
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
  1

44
1.

 D
ow

nl
oa

de
d 

on
 1

3/
08

/4
7 

07
:0

7:
14

 . 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Apoptosis-induc
aDepartment of Chemistry, Indian Institute

Dr Homi Bhabha Road, Pashan, Pune

ptalukdar@iiserpune.ac.in
bDepartment of Biology, Indian Institute of S

Homi Bhabha Road, Pashan, Pune 411008,

† Electronic supplementary information (
and crystallographic data in CIF or
10.1039/c9sc06520b

Cite this: Chem. Sci., 2020, 11, 2420

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 24th December 2019
Accepted 16th January 2020

DOI: 10.1039/c9sc06520b

rsc.li/chemical-science

2420 | Chem. Sci., 2020, 11, 2420–24
ing activity of a fluorescent barrel-
rosette M+/Cl� channel†

Javid Ahmad Malla, a Rintu M. Umesh,b Amal Vijay,a Arnab Mukherjee, a

Mayurika Lahiri b and Pinaki Talukdar *a

Synthetic transmembrane ion transport systems are emerging as new tools for anticancer therapy. Here,

a series of 2-hydroxy-N1,N3-diarylisophthalamide-based fluorescent ion channel-forming compounds

are reported. Ion transport studies across large unilamellar vesicles confirmed that the compound with

two 3,5-bis(trifluoromethyl)phenyl arms is the most efficient transporter among the series and it

facilitates M+/Cl� symport. The compound formed supramolecular ion channels with a single-channel

conductance of 100 � 2 pS, a diameter of 5.06 � 0.16 Å and a permeability ratio, PCl�/PK+
, of 8.29 � 1.

The molecular dynamics simulations of the proposed M2.11 channel (i.e. 11 coaxial layers of a dimeric

rosette) with K+ and Cl� in the preequilibrated POPC lipid bilayer with water molecules illustrated various

aspects of channel formation and ion permeation. Cell viability assay with the designed compounds

indicated that cell death is being induced by the individual compounds which follow the order of their

ion transport activity and chloride and cations play roles in cell death. The inherent fluorescence of the

most active transporter was helpful to monitor its permeation in cells by confocal microscopy. The

apoptosis-inducing activity upon perturbation of intracellular ionic homeostasis was established by

monitoring mitochondrial membrane depolarization, generation of reactive oxygen species, cytochrome

c release, activation of the caspase 9 pathway, and finally the uptake of the propidium iodide dye in the

treated MCF7 cells.
Introduction

Ion transport across the cell membrane is a very crucial physi-
ological process that ensures the healthy functions of cells.1–8

The cell membrane creates a thermodynamic barrier for polar
molecules and ions to pass through its hydrophobic middle
core. To ensure the regulated membrane transport of these
species, nature has endowed the cells with very special molec-
ular machineries in the form of ion transport systems and other
pore forming protein molecules.5,9,10 The ion transport systems
involve ion channels which can span the membrane and
provide a hydrophilic pathway for ions to pass through.11–13 On
the other hand, there are small molecular systems, called ion
carriers, which can pick up ions from one side of the membrane
and ip to the other side for releasing these ions.14 Any defect or
damage in these complex transport systems (channelopathies)
can have drastic effects on the physiological functions of the
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cell.15 The typical examples of channelopathies include cystic
brosis which is caused by the mutation in the CFTR channel.16

Similarly Barter's syndrome, Dent's disease, Long QT syndrome,
osteoporosis, epilepsy, Parkinson's disease etc. are other disor-
ders which are caused by channelopathies.15,17,18 To treat these
channelopathies, the identication of their causes becomes an
important concern to the scientic community. In this regard,
various studies have come out and the process continues.
However, to solve these kinds of problems chemists have come
up with an alternative approach to replace the defective chan-
nels with structurally simple organic motifs, which can restore
the ion transport in defective cells by functioning as ion chan-
nels or ion carriers.19–22 So synthetic ion transport systems may
open new opportunities for the treatment of these channelo-
pathies. Along with these ndings, the renewed interest in the
eld of synthetic ion transport systems has emerged aer
anticancer activity was observed in prodigiosin,23–25 a naturally
occurring ionophore, which acts as a chloride and HCl carrier.
Aerward, various synthetic chloride ion carriers26–30 and chlo-
ride channels9 were evaluated for anticancer activity and were
found to induce apoptosis in cancer cells through the caspase-
dependent intrinsic pathway. In the eld of symporters, the rst
synthetic KCl symporter was reported by Smith and coworkers,
using a ditopic receptor for NaCl and KCl transport.31 This was
followed by Kyu-Sung Jeong and coworkers, who used an
This journal is © The Royal Society of Chemistry 2020
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azacrown as a K+ binding motif and urea as a chloride binding
motif.32 Gale and coworkers developed their calix[4]pyrrole as
CsCl and RbCl transporters where Cl� binding was through H-
bonding and Cs+ was tightly bound to pyrrole rings.33 Matile
and coworkers reported ditopic transport systems operating via
halogen bonding.34 These two types of transport systems work
using cation activated anion transport.34 The latest example of
a metal halide symport was presented by Madhavan and
coworkers, with a peptide connected to an aminopicolinic acid
unit, having more preference for cations over anions.35

However, none of these symporters have been evaluated for
biological impacts.

Herein, we report a series of uorescent molecules that form
self-assembled barrel-rosette channels to facilitate the symport
of M+ and Cl� across liposomes. These channels allow the
transport of Cl� and K+ as well as Na+ across the cell membrane
to induce apoptotic cell death. The design included the central
core of 2-hydroxy-N1,N3-diarylisophthalamide connected to two
identical aromatic side arms such as phenyl, 4-methylphenyl, 4-
triuoromethylphenyl or 3,5-bis(triuoromethyl)phenyl to get
molecules 1a–1d (Fig. 1A). It was envisaged that the intra-
molecular C]O/H–O and C–O/H–N interactions would
provide a preorganized geometry of individual monomers. The
intermolecular p–p stacking interactions among aromatic rings
and hydrogen bonding interactions among amide moieties
would lead to the aggregation of individual monomers in the
membrane to form an active channel (Fig. 1B).3 Theoretical
estimations, based on the calculator plugins of the Marvin-
Sketch program,36 indicated that the variation of terminal
aromatic groups from phenyl to 4-methylphenyl, 4-tri-
uoromethylphenyl and 3,5-bis(triuoromethyl)phenyl would
decrease the pKa of both amide protons (Table S1†). Therefore,
in the resulting supramolecular channel, the amide protons of
1d would contribute to the maximum extent in forming intra-
and intermolecular (with neighboring monomers and water
molecules present in the cavity and anions) hydrogen bonds.
Estimated pKa ¼ 6.42 for the 2-hydroxyl group of each
compound indicated that in the supramolecular channel, one
or more hydroxyl groups may get deprotonated at physiological
pH providing cation binding sites. The recognition sites for
Fig. 1 Structure of designed channel-forming compounds 1a–1d (A);
self-assembly of individual monomers M into rosette channel M2.n in
the lipid bilayer membrane (B).

This journal is © The Royal Society of Chemistry 2020
cations can also be provided by either a C–F or a C]O moiety
via cation–dipole interactions. We envisaged that the 2-hydroxyl
group would also be useful in generating inherent uorescence
of these molecules due to the push–pull effect. The Marvin-
Sketch program36 also predicted that the lipophilicity (logP)37,38

of the compounds would increase as 1a < 1b < 1c < 1d
contributing to the better membrane permeability of the
channel formed by 1d.

Results and discussion

Compounds 1a–1d were synthesized from protected acid 4 by
converting it to the acid chloride using oxalyl chloride,39 which
was then coupled with the respective aromatic amine to get the
corresponding amide 5a–5d (Scheme 1). The product was sub-
jected to O-methyl deprotection using 1 M BBr3 in dichloro-
methane40 to get the corresponding nal compound 1a–1d with
a free hydroxyl group. All newly synthesized compounds were
puried by column chromatography, and characterized by 1H
NMR, 13C NMR, HRMS, IR, andmelting point. The single-crystal
X-ray diffraction study of 1c provided the molecular geometry
containing the intramolecular C]O/H–O and C–O/H–N
hydrogen bonding interactions (Fig. S11†).

The ion transport activity of 2-hydroxy-N1,N3-diary-
lisophthalamide derivatives 1a–1d was checked by different
uorometric methods across egg yolk phosphatidylcholine
unilamellar vesicles (EYPC-LUVs).41–45 At rst, large EYPC-LUVs,
entrapping the pH-sensitive dye 8-hydroxypyrene-1,3,6-trisulfo-
nate (HPTS, pKa ¼ 7.2), were prepared, and NaOH was added in
the extravesicular buffer to create a pH gradient (i.e., DpH ¼
0.8). The rate of change in the uorescence intensity was
monitored aer the addition of 1a–1d, separately, and nally,
Triton X-100 was added to lyse the vesicles for the complete
leakage of the HPTS dye.46 The comparison of activities showed
the activity sequence 1a < 1b < 1c� 1d, inferring 1d as the most
efficient transporter of ions (Fig. 2A). The activity sequence of
1a–1d suggests that the pKa values of the amide protons have
major control over the transport rate as compared to logP
values. The EC50 value, i.e., the concentration required to reach
half of the maximum activity, was calculated to be 0.48 mM
(compound to lipid ratio¼ 0.58 mol%), and the Hill coefficient,
Scheme 1 Synthesis of 1a–1d.
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Fig. 2 Comparison of ion transport activity of compounds 1a–1d (0.5
mM) at 200 seconds across EYPC-LUVsIHPTS (A). Concentration
profile of compound 1d (B); and correlation table for the estimated
logP and pKa values with experimentally determined EC50 and Hill
coefficient (n) values (C).
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n, was calculated to be almost equal to 2 (Fig. 2C). These data
suggest that a noncovalent dimer of the compound is the active
structure for the supramolecular nanochannel assembly.47 The
Hill analysis could not be performed with the dose-dependent
activity data of 1a due to its precipitation at higher
concentrations.

The excellent ion transport activity of 1d inspired us to
investigate the ion selectivity of this channel forming molecule.
First, the ion transport activity across EYPC-LUVsIHPTS with
intravesicular NaCl and an isoosmolar extravesicular MCl
(where, M+ ¼ Li+, Na+, K+, Rb+, and Cs+) was used to determine
the selectivity among the different cations.48–50 The data
provided the selectivity sequence as K+ z Rb+ > Cs+ > Na+ > Li+

(Fig. 3A). To see if there is any role of anions involved in the
transport process, the anion selectivity study was performed by
Fig. 3 Cation selectivity 1d (0.1 mM) across EYPC-LUVsIHPTS (A). Anion
across EYPC-LUVsIlucigenin upon addition of 1d (0–3.25 mM) (C). Cation
of 1d (1.5 mM) (D). Cl� efflux across EYPC-LUVsIlucigenin by 1d (2.5 mM
isoosmolar extravesicular anion (E).

2422 | Chem. Sci., 2020, 11, 2420–2428
varying the intravesicular and extravesicular anions of NaX salts
(X� ¼ Cl�, Br�, I�, NO3

�, and ClO4
�), and changes in the ion

transport rate were checked upon applying a pH gradient of 0.8
(pHin ¼ 7.0 and pHout ¼ 7.8).48,51,52 Interestingly, the data
conrmed a considerable selectivity of the channel towards Cl�

compared to the other anions (Fig. 3B). The selectivity studies
suggested that both inorganic cations and anions are involved
in the transport across the channel formed by 1d.

To further conrm the Cl� ion transport activity of 1d, the
EYPC-LUVsIlucigenin was prepared by entrapping the lucige-
nin dye and NaNO3 salt and investigated in detail by monitoring
the uorescence intensity of the intravesicular lucigenin dye at
lem ¼ 535 nm (lex ¼ 450 nm).53,54 Subsequently, a Cl�/NO3

�

gradient was applied by the addition of a concentrated solution
of 2 M NaCl in the extravesicular buffer. Concentration-depen-
dent quenching of lucigenin uorescence was observed upon
addition of channel forming compound 1d (Fig. 3C). These data
show that the supramolecule formed by the compound can
allow the inux of Cl� across liposomes. The variation of
extravesicular cations corroborated with cation selectivity ob-
tained by the HPTS assay (Fig. 3D). So, to get further support for
the symport mechanism of ion transport, the valinomycin
coupled assay with 1d was carried out.29 KCl was added to the
extravesicular buffer to create the Cl�/NO3

� gradient. Then
valinomycin was added along with 1d to monitor any coopera-
tive effect. There was no enhancement of the transport rate,
which suggests that there is no cooperative transport by vali-
nomycin and 1d (Fig. S5†). So the operating transport mecha-
nism should be the symport mechanism. To further conrm the
symport mechanism, the EYPC liposomes were prepared by
entrapping NaCl (200 mM) and 1.0 mM of the lucigenin dye.
Then, isoosmolar Na2SO4 was added to the extravesicular
solution and Cl� efflux was monitored. A similar experiment
was also performed with extravesicular isoosmolar NaNO3. The
results indicate that there is no difference in the transport rate
of two ions by 1d (Fig. 3E), suggesting that the symport mech-
anism of ion transport is operative.28

To investigate the integrity of the membrane aer addition
of 1d or the formation of supramolecular pores in the
selectivity of 1d (0.5 mM) across EYPC-LUVsIHPTS (B). Cl� ion influx
dependent Cl� ion influx across EYPC-LUVsIlucigenin upon addition
) in the presence of intravesicular Cl� and either SO4

2� or NO3
� as an

This journal is © The Royal Society of Chemistry 2020
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membrane, the leakage of carboxyuorescein (CF) was moni-
tored across EYPC-LUVsICF.55 It is well known that a high
concentration of CFmolecules inside the liposomes leads to the
uorescence quenching of the dye due to collisions among the
molecules. However, efflux of these molecules from the lipo-
somes into the external buffer restores their uorescence (lem ¼
517 nm, lex ¼ 492 nm). When compound 1d was added to the
liposomes, there was no signicant enhancement in the uo-
rescence intensity of CF (Fig. S9†), indicating that neither the
membrane is getting damaged, nor the larger pores are being
formed by 1d.

To conrm the formation of the transmembrane ion channel
by compound 1d, the ionic conductance across the planar lipid
bilayer membrane was measured.56 In this experiment, two
compartments (cis and trans chambers) containing KCl solu-
tion (1.0 M) were separated by a planar lipid bilayer membrane
composed of diphytanoyl phosphatidylcholine (diPhyPC)
lipid.57,58 The addition of 1d (2.0 mM) to the system led to the
distinct channel openings and closing at different holding
potentials, conrming the formation of ion channels (Fig. 4A,
B). The single-channel conductance was found to be 100� 2 pS,
and the channel diameter ¼ 5.06 � 0.16 Å was calculated by the
Hille equation (eqn (1))

1/g ¼ (l + pd/4) � (4r/ pd2) (1)

where g ¼ the corrected conductance (obtained by multiplying
the measured conductance with the Sansom's correction
factor), l ¼ the thickness of the membrane (34 Å), and r ¼ the
resistivity of the recording solution (r ¼ 9.44 U cm).

The variation of current with voltage (I–V plot) in the pres-
ence of the symmetric solution of KCl (1.0 M each) showed
Fig. 4 Single-channel conductance of 1d (2.0 mM) recorded at �100
mV (A) and at 100 mV (B) in symmetrical KCl solutions. I–V plots of 1d
in symmetrical and unsymmetrical concentrations of KCl (C).

This journal is © The Royal Society of Chemistry 2020
a linear variation, i.e., ohmic behavior, which conrms the non-
dipole nature of the channel. When the ion selectivity of the
channel was checked using unsymmetric solutions of KCl in
two chambers (i.e., 1.0 M in cis and 0.5 M KCl in trans), it was
observed that the rate of Cl� transport is higher than the rate of
K+ transport with a permeability ratio PCl�/PK+ ¼ 8.29 � 1
(Fig. 4C). These data suggest that the electrogenic transport of
Cl� gives the current signals during the recordings.

To get further support for channel formation, the tempera-
ture dependent ion transport in DPPC-LUVsIHPTS was
studied. Compound 1d showed some decrease in the activity at
30 �C compared to that at 45 �C (Fig. S10†). This behavior is
normal for various biological and synthetic ion channels due to
hindered partition at lower temperature.41

Based on the crystal structure of 1c (Fig. S12†), it is evident
that each 2-hydroxy-N1,N3-diarylisophthalamide molecule exists
predominantly in an intramolecular C]O/H–O and C–O/H–

N hydrogen bonded preorganized geometry. The conforma-
tional study of 1d using the Conex 8 program59,60 also indicated
similar hydrogen bonded conformations of the di-amide core
(Fig. S12†). At rst, eleven molecules of 1d in the Conf-1a were
placed on top of another to form one side of the channel.
Subsequently, the other side of the channel was constructed in
the same way and the two halves of the channel were arranged
face-to-face to form the barrel-rosette channel. The constructed
channel was further optimized using MOPAC2012 (ref. 61)
soware with the PM6-DH+ (ref. 62) method to get the nal
channel (Fig. S13A†). This optimized channel was then placed
in the POPC lipid bilayer membrane, and molecular dynamics
(MD) simulations were carried out (see ESI† for methods). The
equilibrated channel is shown in Fig. 5A. Fig. S13B† shows the
densities of various constituents of the channel indicating the
proper formation of the channel. The top view of the channel
with a pore diameter is shown in Fig. S13C.† Fig. S13D† shows
that the variation in the pore diameter is minimal around an
Fig. 5 Equilibrated channel-POPC/water system (A), top view of the
zoomed channel without lipid membrane (B), and variation of the
distance between K+ and Cl� ions during the production run (C).

Chem. Sci., 2020, 11, 2420–2428 | 2423
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Fig. 7 Cell viability obtained from single-point screening of
compounds 1a–1d (10 mM each) by the MTT assay after 24 h incuba-
tion (A); dose-dependent cell viability in the presence of 1d (B); cell
viability of MCF7 cells in the presence and absence of Cl� ions incu-
bated with 1d at different concentrations (C); and in the presence and
absence of Na+ and K+ ions (D).
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average of 5.3 Å during the simulations, in excellent agreement
with the experiment.

In the simulated channel, upon inspection at various time
frames (Fig. S14A–D†), multiple noncovalent interactions were
found to stabilize the channel structure and helps in ion
recognition in the channel lumen. The stacking interactions
among aromatic rings (among successive central phenyl rings
and among successive aromatic arms) and the hydrophobic
interactions among CF3 groups were found to be present.
Moreover, intermolecular C]O/H–O(phenolic) and C–O/H–N
interactions were also evident in the channel. The water mole-
cules inside the channel formed a continuous array with
multiple intermolecular H–O/H–O interactions with neigh-
bouring water molecules. The water molecules were also
involved in hydrogen bonding with C–F and C]O groups of the
channel forming molecules (Fig. S14E†). The K+ ion was
involved in cation–dipole interactions with neighbouring F-
centres of the channel forming molecules and with O-centres of
the neighbouring water molecules (Table S2†). The Cl� ion was
involved in C–O–H/Cl� interactions with channel forming
molecules and O–H/Cl� interactions with neighbouring water
molecules (Table S3†). Interestingly, the permeation of K+ and
Cl� in the channel took place with an interionic distance within
5 Å, conrming the presence of electrostatic interactions
(Fig. 5C, S16†). In the bulk water, the ions got separated due to
hydration.

The inherent uorescence of 1d encouraged us to use it for
confocal live cell imaging to check whether the molecules of the
compound stay only in the membrane or can permeate inside
the cell as well. The live cell imaging of 1d in the human
epithelial breast cancer cell line, MCF7, indicated that the
compound does not remain conned to the cell membrane
only, but permeates into the cytosolic part as well (Fig. 6).20

Next, we monitored the time of insertion of the compound in
the cell using real-time analysis. The results indicated that the
compound enters the cells within a few seconds of incubation
(see uploaded video†). Interestingly, the real-time analysis also
indicated a change in the cell morphology within a few minutes
and a decrease in the cell volume was observed. Such a decrease
in the cell volume is indicative of the apoptotic volume decrease
(AVD), which is a well-known initial event of apoptosis.63–65

Encouraged by this observation, we evaluated the viability of
cells in the presence of compounds 1a–1d. A single-point
screening of the cell viability was done by the MTT assay aer
incubation of 1a–1d in the MCF7 cell line for 24 hours.9 As
Fig. 6 Live cell imaging of 1d at 10 mM in MCF7 cell line; fluorescence
(A), DIC image (B) and overlay image (C). Cyan color was given for
better contrast. Scale bar 80 mm.

2424 | Chem. Sci., 2020, 11, 2420–2428
expected, compound 1d displayed maximum cell killing activity
(Fig. 7A). Next, the dose-dependent effects of 1d on MCF7 cells
were studied which showed a decrease in the cell viability upon
increasing the concentration of the compound giving the IC50

value of approximately 5.0 mM (Fig. 7B).
Next, the chloride mediated cell death was studied by

comparing the cell viability both in the presence and absence of
chloride ions in the culture medium. The chloride mediated
apoptosis is well studied in the literature.9,26,66 So two different
types of HBSS (Hanks balanced salt solution) were prepared,
with and without Cl� ions for using as the extracellular media.
The MCF7 cells were suspended in both the media and incu-
bated with compound 1d at different concentrations around the
IC50 value. As expected, with chloride ions in the extracellular
buffer the compound showed more cell death compared to that
without chloride ions (Fig. 7C). This experiment clearly
demonstrates that the chloride-mediated cell death takes place.
As the compound is a M+/Cl� symporter, we decided to evaluate
the effect of K+ ions and Na+ ions on the cell death. Since the
concentration of Na+ ions is very high outside the cell compared
to K+ ions, we expected a better involvement of Na+ ions, if the
symport process is taking place. So to evaluate the effect of
cations, we again prepared two different HBSS buffers, with and
without K+ and Na+ ions and used as the extracellular media.
Compound 1d showed higher cell viability which was observed
for 1d without both K+ and Na+ ions in the extracellular media
in comparison to that when studied in the presence of normal
HBSS buffer (containing Na+, K+, and Cl� ions) (Fig. 7D). These
results conrm that the cell death is mediated by Cl� and
cations.

To evaluate whether cell death is being mediated by necrosis
or apoptosis, the events involved in the apoptotic pathway were
evaluated in detail. The observed AVD is already an indication of
apoptosis. Apoptosis is also evidenced by the disruption of
This journal is © The Royal Society of Chemistry 2020
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mitochondrial membrane potential (MMP),67,68 which subse-
quently results in cytochrome c release. The release of cyto-
chrome c in the cytoplasm switches on the apoptotic signaling
cascade.69–71 Firstly, we monitored the change in mitochondrial
membrane potential by using the MMP sensitive JC-1 dye. This
dye exhibits red uorescence emission due to the formation of J-
aggregates in the healthy mitochondrial membrane, while
depolarization of the mitochondrial membrane leads to
dispersion of the dye in the cytosol, resulting in green uores-
cence emission. TheMCF7 cells were incubated with compound
1d (10 mM), followed by the treatment with the JC-1 dye. The
cells were analysed under a confocal microscope to monitor the
changes in the red and green uorescence in the treated cells.
The study showed a prominent decrease in the red uorescence
and a concomitant increase in the green emission (Fig. 8).70,72

The quantication of the pixel intensity ratio (green/red¼ 2.57)9

in treated cells compared to the control (green/red ¼ 0.263)
conrmed the enhancement in the depolarization of MMP due
to the change in ionic homeostasis of cells.

This change in ionic homeostasis of cells leads to a distur-
bance in the electron transport chain in the mitochondrial
respiratory cycles, which results in reactive oxygen species (ROS)
production.73–76 Thus, 20,70-dichlorodihydrouorescein diac-
etate (H2DCFDA),68,77 a ROS probe, was used to monitor ROS
generation in cells. The probe remains in the non-uorescent
state in the diacetate protected form. However, upon cellular
internalization, the hydrolysis of the ester groups by the ester-
ases followed by the ROS-mediated oxidation generates a green
uorescent 20,70-dichlorouorescein (DCF). The MCF7 cells
were treated with 1d in a time-dependent manner and then
stained with H2DCFDA, and the cells were analysed under
a confocal microscope. A signicant enhancement in the green
uorescence was observed, which clearly demonstrates the
generation of ROS as a result of ion transport by 1d (Fig. S19†).
Fig. 8 Live cell imaging of MCF7 cells upon treatment with 0 mM (A)
and 10 mM (B) of 1d for 24 h followed by stainingwith the JC-1 dye. Red
and green channel images were merged to generate the displayed
image (A). MCF7 cells treated first with 0 mM (C) and 10 mM (D) of 1d for
8 h and then fixed and analyzed for cytochrome c release by immu-
nostaining with the cytochrome c specific primary antibody (green).
Phalloidin (red) co-staining was used to mark the boundaries.

This journal is © The Royal Society of Chemistry 2020
The elevated ROS levels are known to cause the opening of
the mitochondrial permeability transition pores (PTPs),78,79

which are formed by natural ion channels present in the
mitochondrial membrane. This process results in the disrup-
tion of the mitochondrial outer membrane and a subsequent
release of cytochrome c from the mitochondrial membrane into
cytosol.80,81 Therefore, to monitor the release of cytochrome c
into the cytosol, immunostaining with a specic antibody was
used. The MCF7 cells were treated with 1d and then processed
for immunouorescence to see if any release of cytochrome c is
taking place. A considerable enhancement in the uorescence
intensity and dispersion of the uorescence signal over cytosol
(Fig. 8) indicates the release of cytochrome c.

In the intrinsic apoptotic pathway, the released cytochrome c
binds to the Apaf-1 to form an apoptosome. Then, the cyto-
chrome c/Apaf-1 complex activates the caspase 9 pathway,
which then activates the caspase 3 pathway.69,82–84 Therefore, we
analysed the caspase 9 pathway by immunoblot analysis of the
cleaved caspase 9 level in MCF7 cells upon addition of 1d. The
incubation of the cells with 1d led to a signicant increase in
the expression of cleaved caspase 9 (Fig. 9). The increase in the
levels of caspase 9 was quantied with respect to the GAPDH
(loading control). So, the expression of cleaved caspase 9
conrms the activation of the intrinsic pathway of apoptosis. To
further conrm the apoptotic pathway, the expression of
cleaved poly(ADP-ribose) polymerase (PARP) was checked. PARP
cleavage by endogenous caspases is a very well-known
phenomenon.85–87 PARP-1 cleavage prevents DNA repair to
facilitate apoptosis. A signicant amount of degradation of full-
length PARP-1 (116 kDa) with a concomitant increase of cleaved
PARP-1 (86 kDa) was observed in the immunoblot analysis of
MCF7 cells incubated with 10 mM concentration of 1d (Fig. 9A).

For a nal validation of the overall process, the propidium
iodide (PI) assay was used. The dye binds to the nuclear
Fig. 9 Immunoblot assay for active caspase 9 in MCF7 cells, after 24 h
incubation with 0 mM and 10 mM of 1d (A). Data were quantified with
respect to glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
levels. Live cell images of MCF-7 cells incubated with compound 0 mM
(B) and 10 mM of 1d (C), and the propidium iodide (PI; red) probe.
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constituents of the cell, typically DNA and RNA, however, it is
impermeable to the healthy cells.88 The dye can easily cross the cell
membrane of damaged cells and bind to the nuclear constituents.
So the MCF7 cells were treated with 1d for 24 h and then stained
with PI. The live cell imaging of the cells clearly showed that the PI
uptake is very prominent in the case of treated cells, compared to
control cells (Fig. 9B, C, and S20†). So these data nally validate
that the cells have been damaged by treatment with 1d.

Conclusions

In summary, we have synthesized uorescent 2-hydroxy-N1,N3-
diarylisophthalamides which form efficient ion channels in the
lipid bilayer membranes. The compound with two 3,5-bis(tri-
uoromethyl)phenyl arms was the most active among the entire
series when ion transport activity was measured across large
unilamellar vesicles. The study also conrmed the symport of M+

and Cl�. The channel formation was also validated by planar
bilayer conductance measurement studies, which gave the
channel diameter ¼ 5.06 � 0.16 Å. The permeability ratio, PCl�/
PK+ ¼ 8.29 � 1, indicates higher selectivity for Cl� compared to
K+. We have also constructed an atomistic model of the channel
and performed MD simulations to show various interactions of
the channel molecules with themselves and with the ions. The
simulations show that the pore diameter is maintained at an
average value of 5.3 Å. Also, both cations and ions permeate
together through the channel, keeping a smaller distance till it
reaches the bulk water. Inherent uorescence of the compound
was helpful in the live cell imaging of MCF7 cells, which indi-
cated the presence of the compound in the cell membrane and in
the cytoplasmic content. The channel facilitates the transport of
chloride and cations across the cellular membrane, and the
process resulted in the perturbation of the ionic homeostasis of
cells leading to signicant cell death. The mechanism of cell
death was conrmed by the mitochondrial membrane depolar-
ization and reactive oxygen species generation. These processes
resulted in the cellular apoptosis, which was conrmed by cyto-
chrome c release, activation of the caspase 9 pathway, PARP
cleavage, and staining of nuclear contents by propidium iodide.
To the best of our knowledge, the present study demonstrates the
rst example of an inherently uorescent synthetic channel with
an ambivalent chemical motif for complexation and transport of
both cations and chloride ions simultaneously. Therefore, this
system can be considered as a synthetic congener of naturally
occurring sodium-potassium-chloride co-transporters (NKCCs).
Such design will encourage the future development of synthetic
channels for biomedical applications such as cancer treatment,
channel replacement therapy etc.
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