCC  1388), 
Pseudomonas aeruginosa (ATCC 27853) and Haemphilus influ-
enzae (ATCC 49247). The tested THAB_IL concentrations were: 
c1, 13.6 mg/ml; c2, 6.8 mg/ml; c3, 3.4 mg/ml; c4, 1.7 mg/ml; and 
c5, 0.85 mg/ml. Concentrations of interest were prepared using 
sterile distilled water.

Determination of the minimum inhibitory concentration 
(MIC). Antimicrobial tests (antibiogram and ionic liquid 
testing) for the microorganisms studied were carried out using 
the Disk Diffusion method as previously described (21). A small 
amount of each microbial culture was diluted in sterile 0.9% 
sodium chloride solution until the turbidity was equivalent to 
the 0.5 McFarland standard. These suspensions were further 
diluted 1:10 in medium CHROM agar for bacteria (Oxoid) and 
then spread on sterile Petri plates. Sterile micro‑compresses 
were applied on the agar surface (in Petri plates), and after that 
10 µl of each sample was added into the micro‑compresses. 
Commercially available discs containing antibiotics were used 
as positive controls. The plates were incubated at 37˚C for 24 h.

The inhibition zones were assessed by comparatively 
testing THABr_IL vs. gentamicin (Gn) and THABr_IL 
vs. trimethoprim/sulfamethoxazole (Sxt). Gentamycin and 
trimethoprim/sulfamethoxazole were used as controls for 
Gram+ and Gram‑ bacteria, respectively.

Cellular viability test from bacterial strain. An amount 100 µl 
of microbial cultures in Mueller Hinton broth (with a turbidity 
was equivalent to 0.5 McFarland standard) was transferred 
into 96‑well plates. Next, 50  µl THABr_IL at different 
concentrations of interest were loaded into wells‑with Sxt and 
Gn used as controls‑ and the plates were incubated at 37˚C 
for 6 h. After adding 10 µl of solution of 2,3,5‑tripheniltet‑
razolium chlorine 0.5% (TTC) into the wells, the plates were 
incubated at 37˚C for another 2 h. Absorbance was measured 
at 460 nm (Tecan Sunrise spectrophotometer). The rate of 
inhibition (expressed as a percentage) was determined as the 
ratio between the difference between absorbance values of the 
control and sample and absorbance value of the control. All 
experiments were conducted in triplicate.

In vitro cytotoxicity testing
2D cell culture. Human colon adenocarcinoma Caco‑2 cells 
(ATCC® HTB‑37™) were used as a cell line model. Briefly, 
the cells were seeded in 75 cm2 flasks in DMEM GlutaMax 
medium supplemented with 10% FBS and antibiotics in a 
5% humidified atmosphere at 37˚C. At 80‑90% confluence, 
the Caco‑2 cells were detached by trypsinization, and the 
cell number was assessed using the Countess II Automated 
Cell Counter (Thermo Fisher Scientific, Inc.). Caco‑2 cells 
(100 µl, 2x105 cells/ml) were next seeded in a 96‑well plate. 
After 12  h, fresh complete medium containing different 
concentration of THABr_IL dissolved in DMSO (ranging 
from 0.1 to 10 mM) was added, with 0.1% DMSO being used 
as vehicle control. The cytotoxic effect was assessed with 
MTT reagent. After 24, 48 or 72 h, MTT solution (5 mg/ml in 
PBS) was added, followed by incubation at 37˚C for 4 h. Then 
the medium was removed and 50 µl DMSO was added to 
solubilize the formazan crystals. The absorbance was read at 
570 nm (Tecan Sunrise spectrophotometer). The cells treated 
only with DMSO (0.1%) were used as control to calculate the 
inhibition rate (%) as described above. All experiments were 
run in triplicate.

3D cell culture
Development of 3D cellular aggregates. A total of 
1x104 cells/ml in 100 µl medium (1x103 cells/well) were seeded 
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in 96‑well plates (NunclonSphera, Thermo Fisher Scientific, 
Inc.). After 72 h and after adding fresh specific medium with 
different concentrations of THABr_IL or 0.1% DMSO, the 
plates were maintained in an incubator at 37˚C with 5% CO2 

for 24 and 72 h. The Alamar blue assay was used to assess the 
effects of THABr_IL on Caco‑2 cell viability and proliferation. 
Alamar blue reagent [10% (v/v)] was added in each well, and 
then the absorbance was measured at 570 and 600 nm (Tecan 
Sunrise spectrophotometer) to calculate cell proliferation. Cell 
morphology was analyzed by using a Zeiss Axio Observer A1 
Inverted Phase Contrast Microscope (Zeiss).

Statistical analyses. Statistical analyses were performed using 
Excel from MS Office Pro Plus 2019 and GraphPad Prism 8 
(GraphPad Software, Inc.); the differences were assessed 
by one‑way ANOVA. The level of P<0.1 was considered 
statistically significant and P≤0.0001 was considered highly 
statistically significant. The following notations were used on 
the graphs: *P≤0.1, **P≤0.01, ***P≤0.001 and ****P≤0.0001.

Results

Antimicrobial activity. The antimicrobial effect of tetrahexyl‑
ammonium bromide (as IL) on three different Gram+ bacteria 
was investigated. The growth of S. aureus was affected by 
all five tested concentrations, while the corresponding diam‑
eter of the zone of inhibition was recorded between 10 and 
12.75 mm. This indicates a moderate antibacterial effect of 
tetrahexylammonium bromide on the aforementioned bacte‑
rial strain. In the case of E. faecalis, this antibacterial effect 
was pronounced only for the highest concentrations tested 
(c1‑c3) and in the case of S. pneumoniae, this effect occurred 
at c1‑c4 concentrations tested (Fig. 1A).

In contrast to Gram+ bacteria, a quite homogenous pattern 
of response to tetrahexylammonium bromide exposure was 
found in the Gram‑ bacteria, with E. coli, S.  typhimurium 
and K. pneumoniae showing an intermediate sensitivity to 
this THABr_IL formulation. These bacteria were inhibited 
when exposed to the three highest concentrations, but were 
not affected by the two lowest doses. Concerning P. mirabilis 
and P.  aeruginosa, the measured values of the inhibition 
areas were between 9.85‑10.75 and 8.75‑11 mm, respectively, 
again with an inhibitory effect being detected at the highest 
treatment doses. The strongest antibacterial activity of this 
THABr_IL formulation was identified for H. influenzae, with 
a diameter of zone of inhibition around 11‑13 mm (Fig. 1B).

The diameters of the corresponding zones of inhibition 
were 15 mm (for gn) and 17 mm (for Sxt). Compared with 
standard reference antibiotics (gn and Sxt), ���������������tetrahexylammo‑
nium bromide (as IL) exerted a weaker antimicrobial effect 
expressed by smaller inhibition areas. These changes were 
found to be statistically significant (P<0.1, P<0.01, P<0.001), 
but this antimicrobial effect was found to vary depending on 
the tested concentration and bacteria (Fig. 1).

Concerning the rate of inhibition (%) of Gram+ bacteria, 
the measured values ranged between 68.80 and 76.08% for 
S. aureus; between 46.98 and 80.47% for S. pneumoniae; and 
between 37.63 and 73.11% for E. faecalis. A clear bacteriolytic 
activity of tetrahexylammonium bromide was identified for all 
concentrations tested, the highest four concentrations and the 

highest three concentrations for S. aureus, S. pneumoniae and 
E. faecalis, respectively (Fig. 2A).

In the case of Gram‑ bacteria�������������������������������, the measured rates of inhibi‑
tion were also diferent among bacteria and treatment groups. 
Thus, the bacteriolytic potential against E.  coli, K. pneu-
moniae, P. mirabilis and P. aeruginosa was observed when 
these bacteria where exposed to the highest three ����������tetrahexy‑
lammonium bromide concentrations. For S.  typhimurium, 
by contrast, this potential was noted only for the highest two 
treatment groups. In the case of H. influenzae, the rates of 
inhibition were 82.01‑84.70%, with the tested IL showing a 
bacteriolytic action for all analyzed doses (Fig. 2B).

Cytotoxic capacity. The density of cultured cells was 
4,000 cells/well for the 3D cell culture and 20,000 cells/well 
for the 2D cell culture. Determination of the antiprolifera‑
tive potential was performed by incubating cells in specific 
media containing different concentrations of tetrahexylam‑
monium bromide in DMSO. First, the IL was solubilized in 
DMSO (stock solution), and then the final concentrations (10, 
5, 1, 0.5 and 0.1 mM) were obtained by dilution in culture 
medium. The concentration of DMSO in culture medium was 
0.1%, a concentration at which cell viability is not affected. 
After one day of incubation, the 2D cell cultures revealed 
a slight decrease in cell proliferation. However, the inhibi‑
tion rate was dose‑dependent, with statistically significant 
differences (P≤0.01) being observed between different treat‑
ments. The half maximal inhibitory concentration (IC50) 
was not reached, irrespective of the tested concentrations 
and bacterial strain. More than half of cells showed reduced 
growth following 48 and 72 h of continuous exposure to 
10 mM tetrahexylammonium bromide, more precisely 55.57 
and 60.26% at 48 and 72 h, respectively (Fig. 3). Exposure 
of Caco‑2 cells to the THABr_IL resulted in significantly 
different cellular responses between the 10 mM treatment 
and the other treatments used. Were also noticed a similar 
pattern for the 0.5 mM treatment and the 1 mM treatment 
(P≤0.0001).

Assessment of tetrahexylammonium bromide effect on 3D 
culture neoplastic colon cells was conducted after exposing 
the cells to THABr_IL at different concentrations for 72 h. 
Aiming to create optimal conditions for the development 
of cell aggregates, the cells were first cultured in a specific 
medium without IL for 4 days (Fig. 4).

Evaluation of morphology of mature cellular aggregates 
was performed at 7 days, while 0.1% DMSO was used as 
reference. It was observed that the cell aggregates in the 
control groups tended to have round/oval shape. In contrast, 
cell cultures exposed to tetrahexylammonium bromide showed 
alterations in cell shape and dimensions. In fact, none of the 
cells from these treatment groups had a round shape, which is 
characteristic to spheroids in the control group. In addition, 
at high IL doses the formation of multiple, uneven cellular 
aggregates was observed (Fig. 5).

Analysis of the cell proliferation using the Alamar blue 
test also revealed no consistent effect on cell proliferation in 
the exposed groups. Inhibition of cell multiplication appeared 
to be independent of tetrahexylammonium bromide dose and 
ranged from 31.01% (0.5 mM concentration) to 25.33% (1 mM 
concentration).
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In the cells cultured in the 3D system, THABr_IL did not 
cause an increased inhibition of cell growth (IC50 was not 
reached at any applied concentration), however, this ionic fluid 
appeared to inhibit cell aggregation in the 3D structures.

Discussion

To the best of our knowledge, in vitro cytotoxicity studies for 
ionic liquids (ILs) have been performed only using 2D cell 
cultures. This is hence the first study to use 3D‑cultured cells 
to study the cytotoxic effect of tetrahexylammonium bromide, 
an IL. By using a comparative approach, our paper also 
extends from a bidirectional point of view the previous knowl‑
edge existing on the potential clinical importance of these 
compounds. The biological activity of ILs depends primarily 
on their hydration status (22,23); although their mechanisms 
of action can vary among different organisms, water being 
essential for all living systems. Therefore, the main factors 

modulating the biological activity of ILs are their solubility 
and their interaction with water  (24). These liquids can 
dissolve a wide array of chemical compounds (25) and many 
of them can act against cell systems. Various ILs are highly 
toxic for cellular systems and can induce changes in intracel‑
lular osmotic pressure, structure alterations and fluidity of the 
cell membrane, as well as inhibition of enzymatic activity via 
changes in their folding. The dynamic interplay underlying 
such changes is now a subject of intense research interest (26).

There are many different mechanisms of action by which 
chemical compounds can affect bacterial cells, including 
protein denaturation, disruption of nucleo‑protein complexes, 
cell membrane alteration, oxidation of sulph‑hydryl groups and 
reactions with amino groups (27,28). Our team has conducted 
studies regarding the therapeutic potential of some biologically 
active or synthetic compounds, including the chemical charac‑
terization of plant compounds, some of which have confirmed 
antitumor and antibacterial potential (29,30). Certainly, the 

Figure 1. The diameter of the zone of inhibition in different bacterial strains exposed to tetrahexylammonium bromide ionic liquid (THAB_IL). (A) Gram‑positive 
bacteria, (B) Gram‑negative bacteria. The tested tetrahexylammonium bromide (THAB_IL) concentrations were: c1, 13.6 mg/ml; c2, 6.8 mg/ml; c3, 3.4 mg/ml; 
c4, 1.7 mg/ml; and c5, 0.85 mg/ml. Gn‑gentamicin; Sxt‑trimethoprim/sulfamethoxazole (*P<0.1, **P<0.01, ***P<0.001).
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applicability of these compounds in medical practice requires 
additional studies on their physicochemical characterization, 
their bioavailability and other pharmacokinetic parameters. 
The antibacterial activity of ILs is based on the interaction of 
the alkyl chain with membrane lipids, leading to the formation 
of ion channels, disturbance of the corresponding transmem‑
brane potential, and finally, to the death of bacteria (31,32). 
Quaternary ammonium halides, which serve as precursors 
for ILs, exhibit notable antimicrobial properties. They have 
a relatively low toxicity to organisms and they are used in 
sterilization, disinfection, as well as in the preparation of 
compounds with bactericidal and fungicidal properties (33). 
Among this category of compounds, quaternary ammonium 
chlorides and bromides are the most frequently used quater‑
nary ammonium halides as antiseptics despite having some 
potential drawbacks (34,35).

Antimicrobial activity depends on the length and the 
number of alkyl chains within the molecule (27,28,36). There 
is strong evidence that, for ILs containing methylimidazolium 
cation, the toxicity is mainly related to the length of the n‑alkyl 
radical, but not to the anion type (37). Several studies have also 
demonstrated that compounds with an alkyl radical exceeding 
four carbon atoms exert marked toxic effects on different 

bacteria, such as Escherichia coli, Staphylococcus aureus 
and Bacillus  subtilis, and prokaryotes, e.g. cladoceres 
such as Daphnia magna and green algae such as Oocystis 
submarina, Chlorella vulgaris, Scenedesmus vacuolatus and 
Chlamidomonas reinhardtii (38,39).

The bactericidal activity of ILs is only known for vegeta‑
tive forms of bacteria, with gram‑positive bacteria being 
more sensitive than gram‑negative. The strongest effect was 
identified to occur against gram‑positive bacteria belonging to 
the genus Staphylococcus and Streptococcus, gram‑negative 
bacteria belonging to the genus Lactobacillus and vegetative 
forms of Bacillus subtilis. The biological activity of ILs is 
high for compounds containing up to 12 carbon atoms (40). 
Moreover, certain yeasts, such as Candida  albicans, and 
filamentous fungi (Aspergillus niger, Chaetomiumglobosum, 
M y ro t h e c i u m v e r r u c a r i a ,  Tr i c h o d e r m a v i r i d a e , 
Coniophoraputean, Trametes versicolor) were found to be 
sensitive to exposure to quaternary ammonium halides (40). 
The incidence of infections and especially their recurrence, 
in most medical fields, with a maximum recorded in cases 
involving surgery, is increasing despite the constant improve‑
ment of treatment protocols (41). There are still a number of 
gaps and these new approaches send positive signals about the 

Figure 2. The rate of inhibition (%) for bacterial strains exposed to tetrahexylammonium bromide ionic liquid (THAB_IL). (A) Gram‑positive bacteria, 
(B) Gram‑negative bacteria. The tested tetrahexylammonium bromide (THAB_IL) concentrations were: c1, 13.6 mg/ml; c2, 6.8 mg/ml; c3, 3.4 mg/ml; c4, 
1.7 mg/ml; and c5, 0.85 mg/ml. Gn‑gentamicin; Sxt‑trimethoprim/sulfamethoxazole).
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possibility of combating these deficiencies. Although many 
studies have been conducted over time on topics related to 
antimicrobial effect of different ILs (17,18,42,43), the mecha‑
nisms underlying these effects or the clinical relevance of 
these results are still far from being completely understood. 

Further studies are hence required, not only to expand on the 
clinical significance of the antibacterial effect of ILs, but also 
to refine our knowledge of how different ILs interact with 
different types of bacteria.

For in vitro evaluation of the cytotoxicity of ILs, cell lines 
of different organisms (humans, rats, mice, Chinese hamsters) 
have been utilized. Concerning the Caco‑2 cell line (colorectal 
adenocarcinoma), ILs based on imidazolium, guanidinium, 
ammonium, phosphonium, pyridinium, pyrrolidinium and 
choline have been tested (44‑47). To the best of our knowledge, 
in vitro cytotoxicity studies of ILs have been performed on 2D 
cell cultures The aim of our work was to evaluate the effect of 
different concentrations of tetrahexyl ammonium bromide on 
Caco‑2 cells, seeded in 2D and 3D systems.

3D culture cell systems grow naturally in an environment 
allowing them to interact with each other, with MEC (micro‑
bial electrolysis cell) and their microenvironment. In turn, 
these interactions affect cell functioning, including cell prolif‑
eration, cell differentiation, cell morphology, gene expression, 
protein synthesis and cellular responses to external stimuli. 
Monolayer (2D) cell cultures consist of living, proliferating 
cells, as necrotic cells are usually detached from the surface 
of the monolayer and can be easily removed during change 
in cell media. Abnormal cell morphology in 2D culture also 
influences many of the aforementioned cellular processes. 
Despite these disadvantages, the 2D cell culture is still the 
most common in vitro testing platform. Unlike 2D culture, 
3D culture cells form aggregates or spheroids on a matrix 

Figure 4. Caco‑2 cell (3D cell culture) inhibition rate after tetrahexylammo‑
nium bromide ionic liquid (THAB_IL) treatment at different concentrations. 
One‑way ANOVA analysis followed by Dunnett's multiple comparisons 
post‑test was utilized to detect the statistical differences between the control 
and the treated group (****P<0.0001).

Figure 3. Caco‑2 cell (2D cell culture) inhibition rate after tetrahexylammonium bromide ionic liquid (THAB_IL) treatment at different concentrations for 
24, 48 and 72 h. One‑way ANOVA analysis followed by Dunnett's multiple comparisons post‑test was utilized to detect the statistical differences between the 
control and the treated group (**P<0.01 and ****P<0.0001).
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or while being suspended in growth medium. In cell aggre‑
gates, the cell‑cell and cell‑MEC interactions allow scientists 
to realistically replicate in vivo conditions. In addition, 3D 
constructs are composed of cells at various developmental 
stages, including proliferative cells, senescent cells, apop‑
totic cells, hypoxic cell, and necrotic cells. The outer layers 
of a spheroid, which is highly exposed to the environment, 
include mainly viable, proliferating cells. The heterogeneity 
of 3D cells is very similar to those seen in tissues in vivo, 
especially in tumors. In the present study, although the inhibi‑
tion of proliferation in cells cultured in the 3D system was 
not significant compared to the control group, we observed 
an alteration in the shape of cell aggregates at high doses of 
the IL.

Several recent studies have reported that different types 
of ILs have antitumor potential. Various cell lines were used 
to assess the cytotoxic potential. For instance, Kumar and 
Malhotra evaluated the cytotoxic effect of ammonium and 
phosphonium‑based ILs on 60 different cell lines. Their study 
showed that the length of the alkyl chain is directly related 
to antitumor and cytotoxic activity; the increase in the length 
of the alkyl chain being accompanied by an increase in anti‑
tumor activity. On the other hand, they reported that anions 
have a significant effect on cytotoxicity, while cations appear 
to play a major role in cytostatic activity. Ammonium‑based 
ILs had a higher cytotoxic potential than those based on 
phosphonium (48). At present, the data reported by most 
studies indicate that the length of the carbon atom chain has 
a key role in the anticancer effect of ILs. In 2015, Li et al 
reported that imidazolium‑based IL and bromide anion 
(1‑methyl‑3‑octylimidazolium bromide) exert a cytotoxic 
action on HepG2 cells, inducing caspase‑mediated apop‑
tosis (49). As evidenced by the reported data, the presence of 

the bromide anion does not appear to influence the antitumor 
activity of ILs (49,50). However, in some ILs, the anionic 
moiety influences the cytotoxic action (44,51). The clinical 
future of these compounds looks promising. Formulations 
for topical application based on ILs have shown promising 
results in some in vivo tests and have even reached clinical 
trials (52,53).

The antibacterial effect of the tetrahexylammonium 
bromide IL displayed variations depending on the tested 
concentrations and on the bacterial strain studied; in general 
the effect was highlighted when testing the highest concentra‑
tions (c1‑c3). In the case of Gram+ bacteria, the sensitivity to 
the tested IL decreased as follows: S. aureus > S. pneumoniae 
> E. faecalis. In Gram‑ bacterial strains, the antibacterial effect 
of the IL decreased as follows: H. influenzae > P. mirabilis > 
P. aeruginosa > K. pneumoniae > E. coli > S. typhimurium. 
Regarding the cytotoxic potential on Caco‑2 neoplastic 
colon cells, moderate results were noted. Future studies 
should be conducted to assess the impact of THABr_IL on a 
three‑dimensional aggregation of tumor cells.
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