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Abstract

Understanding the cellular mechanisms by which amphiphilic ionic liquids (AmILs) induce
cytotoxicity is an important step in the development of task specific AmILs for safe industrial
application or as cytotoxic anticancer agents. Accumulated evidence suggests that AmILs kill cells by
disrupting cellular membranes and/or inducing mitochondrial dysfunction. The cation of AmlILs is
lipophilic due to alkyl substitution, and lipophilic cations are a group of compounds known to
accumulate in mitochondria in response to the membrane potential across the inner mitochondrial
membrane (IMM). We therefore hypothesized that AmILs exert their cytotoxic effects by disrupting
the IMM, the integrity of which is critical to several important cellular processes. Using fluorescence
microscopy we show that a quinolinium-based AmILs rapidly accumulates in the mitochondria of
HelLa cells. In a panel of AmILs we found that cytotoxicity correlates their capacity to disrupt lipid
bilayers, and that AmILs produce a range of cellular effects consistent with permeabilisation of the
IMM at cytotoxic concentrations. Thus, AmILs depolarise IMM, inhibit oxidative phosphorylation
and ATP synthesis, and induce ROS formation. These effects were only induced by AmlILs with
aromatic cations substituted with long (decyl) alkyl chains, as these features promote accumulation in,
and permeabilisation of, the IMM. These mechanistic insights help explain the structure-activity
relationship governing AmlILs cytotoxicity and may be used to rationally design either safe or

cytotoxic AmlILs.



Introduction

Amphiphilic ionic liquids (AmILs) are low melting point ionic compounds that contain an
alkyl-substituted organic cation and inorganic anion (Figure 1). The physicochemical properties of
AmlLs can be readily controlled through different combinations of cations and anions which have
allowed for the development of task-specific AmILs with potential applications as solvents and
catalysts in areas such as food processing, battery and energy research, and pharmaceutics.! AmlILs
were initially considered environmentally friendly safe solvents due to their low flammability and
vapour pressure, however recent research has shown that AmILs are toxic towards a variety of
organisms such as microbes, plants, aquatic life and mammalian cells.®!® While AmIL cytotoxicity is
a potential environmental and human safety concern as these chemicals have been detected in soil
samples,'!* 12 their cytotoxicity towards cancer cells has triggered interest in their uses as anticancer
agents. For example, AmILs have been shown to reduce the viability of a range of cancer cell lines,
including breast (MCF-7, MDA-MB-231), cervical (HeLa), leukemia (IPC-81) and colon cancer (HT-

29 and CaCo-2).% 1316
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Figure 1 Chemical structures of common AmlIL cationic headgroups (upper) and anions (lower). The

cationic headgroups of AmlLs are substituted with an alkyl chain.



The cytotoxicity of AmILs is dependent on their chemical structure and some structure-activity
relationships (SARs) have emerged. AmILs possess a cationic headgroup substituted with an alkyl
chain and many studies have shown that increased alkyl chain length is a major determinant of AmIL
cytotoxicity.” ® 13 1622 AmILs with aromatic cationic headgroups (eg imidazolium, pyridinium) are
generally more cytotoxic than AmILs with structurally related but aliphatic cationic headgroups,
although this affect is observed only for AmlILs with longer (> C8) alkyl chains.!® For example
[CsPy][Br], an AmIL with an octyl-substituted pyridinium headgroup, decreased the viability of MCF-
7 breast cancer cells with 25-fold greater potency then its piperidinium-based counterpart, while
[CsMim][NTf.] was equipotent to its pyrrolidinium counterpart.®® The effect of the anion on AmIL
cytotoxicity is less clear, with some studies showing that the anion affects cytotoxicity,” 2> whilst
others have shown there to be no effect.!® 3 19 21 |n general it appears that the
bis(trifluoromethane)sulfonimide (NTf2) anion has the greatest impact on AmIL toxicity, although the
NTf, anion is cytotoxic in its own right (MTT ICso of LiNTf, in HeLa cells = 4.24 uM).1%2* There is
some evidence that the influence of the anion on AmIL cytotoxicity is dependent on the nature of the
cation, and that the anion does not affect the cytotoxicity of AmILs with longer alkyl chains or aromatic
cationic headgroups.*®

The cellular mechanism/s by which AmILs exert cytotoxicity has not been fully elucidated,
however a growing body of evidence suggests that AmILs kill cells by either disputing cellular
membranes or inducing mitochondrial dysfunction.® Numerous studies have shown that AmlILs
effectively partition into model lipid bilayers and disrupt membrane integrity,?> 26 and cell-based
studies suggest that permeabilisation of the plasma may account for their cytotoxic effects.?4 252731 A
correlation between AmIL lipophilicity and their ability to disrupt cell membranes have been shown
in several studies, where increasing chain length leads to greater membrane disruption and
cytotoxicity.® 13 161932 |ncreased cytotoxicity has been attributed to the greater lipophilicity of long

chain AmILs, which promotes their partitioning into lipid bilayers.!® 3 33 Similarly, improved



lipophilicity and membrane penetration of aromatic AmILs relative to aliphatic AmILs could account
for their greater cytotoxicty.>* Apart from membrane disruption, AmILs have been shown to cause
mitochondrial dysfunction in human cell lines.?**° Mitochondria contain a permeable outer membrane
and an impermeable inner mitochondrial membrane (IMM) that encloses the mitochondrial matrix. In
respiring mitochondria the electron transport chain pumps protons across the IMM, and the resulting
proton gradient polarises the IMM and establishes the mitochondrial membrane potential (A¥wm).
Several studies have shown that AmILs can collapse the A¥m.%%%" Alteration of AWwm is significant
because mitochondria utilise A®wm for the production of ATP via oxidative phosphorylation.®® For
example, [Csmim][CI] has been shown to reduce intracellular ATP levels, which leads to cell death.°
AmlILs -induced alterations in mitochondrial function have also been linked to an overproduction of
reactive oxygen species (ROS), which can damage DNA, enzymes and membrane lipids.® 2° There are
also reports of AmlILs causing a release of mitochondrial calcium into the cytoplasm, cytochrome C
release, altered cell signalling pathways, and DNA fragmentation.0: 20: 24, 30. 35, 37, 39-42 The precise
cellular targets that AmILs interact with to produce these effects has not been established.

AmlLs, particularly those with aromatic cationic headgroups and delocalised positive charge,
share physicochemical properties with lipophilic cations such as triphenylphosphoniums (TPP).
Lipophilic cations are widely used in mitochondrial research because they readily pass through cellular
membranes and are extensively taken up by the mitochondria due to electrostatic interactions with the
mitochondrial A%w %> Lipophilic cations are therefore used to stain mitochondria for microscopy (eg
MitoTracker dyes) and to selectively deliver drugs and other cargo to the mitochondria.** For example,
the therapeutically approved antioxidant MitoQ consists of a TPP cation linked via a decyl chain to an
antioxidant ubiquinol moiety.*¢ When delivered in vitro or in vivo, MitoQ accumulates in mitochondria
and localises in the IMM, where the ubigquinol moiety embeds in the hydrophobic core of the IMM

and protects it from lipid peroxidation.



Given that some AmlILs possess lipophilic cations, and in particular AmILs with aromatic
headgroups substituted with longer alkyl chains, we hypothesised that these AmILs would accumulate
in mitochondria and partition into the IMM. Furthermore, given the well-established capacity for
AmlILs to disrupt membrane integrity, we anticipated that AmILs would permeabilise the IMM and
produce a series of effects that contribute to cell death. To test this we studied the subcellular
localisation of a fluorescent AmIL by confocal fluorescence microscopy. Next, the cytotoxic ICso
concentrations of a series of AmILs containing aromatic or aliphatic cations substituted with butyl or
decyl alkyl chains was determined, and the effects of these AmILs on mitochondrial function at their
ICso concentrations was assessed. In contrast to short chain and/or aliphatic AmILs, those with
aromatic long chain cations produced cellular effects consistent with permeabilisation of the IMM,
including depolarisation of the IMM, inhibition of oxidative phosphorylation and ATP production, and
an increase in intracellular ROS. Combined, these data provide evidence that AmILs with aromatic

long chain cations target the IMM to induce cell death.



Results and discussion

AmIL library design and effects on cell viability

For this study a library of AmILs were prepared to investigate the impact of different cations
on cytotoxicity and mitochondrial actions (Table 1). ILs substituted with butyl (Cs-AmlILs) or decyl
(C10-AmiLs) alkyl chains on the cationic headgroups were included as alkyl chain length has a strong
influence on AmIL cytotoxicity” ® ** and their capacity to permeabilise lipid bilayers.?® 26 AmlILs with
aromatic (methylimidazolium, pyridinium and quinolinium) and aliphatic (trimethylammonium)
headgroups were included to investigate the effect of aromaticity on activity. It was anticipated that
delocalisation of cationic charge across the aromatic headgroup would increase the lipophilicity of
aromatic AmlILs and therefore promote mitochondrial uptake. AmILs were either purchased from
commercial suppliers or synthesised in a single step by neat reactions of the heterocycle with the

corresponding alkyl bromide (see Sl for details).

We first assessed the cytotoxicity of the AmILs against HelLa cervical cancer cells and BEAS-
2B lung epithelial cells using the MTS assay. In the MTS assays, and all other assays, the final
concentration of DMSO in the assay media was < 0.1% as DMSO can affect the permeability of cell
membranes at concentrations exceeding 2%,%”%° and 0.1% DMSO has been used in previous studies”
24 assessing AmIL cytotoxicity (see Sl for full details of assay solutions). The AmILs produced dose-
dependent reductions in cell viability and the dose-response curves (Figure S1) were used to calculate
ICso concentrations (Table 1). The observed potencies of the AmILs bearing Mim- and Py- based head
groups were similar to those reported for these AmILs,” 101950 for example in our study [CsMim][Br]
reduced HeLa cell viability at an ICso concentration of 13.88 £ 1.84 mM which is comparable to a
previously reported 1Cso value of 2.75 + 0.69 mM.° The I1Cso concentrations of the aromatic CioAmlILs
in both cell lines (27-110 uM) were comparable to known cytotoxins such as the herbicide paraquat
(ICso = 72.3 uM against HeLa cells)®! and the anticancer agents doxorubicin (ICso = 2.4 uM against

HeLa cells)®?, which suggests that the longer chain AmILs are potent cytotoxic agents.



Table 1 Cytotoxicity of AmILs against HeLa and BEAS-2B cell lines. ICso concentrations were

determined using MTS assays after 48-hour treatments.

AmIL Headgroup structure  HelLa ICso (MM) BEAS-2B 1Cs0 (mM)
[C4Quin][Br] X 2.24+0.06 1.64 +0.22
[C10Quin][Br] i 0.0268 + 0.0003 0.03284 + 0.00346

[C4Py][Br] @ 1331 +1.18 15.70 + 1.40
[C10Py][Br] jj 0.0888 + 0.0003 0.10261 = 0.00502
[C4 Mim][Br] 13.88 + 1.84 16.98 = 0.86
[C4 Mim][BF4] 11.80 +0.36 18.37 £ 1.42
[C4 Mim][CF3S0s] N/ 10.47 £0.28 14.05 + 0.68
[C1oMim][Br] (q 0.0848 + 0.0006 0.11230 + 0.00675
[C1oMim][BF4] 0.0875 + 0.0097 0.0909 + 0.00143
[C10Mim][CF3SOs] 0.0849 + 0.0021 0.0894 + 0.00121
[C4TMA][Br] 11.43 +1.23 39.93 + 0.99
[C10TMA][Br] o “L 0.197 + 0.0073 0.20197 + 0.00903

The general trends in AmILs cytotoxicity are consistent with previous reports which found that
alkyl chain length was a major determinant of activity.® % 215354 As shown in Table 1, short chain
C4-AmlLs ILs had 1Csg concentrations in the millimolar range while those with longer decyl chains
were in the micromolar range, regardless of headgroup structure or cell line. Headgroup aromaticity
appeared to be an important factor determining cytotoxicity within the decyl-substituted series. Thus,
[C10TMA][Br] reduced the viability of both HeLa and BEAS-2B cells with 1Csg concentrations of
~200 uM, while the aromatic AmILs [C1oMim][Br] and [C10Py][Br] were 2 fold more potent (ICso
concentrations of ~100 uM, P < 0.05). The quinilonium-based AmILs [C1oQuin][Br] was the most

potent in the series and reduced the viability of both cells lines ICso concentrations of ~30 uM, which



suggests that larger cationic headgroups promote cytotoxicity. Interestingly, the nature of the cationic
headgroup did not have a significant impact on the cytotoxicity of the short chain Cs-AmlLs
[CsMim][Br], [C4Py][Br] and [C4sTMA][BTr], with these AmILs reducing the viability of HeLa cells
with ICso concentrations of ~12 mM, although [C4Quin][Br] was 2.24 = 0.06 uM. In general the ICso
concentrations were higher is BEAS-2B cells relative to HeLa cells, suggesting that the cancer cell
line was more susceptible to AmILs cytotoxicity.

To determine whether the anion has an influence on cytotoxicity, the anionic component of
[C4sMim][Br] and [CioMim][Br] was exchanged with trifluoromethanesulfonate (CFsSO3’) and
tetrafluoroborate (BF4") anions. The 1Cso concentrations for the [C4Mim] and [C10Mim] AmILs were
similar in both cell lines, regardless of the anion (P > 0.05), despite differences in the ionic strength
and lipophilicity of the anions (Table 1), showing that the cytotoxicity of these compounds is
unaffected by the nature of the anion. This is supported by several studies which show that the

cytotoxicity of imidazolium AmILs are not affected by the anionic component.t3 5558

AmILs cytotoxicity is associated with their ability to permeabilise lipid bilayers

As cell membranes are a suspected target of cytotoxic AmlLs % 22 2. 59 e assessed the
capacity of the AmILs to disrupt membrane integrity using tethered bilayer lipid membranes (tBLMs).
This system is comprised of a lipid bilayer tethered to a thin film gold electrode, and permeabilisation
of the lipid bilayer is detected as an increase in ionic membrane conductance, as measured by electrical
impedance spectroscopy.®® For this study tBLMs were assembled with 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), which is the major phospholipid component of the IMM,5 and treated with
each AmIL at a common concentration of 200 uM (Figure 2) and at their MTS ICso concentrations

(Figure S5).
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Figure 2 Effects of AmILs (200 uM) on the conductance of DOPC lipid bilayers tethered to gold
electrodes, as measured by electrical impedance spectroscopy. Data normalised to membrane
conductance prior to AmIL treatment at pH = 7. Data represents the mean of 2 independent

experiments.

As shown in Figure 2, addition of Cio-AmlILs significantly increased bilayer conductance.
[C1oMim][Br] and [C10Py][Br] increased conductance 7-fold, whilst [C10Quin][Br] produced a 33-fold
increase. The aliphatic [C.oTMA][Br] had the smallest effect of the Cio-AmlLs, with tBLM
conductance increasing 2.5 fold. In contrast the short chain Cs-AmiLs did not have a statically
significant effect on bilayer conductance. The observed activities are consistent with previous studies
which have shown larger alkyl tails and cationic headgroup size promote AmIL induced membrane
disruption. 2> 27

Importantly, the trends in membrane effects reflect with the cell viability ICso data (Table 1).
Thus, the C4-AmlLs failed to increase membrane conductance, and these AmILs killed HeLa and
BEAS-2B cells with relatively high 1Cso concentrations in the millimolar range. In contrast, the Cio-
AmlILs increased tBLM membrane conductance and had MTS ICsp concentrations in the micromolar

range. Furthermore, the MTS ICsg concentrations and membrane conductance increased produce by



the C1o-AmlLs correlated (Figure S3). This correlation suggests that the cytotoxicity of the Cio-AmILs

is associated with the capacity to disrupt cellular membranes.

Quinilonium-based AmIL accumulate in HeLa cell mitochondria

The next question that arises is which cellular membrane is targeted by Cio-AmILs to induce
cell death. We anticipated that Cio-AmILs would target the IMM as other lipophilic cations such as
MitoQ are known to accumulate at this membrane, and mitochondria are sites of critical cellular
process, as well as regulators of cell death. To provide some insight we studied the subcellular
localisation of AmILs by taking advantage of the fact that quinilonium-based AmILs are fluorescent
and can be tracked by confocal microscopy. Thus, cellular imaging and colocalisation experiments

were carried out using HeLa cells treated with Mitotracker deep red (Aex/Aem 644/665 nm), Hoechst
(Aex/Aem 350/461 nm) and [CsMeQuin][l] (rex= 488 nm), a methyl-substituted analogue of

[C4Quin][Br] with optical properties suitable for confocal microscopy (see Sl for details). A butyl
chain was incorporated into [C4sMeQuin][I] to minimise its ability to depolarise HeLLa mitochondria

and interfere with Mitotracker deep red staining.



Figure 3 Confocal fluorescence microscopy of [C4MeQuin][I] in HeLa cells reveals mitochondrial

specificity. A maximum intensity projection of the labelled cell volume. (A) Green channel
[CsMeQuin][I] (500nM, Aex= 488 nm). (B) Red channel Mitotracker Deep Red (200 nM, Aex= 644
nm). (C) Merged channels. (D) Magnified view of boxed region in (C). Blue channel in all cases:

Hoechst nuclear stain (4 UM, Aex/Aem 350/461 nm) Scale Bar (10 pum).

Confocal microscopy (Figure 3) revealed that [CsMeQuin][l] exhibited high levels of
colocalisation with Mitotracker Deep Red 20 minutes after addition to HeLa cells. This is clearly
evident with the green fluorescence of [C4sMeQuin][l] in the green channel overlapping with the red
fluorescence of Mitotracker Deep Red (Figure 3C). Single colour controls (data not shown) confirmed
the channel specificity of [CaMeQuin][I] and Mitotracker Deep Red to the green and red channels
respectively and no bleed through was observed between channels. A colocalization analysis of the
green and red channels revealed a Pearson’s correlation (PC) coefficient: 0.94, further confirming the
localisation of [CsMeQuin][I] within the mitochondria of Hela cells. Significant accumulation of
[CsMeQuin][l] in the nucleus was not observed, as shown by the lack of colocalisation of
[CsMeQuin][1] with the Hoechst nuclear stain (blue channel in Figure 3, and Figure S6). This study
therefore indicates that like other lipophilic cations, [C4sMeQuin][I] accumulates in the mitochondria

of HeLa cells in response to the mitochondrial membrane potential.



Effects of AmILs on mitochondrial function in HeLa cells

The fluorescent microscopy images and association between the MTS ICso and tBLM data
suggest that the C1o-AmlLs in this study exert their cytotoxic actions at the IMM. That the IMM is the
target of C1o-AmlLs is reasonable given that mitochondria play critical roles in cell function and death,
and the integrity of the IMM influences these functions.®?> The primary role of mitochondria is to
convert nutrients to ATP through oxidative phosphorylation (OxPhos). During OxPhos a series of
IMM-embedded proteins called the electron transport chain (ETC) use energy derived from nutrient
oxidation to pump protons across the IMM. As the IMM is relatively impermeable, a proton gradient
across the IMM is established that generates the mitochondrial membrane potential (Aym), and Awm is
used to catalyse ATP production by ATP-synthase. Drugs that disrupt OxPhos and ATP production
(mitochondrial uncouplers) can induce cell death and are currently being explored as anticancer
agents,% and several studies have suggested that imidazolium-based AmlLs affect OxPhos.?% 30. 64
Mitochondria are also sites of reactive oxygen species (ROS) production and regulate intracellular
calcium levels, both of which are important to cell health, and release pro-apoptotic proteins to carry
out programmed cell death. It follows that drugs that induce mitochondrial dysfunction can produce
cytotoxicity.

A series of experiments were therefore undertaken to understand how the AmILs in this study
affected mitochondrial function in HeLa cells. For these studies HeLa cells were treated with the
AmlILs at their MTS 1Cso concentrations (Table 1) for short time periods to capture the early cellular
effects that occur during cell death. Initially Seahorse Mito Stress tests were performed on HeLa cells
pre-treated with the AmILs (Figure 4) to detect changes in mitochondrial function and OxPhos. It
should be noted that while cancer cells do show a shift towards ATP production via glycolysis (the

Warberg effect), OxPhos still appears to be an important source of ATP production in cancer cells.®>

67
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Figure 4 (A) The effect of AmILs on oxygen consumption rate (OCR) in HeLa cells. The sequential
addition of the AmILs the MTS ICso concentrations, oligomycin a mitochondrial ATP-synthase
inhibitor (1 uM), the protonophore FCCP (2 uM) and the electron transport chain complex inhibitors
rotenone/antimycin A (1 pM). (B) ECAR of HeLa cells following the treatment of ILs. (C)
Determination of OCR associated with post treatment in HeLa cells following the treatment of ILs.
(D) Determination of OCR associated with maximal respiration in HeLa cells following the treatment
of ILs. DMSO was used as a negative control with a final concentration of 0.1% in the well. Data

represents the average value of 2 wells from the same experiment.

As shown in Figure 4 (panels A and C), all AmILs except [CsTMA][Br] produced a rapid
decrease in cellular oxygen consumption rate (OCR) HeLa cells, which is proportional to OxPhos, and
an associated increase in extracellular acidification rate (ECAR, Figure 4B), which is proportional to

glycolysis. These data suggest that these AmILs inhibit OxPhos, and in response the cells shift from



OxPhos to glycolysis to generate ATP,!' and are consistent with previous data showing that
methylimidazolium-based AmILs decrease OCR and increased in ECAR in B-13 hepatocytes.5®

Maximal respiration, which is measured after the addition of FCCP, reflects the functional
capacity of the ETC. With the exception of [C4aTMA][Br], all AmILs reduce maximal respiration
compared to control (Figure 4D), which is a strong indicator that these AmILs induce mitochondrial
dysfunction.’> 7 In cells treated with aromatic Cio-AmlILs [C10Quin][Br], [CioMim][Br] and
[C10PY][Br], but not [C1oTMA][Br] and the C4-AmILs, maximal respiratory capacities were below
post-treatment levels, indicating these cells did not have any spare respiratory capacity. This is
significant as spare respiratory capacity is another indicator of the mitochondria’s ability to respond to
increased respiratory requirement during cell stress, where low capacities indicate an inability of the
mitochondria to provide the increased need for ATP during stress.>* 7% 7! Combined, the seahorse data
shows that AmILs affect OxPhos at their MTS ICso concentrations, and that only the C10-AmILS reduce
spare respiratory capacity and ability to respond to stress.

The integrity if the IMM is critical to maintaining the mitochondrial membrane potential and
ATP synthesis via OxPhos. Given the results from the fluorescence microscopy and tBLM studies, it
was suspected that inhibition of OxPhos may result from AmILs -mediated permeabilisation of the
IMM and collapse of the proton gradient across this membrane. To assess this we measured the ability
of AmILs to depolarise the IMM in HeLa cell mitochondria using the JC-1 assay. JC-1 is a redox active
lipophilic cationic dye that forms aggregates that fluoresce red in the electronegative environment of
polarised mitochondria. In response to depolarisation of the IMM, JC-1 leaves mitochondria and
disaggregates to monomers that fluoresces green. Thus changes in JC-1 red:green fluorescence ratio

can be used to detect changes in IMM depolarisation.
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Figure 5 Effects of AmILS on mitochondrial function in HeLa cells. (A) JC-1 red:green fluorescence
ratio as percentage of DMSO-treated control in HeLa cells treated for 1 hr at the MTS ICso
concentration. (B) Total intracellular ROS production in HeLa cells treatment with AmILS at their ICso
concentrations (6 h). (C) and (D) Total intracellular ATP levels in HeLa cells following treatment with
either the C4-AmliLs (panel C) or Cio-AmILS (panel D) at their MTS ICso concentrations. ATP levels
are expressed as percentage of time-matched DMSO control. All data represents the mean &= SEM of
3 independent experiments. Different from DMSO-treated control: (*) P < 0.05, (**) P <0.01 (**%*),

P <0.001.

As shown in Figure 5A aromatic Cio-AmlILs [C1oQuin][Br], [C.oMim][Br] and [C1oPy][Br]
caused a shift in the JC-1 red:green fluorescence ratio to 50-56% of control after 1 hour treatments,

which indicates that these AmILs rapidly collapse the IMM proton gradient. In contrast, the aliphatic



Cio-AmiLs [C1oTMA][Br] and all Cs-AmlLs (Figure 5A) had no activity in JC-1 assays, which
suggests that these AmILs do not affect the IMM polarisation.

We next measured intracellular ATP levels in HeLa cells treated with the AmILs at their MTS
ICso concentrations. ATP levels were monitored over 4 hours because no loss in cell viability was
observed over these short treatment periods (see Table S1). As shown in Figure 5D aromatic Cio-
AmILs [C10Quin][Br], [CioMim][Br] and [CioPy][Br] decreased intracellular ATP levels.
[C10Quin][Br] had the greatest effect, reducing intracellular ATP to 47 + 0.72 % of control after 4
hours, while [C1oMim][Br] and [C10Py][Br] produce a similar decreases of ~68 %. In contrast, the
aliphatic C1o-AmiLs [C10TMA][Br] and all C4-AmiLs (Figure 5C) did not significantly decrease ATP
production. Considered together with the JC-1 data, it can be concluded that of the AmILs studied,
only the aromatic Cio-AmliLs can permeabilise and depolarise the IMM at their MTS ICso
concentrations to such an extent that is detected in the JC-1 assays and leads to impaired ATP
production. This aligns with the Seahorse analysis which showed that HeL a cells treated with aromatic
Cio-AmlLs lacked spare respiratory capacity, and the tBLM data which showed these AmILs have the
largest effect in membrane conductance. Considering that in the mitochondrial assays [C10Quin][Br],
[C1oMim][Br] and [C10Py][Br] were tested at 25-90 uM, while [C1oTMA][Br] (200 uM) and C4-AmILs
(2-15 mM) were tested at much higher concentrations, it is clear that the aromatic C1o-AmILs have a
much greater capacity to affect mitochondrial respiration. The relatively lipophilic nature of the
aromatic Cio-AmlLs, which results from their larger alkyl chains and delocalised positive charge,
likely accounts for the capacity of these AmILs to accumulate in, and permeabilise, the IMM.

Finally, the capacity of the AmILs to induce ROS formation was assessed. Mitochondria are
major sources of ROS and several studies have shown that aromatic AmILs cause an overproduction
of ROS that leads to cell death, although the precise mechanism for ROS production is unknown.? 30
68, 72-75 Recently Wright et al proposed that Mim-based AmILs can be reduced by the electron transport

chain (ETC) to neutral radical species that undergo redox cycling to produce ROS.%8 Efficient ROS



production was only induced by Mim-based AmILs with long chains (>Ce), wWhich the authors
hypothesised was due to partitioning of these more lipophilic AmILs in the IMM where the ETC is
located. Alternatively, the pore forming agent alamethicin has been shown to induce ROS formation
in isolated mitochondria by permeabilising the IMM, and it is possible that the AmILs in this study
could increase ROS by this mechanism.®

ROS production in HeLa cells treated with the AmILs at their MTS 1Cso concentrations was
assessed using the DCFDA assay (Figure 5B). Consistent with previous findings,® the imidazolum
based [C10Mim][Br] increased intracellular ROS levels to ~140% of control. The remaining aromatic
Cio-AmlLs [C1oQuin][Br] and [C10Py][Br] also produced similar increases in ROS. In contrast, the
aliphatic C1o-AmlLs [C10TMA][Br] and Cs-ILs [C4sTMA][Br], [CsMim][Br] and [C4Py][Br] did not
induce ROS formation. The inactivity of these more polar AmILs may result from their decreased
capacity to accumulated in and depolarise the IMM, or in the case of the aliphatic AmILs, an inability
to efficiently produce ROS through the redox cycling mechanism proposed by Wright et al.
Interestingly [C4Quin][Br] increased ROS to similar levels as the aromatic Cio-AmlLs. This is likely
due to the larger quinolinium headgroup which renders [C4Quin][Br] sufficiently lipophilic to
accumulate in the IMM.

Taken together, the data presented shows that AmILs containing aromatic cationic headgroups
substituted with decyl alkyl tails target the IMM in HeLa cells and induce mitochondrial dysfunction
at concentrations relevant to their cytotoxicity. Subsequent permeabilisation and depolarisation of the
IMM inhibits ATP synthesis by OxPhos and also leads to overproduction of ROS. These effects occur
in HeLa cells treated with the aromatic Cio-AmlLs at their MTS ICso concentrations over short time
periods, which suggests these effects may be early cellular events that result in cell death. In support
of this, increased ROS is a known trigger of cell death, and dissipation of the proton gradient across
the IMM and uncoupling of OxPhos by protonophores can induce cell death. Indeed, the use of

mitochondrial uncouplers as clinical anticancer agents is currently being explored.®® Given that



numerous studies have suggested that AmILs exert their cytotoxic actions by targeting either cell
membranes or inducing mitochondrial dysfunction, our findings provide an important insight that it
specifically is the IMM that is targeted by long chain aromatic AmILs due to the lipophilic nature of
their cations.

Short chain (C4) and aliphatic AmILS also appear to affect mitochondrial function in Seahorse
assays, albeit at much higher concentrations and to lesser extents than the aromatic Cio-AmlLs,
however measurable effects on A¥wm in JC-1 assays, ATP production and ROS levels were not seen
(with the exception of [C4Quin][Br]). These data therefore suggest that short chain and/or aliphatic
AmlILs kill cells through a different mechanism, which also corresponds to a drop in cytotoxicity (ICso
concentrations in the millimolar range, compared to micromolar range for aromatic long chain AmILS).
The reduced activity of the aliphatic and short chain AmILs likely results from the inability of these
AmlILs to efficiently accumulate into and permeabilise the IMM. An exception is [C4Quin][Br], which
increased ROS but did not effect JC-1 red:green ratios or ATP levels in HeLa cells. One possible
explanation is that due to its larger headgroup [C4Quin][Br] is sufficiently lipophilic to accumulate in
the IMM where it produces ROS through redox cycling but lacks a sufficiently long alkyl chain to
permeabilise and depolarise the IMM, and inhibit ATP production.

The mechanism proposed in this paper can be used to explain some aspects of the SAR
governing AmIL cytotoxicity, as structural features that increase the capacity of AmlLs to disrupt
mitochondrial function should also be expected to promote cytotoxicity. To target the IMM and induce
cell death, AmILs must be sufficiently lipophilic to diffuse through the plasma membrane, and an alkyl
chain long enough to disrupt the integrity of the IMM. Consistent with this, SAR studies have shown
that increased alkyl chain length is a major determinant of AmIL cytotoxicity.” ® 3 16-22 Aromatic
AmlLs are in general more cytotoxic than their aliphatic counterparts,® which can be explained by
delocalisation of the cationic charge that renders aromatic AmILs more lipophilic than aliphatic

AmlILs. Headgroup aromaticity has less impact on the cytotoxicity of short chain AmILs, which may



result because these AmILs Kill cells by a different mechanism. Finally, there are conflicting reports
regarding the influence of the anion, although it appears the nature of the anion has the least impact on
the cytotoxicity of aromatic AmILs with long alkyl chains.*® This too can be rationalised by the

proposed mechanism as it is only the cation that plays a role in the mitochondrial effects.



Conclusions

AmlILs share physiochemical properties with lipophilic cations and were therefore anticipated
to target the IMM to induce cell death. Using fluorescence microscopy we showed that a quinolinium-
based AmIL is rapidly taken up into HeLa cells mitochondria. The capacity of a series of AmILs to
reduce viability and induce mitochondrial dysfunction in HeLa cells was assessed. AmILs bearing
aromatic headgroups substituted with decyl chains were the most effective at inducing cell death and
permeabilising lipid bilayers. When tested at the MTS 1Cso concentrations, long chain aromatic AmILs
produced a variety of cellular effects consistent with permeabilisation of the IMM. These effects are
associated with cell death, and therefore indicate long chain aromatic AmILs kill cells by targeting the
IMM. AmILs with short chains or aliphatic headgroups failed to produce these effects which suggested
these AmILs produce cytotoxicity by an alternate mechanism. These findings provide new mechanistic
insights into AmIL cytotoxicity and may assist in the design of task specific AmILs for safe industrial

application or as anticancer agents.
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