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Illuminating apoptosis: a visible light-activated
chloride carrier for chloride transport and cell
death†

Manzoor Ahmad, ‡a Naveen J. Roy,a Debashis Mondal,§a

Thangavel Vijayakanth, c Mayurika Lahiri b and Pinaki Talukdar *a

Synthetic chloride carriers are known to induce chloride-mediated apoptosis inside cancer cells. One of the

main disadvantages is the unfavorable cytotoxicity towards healthy cells due to the lack of selectivity. The

use of stimuli, such as light, enzymes, ligands, etc., has enabled the selective activation of these systems in

cancer cells. Light, notably, is a significant stimulus that has been utilized due to its excellent spatiotemporal

control, remote addressability, and low cytotoxicity. However, previously reported photoresponsive systems

require UV radiation for their activation, which has low tissue penetration and can lead to phototoxic cell

damage or death. Herein, we report 3-substituted indole-2-carboxamide ion carriers and their o-nitrobenzyl

(ONB) linked procarriers. The incorporation of the electron-donating substituents to the ONB

photocleavable group leads to a significant red shift in the absorption wavelength, and for the N,N-

dimethyl-based procarrier, the absorbance peak extends up to 500 nm. Eventually, all the synthesized

procarriers were photoactivated inside MCF-7 cancer cells under 400 nm electromagnetic radiation, and the

N,N-dimethyl-based procarrier was also photoactivated at 450 nm. This photoactivation at a higher

wavelength of electromagnetic radiation is highly desirable for its practical biological applications.

Introduction

Cancer is one of the leading causes of death worldwide.
Traditional anticancer drugs used in chemotherapy have multi-
ple adverse effects, including immunosuppression, neutrope-
nic enterocolitis, anemia, infertility, etc.1–3 Furthermore, these
drugs usually target specific enzymes/proteins in the cancer
cells or disturb the fundamental DNA replication processes to

eliminate the malignant cells.4,5 Therefore, the resistance
developed by the cancer cells through the activation of anti-
apoptotic pathways,6 e.g., mutation of the drug-targeting
sites,7,8 overexpression of genes and proteins, etc.,9 is known
to curb their therapeutic effectiveness. Dysregulation of ion
homeostasis, particularly for calcium,10 potassium,11 and
chloride,12,13 is known to be closely related to the onset of
apoptosis. Various natural and artificial chloride carriers are
known to perturb chloride ion homeostasis and lead to apop-
totic cell death of cancer cells. These include prodigiosin,14

tambjamine,15 calix[4]pyrroles,16 urea/thioureas,17,18 bis-
sulfonamides,19 and squaramides,20 among others. Unlike
binding to specific enzymes or proteins, these molecules func-
tion in the lipid membrane and hence, can overcome the
resistance issues related to the mutation and overexpression
of genes and proteins in cancer cells. However, the cytotoxicity
towards normal cells is a limitation to their use in anticancer
therapy. In this regard, many stimulus-responsive ion transport
systems have been reported that can selectively activate inside
the cancer cells without affecting the normal healthy cells. The
stimuli include the use of pH variations,21–25 enzymes,26

ligands/metabolites,27–30 and light31 among others.32–35 How-
ever, very few stimuli-responsive ion transport systems are
known to be selectively activated inside cancer cells.36–41

Light-responsive ion transport systems, in particular, are
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important targets because of their high degree of spatiotem-
poral control, remote addressability, and low cytotoxicity.42

Light-responsive ionophores that have been studied include
the use of either photoswitchable (e.g., azobenzenes, acylhy-
drazones, phenylhydrazones, stilbenes, spiropyrans, etc.)43–54

or photocleavable (e.g., o-nitro aromatics)55 groups. Photocages
like o-nitrobenzyl (ONB) are versatile molecules that offer a way
to generate a covalently linked active substrate with the help of
external electromagnetic radiation,56–58 and they have been
used for either delivery59–63 or activation64–66 of anticancer
drugs inside cancer cells. Recently, our group introduced an
ONB-linked N-aryl-1H-indole-2-carboxamide system 1, which
was the first report of a photoactivable procarrier.67 The pro-
carrier would generate its active anion carrier form 10 in the
presence of external electromagnetic radiation inside the arti-
ficial liposomes and cancer cells (Fig. 1A), leading to recovery of
ion transport ability and exhibiting cancer cell toxicity. The
major limitation of this system was the use of harmful UV light
(l = 365 nm), which can lead to phototoxic cell damage or death
following exposure,68 for procarrier photoactivation. Ultraviolet
light also has very limited cellular penetration, restricting its
photouncaging ability to surface-level cells and/or tissue.68

Thus, a shift to photocleavable groups activable in the visible
region of the electromagnetic spectrum is necessary for the
practical application of this system. Also, studies into the
apoptotic mechanism of the active carrier were not conducted
in the previous study as it was observed to precipitate in cell
culture media, likely due to its less-than-optimum lipophilicity,69

which necessitated an improvement in the design.
In our present design, we improved the lipophilicity of the

active carriers by incorporating different aromatic moieties at
position 3 of the indole ring to generate a set of modified active
carriers 20–50 (Fig. 1A). The improved lipophilicity was expected
to enhance their ion transport property as well as cytotoxicity.
Secondly, in order to improve the photocleavable absorption
wavelength of the procarriers, we modified the ONB photoclea-
vable protecting group with different electron-donating groups
to generate a set of modified procarriers 5a–5e (Fig. 1A). The
incorporation of electron-donating groups to the ONB group is
well known to red-shift its absorption wavelength.70,71 Thus, the
incorporation of electron donating groups like N,N-dimethyl was
expected to enhance the absorption wavelength of the procarrier
and hence can be activated inside the cancer cells at higher
wavelengths of electromagnetic radiation (Fig. 1B).

Results and discussion
Synthesis of active carriers 20–50

The overall synthesis of the designed transporters 20–50 is
shown in Fig. 2A. In order to synthesize the active carriers 20–
50, 3-iodo-2-indole carboxylic acid 3, which itself was synthe-
sized from indole-2-carboxylic acid using the reported literature
protocol,72 was coupled with 4-trifluoromethyl aniline in the
presence of EDC�HCl and HOBt to furnish the amide derivative
4. Compound 4 was then coupled with different aryl boronic

Fig. 1 Schematic representation of the earlier and present design of o-
nitrobenzyl-linked indole-2-carboxamide-based photocleavable ion car-
riers showing chemical structures of procarriers 5a–5e, active carriers 20–
50 and amine-based control compounds 6a and 6c (A). Graphical repre-
sentation of phototriggered release of an active anion carrier 2 0–5 0 from
ONB-protected procarriers 5a–5c to induce chloride-mediated apoptosis
inside the cancer cells (B).
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acids using a Suzuki coupling reaction in the presence of
Pd(PPh3)4 as the catalyst to synthesize the desired active
carriers 20–50 in excellent yields.

The initial evidence of Cl� binding by the receptors 20–50 was
confirmed by performing the 1H NMR titration studies in
acetonitrile-d3. Fresh samples of the receptors 20–50 were prepared
in clean NMR tubes, and 1H NMR for each sample was recorded.
After that, tetrabutylammonium chloride (TBACl) was added to the
samples in increasing equivalents, and the 1H NMR spectrum was
recorded after each addition. A significant downfield shift of
(indole) N–H1, (amide) N–H2 and CAr–H3 protons was observed,
indicating the involvement of these protons in hydrogen bonding
through (indole) N–H1� � �Cl�, (amide) N–H2� � �Cl� and CAr–
H3� � �Cl� non-covalent interactions (Fig. 2C and Fig. S1, S3, S5,
S7, ESI†). Further analysis using the BindFit program73 furnished a
1 : 1 (host : guest) binding stoichiometry with the association con-
stant values (Ka(1:1)/Cl�) of 717� 42 M�1 for 50, 280� 8 M�1 for 20,
292� 14 M�1 for 30, and 172� 10 M�1 for 40, respectively (Fig. 2D,
Fig. S2, S4, S6, S8 and Table 1, ESI†), with the binding affinity
sequence of 50 4 30 4 20 4 40. The single-crystal X-ray diffraction
analysis provided direct evidence of chloride binding to 50 and
revealed the formation of a 50�Cl� complex in 1 : 1 binding mode
(Fig. 2E). The chloride anion interacts with molecule 50 through
indole N–H1, amide N–H2 and CAr–H3 hydrogen bonding interac-
tions with a H1� � �Cl� distance of 2.18 Å, H2� � �Cl� distance of
2.34 Å, and H3� � �Cl� distance of 2.79 Å, respectively.

Ion transport studies

The anion recognition properties of the active compounds 20–50

prompted us to evaluate their ion transport properties across
large unilamellar vesicles (LUVs). In order to do that, vesicles
entrapping 8-hydroxypyrene-1,3,6-trisulfonate (HPTS, pKa = 7.2)
dye were prepared from egg-yolk phosphatidylcholine (EYPC)
lipid to get EYPC-LUVs*HPTS74 (see ESI†). After that, a pH

gradient, DpH = 0.8 (pHin = 7.0 and pHout = 7.8), was created
across the vesicular membrane by adding NaOH into the
extravesicular buffer. The dissipation of pH gradient upon the
addition of compounds 20–50 and the previously reported active
compound 10 was monitored by measuring the fluorescence
intensity of HPTS at lem = 510 nm (lex = 450 nm). Eventually,
the vesicles were lysed by adding Triton X-100 to get the maximum
fluorescence intensity. The comparison of ion transport activity at
a concentration of 0.2 mM provided the activity sequence: 50 4
30 4 20 4 10 4 40, respectively (Fig. 3A). The Hill analysis of the
dose–response plots of the compounds 20, 30, 50 and 10 provided
the EC50 values of 0.132 � 0.015 mM (compound-to-lipid ratio =
0.00194), 0.113 � 0.012 mM (compound-to-lipid ratio = 0.00167),
0.051� 0.008 mM (compound-to-lipid ratio = 0.00075), and 0.184�
0.018 mM (compound-to-lipid ratio = 0.00271), respectively
(Fig. S10–S12, S14 and Table 1, ESI†). The Hill coefficient (n) of
the compounds was B2, which indicates that two receptor mole-
cules are involved in forming the active transport system during
the ion transport process. The Hill analysis could not be evaluated

Fig. 2 Chemical synthesis of carriers 20�50 (A). Chemical structure of the carriers showing binding interactions with the chloride anion (B). The plot of
chemical shifts (d) of the H1 proton vs. concentrations of TBACl added, fitted to a 1 : 1 binding model of BindFit for the active carriers 2 0�50 (C). Binding
constant values of carriers 20�50. (E) X-ray crystallographic structure of 50 with the chloride anion (D).

Table 1 Summary of pKa (indole-N-H1), log P, chloride association con-
stant Ka (M�1) recorded in acetonitrile-d3, EC50 (mM), and Hill coefficient
values of compounds 20–50 and 10

Comp. log Pa pKa
a Ka

b (M�1)/Cl� EC50 (mM) n

167 3.96 11.76 599 � 13 0.184 � 0.018 2.7 � 0.3
20 5.61 15.80 280 � 8 0.132 � 0.015 2.2 � 0.4
30 5.29 11.68 292 � 14 0.113 � 0.012 2.6 � 0.4
40 7.15 11.84 172 � 10 —c —c

50 6.49 11.81 717 � 42 0.051 � 0.008 2.1 � 0.3

a Calculator plugins of the MarvinSketch program were used for
calculating log P and pKa values. b Association constants were obtained
based on the 1 : 1 binding model for N–H protons. c Could not be
determined due to the precipitation of the compound at higher
concentrations.
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for 40 due to its precipitation observed at higher concentrations in
the buffer (Fig. S13, ESI†). The compounds 20, 30, and 50 showed
better ion transport activity than 10, with 50 showing almost 4-fold
enhancement in the ion transport activity compared to 10. The
incorporation of an aromatic moiety to the indole ring increases
the hydrophobicity of the carriers, which in turn increases the
membrane permeability and eventually enhances the ion transport
activity. Among the modified anionophores 20–50, 50 showed better
transport activity, likely due to two CF3 groups, which are known to
increase the membrane permeability and binding affinity of the
ionophores.

Chloride leakage studies

In order to check the transport of Cl� ions, the transport
activity of the highest active compound in the HPTS assay 50

was monitored across EYPC-LUVs*lucigenin.75 Vesicles were
prepared by entrapping the lucigenin dye and NaNO3 salt, and
subsequently, a Cl�/NO3

� gradient was created across the
vesicular membrane by adding NaCl in the extravesicular buffer
solution. The transport of Cl� by 50 ions was measured by
monitoring the fluorescence intensity of intravesicular luci-
genin dye at lem = 535 nm (lex = 455 nm). A significant decrease
in the fluorescence intensity of the lucigenin dye was observed

upon the addition of carrier 50. The dose-dependent chloride
transport activity of 50 is shown in Fig. 3C. The Hill analysis
provided the EC50 value of 0.870 � 0.065 mM and n value of B2,
indicating the involvement of two receptor molecules in cata-
lyzing the ion transport process (Fig. S18, ESI†). Furthermore,
the variation of external cations by using different M+/Cl� salts
(where, M+ = Li+, Na+, K+, Rb+, and Cs+) in the external buffer
did not have any significant effect on the ion transport rate of 50

(Fig. 3D), and hence, once again rules out any active role of
cations in the ion transport process as was observed while
changing the external cations in the above HPTS studies.

Ion selectivity and mechanism of ion transport

Mechanistically, the disruption of the pH gradient across EYPC-
LUVs*HPTS based vesicles can occur through the following
different modes: (a) H+/X� symport, (b) OH�/X� antiport, (c)
H+/M+ antiport, or (d) OH�/M+ symport. In order to get insight
into the possible mechanistic route among the above different
possible ways, the ion transport activity of 50 was monitored
across EYPC-LUVs*HPTS using intracellular NaCl and an iso-
osmolar extravesicular M+/Cl� salt (where M+ = Li+, Na+, K+,
Rb+, and Cs+). Changing the extravesicular cations did not
provide any significant change in the ion transport activity of

Fig. 3 Activity comparison of 20–50 and 10 (0.2 mM each) across EYPC-LUVs*HPTS (A). Anion selectivity of 50 (0.2 mM) by varying external anions across
EYPC-LUVs*HPTS; each bar graph represents mean ion transport activity, calculated from three independent experiments (B). Concentration-
dependent activity of compound 50 across EYPC-LUVs*lucigenin (C). Cation selectivity of 50 (0.7 mM) by varying external anions across EYPC-
LUVs*lucigenin (D). Schematic representation of ISE-based valinomycin and monensin assay (E). Normalized chloride efflux of 50 in the presence and
absence of monensin (F), and the presence and absence of valinomycin (G).
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the 50 (Fig. S16, ESI†) and hence, suggests that H+/M+ antiport
and OH�/M+ symport mechanisms did not operate in the ion
transport process.76 However, changing the extravesicular Na+/
X� salt (X� = Cl�, Br�, I�, SCN�, OAc�, and NO3

�) made a
significant change in the ion transport activity (Fig. 3B), indi-
cating the role of anions in an overall transport process, and
hence indicates that the ion transport process can occur
through either OH�/X� antiport or H+/X� symport mode.

The anion antiport process was confirmed through chloride-
based ion-selective electrode (ISE) studies. Vesicles were pre-
pared by entrapping with KCl (300 mM) and suspended in
potassium gluconate solution (300 mM, Fig. 3E). The Cl� efflux
using a chloride sensitive ion selective electrode (ISE) was
monitored in the presence and absence of valinomycin (a
highly selective K+ carrier) and monensin (an H+/K+ antiporter).
No noticeable change was observed in the Cl� efflux by 50 in the
presence of monensin (Fig. 3F), but, on the other hand, a
significant increase in the Cl� efflux by 50 was observed in
the presence of valinomycin (Fig. 3G). The synergistic coopera-
tive effect of the valinomycin with the anionophore 50 indicates
the occurrence of an electrogenic mode of ion transport and,
thus, validates the operation of an anion antiport mechanism
for the ion transport process.77–79

Additionally, the evidence of the carrier mode of ion
transport by 50 was obtained by performing the classic U-tube
experiment.17,80–82 Significant chloride transport was observed

from one of the arms of the U-tube (source arm, containing
500 mM NaCl) to the other arm (receiver arm, containing
500 mM NaNO3) using a chloride ion selective electrode
(Fig. S23, ESI†).

Synthesis of caged procarriers 5a–5e

Compound 50, with the optimum anion binding and transport
capabilities, was selected for caging with different ONB-based
cages. In order to synthesize the ONB-protected compounds 5a–
5e based on the free compound 50, initially, the ONB-based amine
compounds 6a–6e were synthesized by coupling 4-trifluoromethyl
aniline 60 with different nitrobenzaldehyde compounds 10a–10e.
This reaction was done in two steps: (i) coupling of nitrobenzalde-
hyde derivatives 10a–10e with 4-trifluoromethylaniline 60 in
dichloromethane under reflux conditions in the presence of
pyrrolidine as a catalyst and 3–4 Å molecular sieves to give the
imine intermediates; (ii) in situ reduction of imine compounds
using sodium borohydride in methanol to furnish the desired
amines 6a–6e. Meanwhile, 3-iodo-2-indolecarboxylate 13 was
coupled with 4-trifluoromethylphenyl boronic acid following a
Suzuki coupling condition in the presence of Pd(PPh3)4 as the
catalyst to obtain methyl 3-(4-(trifluoromethyl)phenyl)-1H-indole-2-
carboxylate 14. This ester-based compound 14 was subsequently
hydrolyzed using aqueous sodium hydroxide in a 1 : 1 mixture of
methanol and tetrahydrofuran for 24 h at r.t. to get the acid
derivative 15. Finally, acid 15 was coupled with different amines

Fig. 4 Chemical synthesis of caged procarriers 5a–5d.
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6a–6e in dichloromethane under reflux conditions using triethy-
lamine as the base to furnish the desired ONB-protected com-
pounds 5a–5e in 71–88% yield (Fig. 4). Crystal structures of 5a, 5c
and 5d were determined through single crystal X-ray diffraction
(Fig. 5 and Fig. S44–S46, ESI†).

Photoresponsive studies

Initially, the UV-vis absorption studies of the ONB-protected
compounds 5a–5e were performed in acetonitrile. The UV-vis
absorption spectra of the compounds are shown in Fig. 6A. The
absorption spectra of 5a, 5b, 5d, and 5e displayed lmax centered
around 310 nm with the absorbance peaks of 5a, 5b, and 5e
extending up to the wavelength of 385 nm, whereas 5d up to
408 nm. On the other hand, the absorption spectra of 5c
displayed lmax at 410 nm, and the absorbance peak extended
up to 500 nm. Moreover, the UV-vis absorption spectrum of 5c
does not change much upon changing the pH from 6–8 (Fig. S24,
ESI†). The wavelength of the external source required to photo-
lyze these compounds was determined based on these spectra,
and compound 5c was expected to photolyze at a longer wave-
length compared to the other derivatives. Thus, the photoclea-
vage studies for all the protected compounds 5a–5e were
performed at 400 nm using LEDs as the external source of light,
and studies for 5c were also performed at 450 nm. All these
studies were conducted using 1H NMR, where the 1H NMR
spectra of solutions of 5a–5e DMSO-d6 were recorded following
photoirradiation under 400 nm (using a 12 W LED) at different
time intervals. Comparison of the procarrier spectra before and
after photoirradiation with the non-protected carrier 50 indicated
efficient photocleavage properties, generating the active com-
pound 50 and the corresponding o-nitrosobenzaldehyde bypro-
duct (Fig. S25–S29, ESI†). The NMR-based photoirradiation study
of 5c at 450 nm was also performed and efficient photolysis was
confirmed (Fig. 6B). The photocleavage study of 5c under 450 nm
light was also performed using HRMS. A solution of 5c (10 mM)
in methanol : acetonitrile : water (2 : 2 : 1) mixture was photoirra-
diated at 450 nm for 2 h (3� 1 W LEDs). The mass spectroscopic
data provided peaks at m/z = 449.1090 and 179.0821, corres-
ponding to 50 and 4-dimethylamino-2-nitrosobenzaldehyde 5c00

byproduct in the solution (Fig. S32, ESI†).

Phototriggered ion transport studies

After successful photolytic studies of 5a–5e, the compounds
were subjected to phototriggered ion transport studies across

EYPC-LUVs*HPTS.83 Vesicles containing 5a–5e (0.2 mM) were
photoirradiated at 400 nm and 450 nm for different time
intervals, and the ion transport activity was monitored at each
time point. The transport activities were compared by setting
the ion transport activity of the blank sample as 0, and that of
active compound 50 as 100%. The non-photoirradiated samples
of 5a–5e did not show any activity at the concentrations
studied. Efficient photoactivation was achieved upon photoir-
radiation at 400 nm for all procarriers (Fig. S34A–S38A, ESI†).
They exhibited no activity on irradiation at 450 nm while
significant activation was achieved for procarrier 5c on irradia-
tion under 450 nm (Fig. 6D) while procarriers 5a, 5b, 5c, and 5d
were inactive (Fig. S34B–S38B, ESI†) following 450 nm irradia-
tion. Moreover, photoirradiation of EYPC-LUVs*HPTS treated
with 1% DMSO for five minutes did not yield any change in
fluorescence readout following the base pulse, indicating that
the photoirradiation does not disrupt the integrity of the
vesicles. The increment in the activity of 5a–5e upon photo-
irradiation at different wavelengths indicates the photocleavage
of procarriers inside the lipid vesicles generating the active
compound 50, which drives the ion transport across the lipid
bilayer membrane.

Geometry optimization and binding energy calculation

To obtain the possible geometry of the [(50)2 + Cl�] complex,
which was chosen based on the experimentally determined Hill
coefficient value of n B 2 and Cl� selectivity, density functional
theory (DFT) calculation studies were performed. The initial
coordinates for the calculations were obtained by using the
CONFLEX 8 software program,84,85 which gave several confor-
mational structures with similar populations (Fig. S48, ESI†).
Subsequently, the structure with the highest Boltzmann popu-
lation was taken for further geometry optimization by the
Gaussian 09 program86 using the B3LYP functional and
6-31G(d,p) basis set.87 The geometry optimized structure of
the [(50)2 + Cl�] complex showed that the two receptor mole-
cules involved in the binding of a Cl� are oriented orthogonally
to each other for proper binding of the chloride ion (Fig. 6E).
The structure confirmed that each receptor participates in
chloride recognition through indole-N–H1� � �Cl� (H1� � �Cl� =
2.42 Å), amide-N–H2� � �Cl� (H2� � �Cl� = 2.42 Å) and CAr–H3� � �Cl�

(H3� � �Cl� = 2.80 Å), hydrogen bonding interactions. Further-
more, the binding energy of �47.89 kcal mol�1 was calculated
for the [(50)2 + Cl�] complex (see ESI†).

Ion carrier activity in the cancer cell line

The most efficient ion carrier 50 was chosen for testing in the
MCF-7 human breast cancer cell line. MCF-7 cells grown in
DMEM were treated with 50 in a dose range of 0–20 mM for 24 h,
following which the cell viability was assessed using MTT dye,
which yielded an IC50 value of 6.02 mM (Fig. S39, ESI†). The cell
death observed upon treatment with the carrier resulted from
the ion transport induced disruption of the chloride ion
gradient across the cell membrane, which in turn triggers the
cellular apoptotic pathway. Verification of this chloride ion
transport by 50 was conducted through the MQAE assay.16,88

Fig. 5 X-ray crystal structures of caged procarriers 5a (A) and 5c (B),
respectively.
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N-(Ethoxycarbonylmethyl)-6-methoxyquinolinium bromide
(MQAE) is a cell permeable fluorescent dye that undergoes

collisional quenching in the presence of a chloride ion.89,90

Carrier 50 at 5, 10, and 25 mM concentrations was added to

Fig. 6 UV-visible absorption spectrum of o-NB protected procarrier compounds 5a–5e (A). Phototriggered release of an active carrier 50 from ONB-protected
procarrier 5c monitored by 1H NMR studies recorded in DMSO-d6 photoirradiated using 450 nm LEDs at different intervals of time (B). Normalized ion transport
activity data of 5c upon photoirradiation at 400 nm (C), and 450 nm (D), respectively. The geometry-optimized structure of the [(50)2 + Cl�] complex (E).

Fig. 7 Time dependent change in fluorescence signal intensity in MQAE pretreated MCF-7 cells following addition of carrier 50 (0–25 mM) (A). An increased
rate of fluorescence quenching was observed with an increasing dosage of 50, indicating a higher rate of chloride influx in the cells. Immunoblot analysis of
PARP1 cleavage in MCF-7 cells treated with 50 (B). Protein expression level was quantified with respect to GAPDH. The plot of cleaved PARP1 level indicates the
fold change in expression relative to the DMSO-treated control (Y-axis). Cell viability observed in MCF-7 cells on treatment with procarriers 5a–5e (10 mM) for
24 h both in the absence of light (black) and upon photoirradiation at 400 nm (20 min, violet) and 450 nm (2 h, blue) using LEDs (C).
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MCF-7 cells pretreated with MQAE and the fluorescence inten-
sity (lex = 350 nm, lem = 460 nm) was monitored over time. An
increased rate of fluorescence quenching with time was
observed with an increasing dosage of 50 (Fig. 7A), confirming
carrier-facilitated influx of Cl� into the cell. During the apop-
totic process, the poly(ADP-ribose) polymerase-1 (PARP1) DNA
repair protein gets cleaved by exogenous caspases to prevent
futile DNA repair.91–94 Thus, induction of apoptotic cell death
by the carrier was verified by probing for PARP1 cleavage.
Expression of cleaved PARP1 was observed on immunoblot
analysis of cells treated with 5 mM of carrier 50 (Fig. 7B),
confirming apoptosis induction. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as the loading control for
quantification of expression levels of PARP1 (Fig. 7B).

Phototriggered anticancer activity

Assessment of cytotoxicity of the procarriers was conducted in
MCF-7 cells at 10 mM concentration. Prior to photoactivation,
compounds 5b–5e exhibited negligible cytotoxicity, while 5a
exhibited moderate toxicity at the tested concentrations. Pro-
carrier activation in MCF-7 cultures was assessed under light of
400 nm (violet) and 450 nm (blue) wavelengths. Cultures
treated with 5a–5e on irradiation under 400 nm light for
20 min exhibited significant cell death (Fig. 7C), indicating
successful photoactivation of all procarrier systems and the
subsequent disruption of cellular chloride homeostasis by the
released active carrier 50. For cultures irradiated under 450 nm
light (2 h), toxicity was observed only in cells treated with 5c
(Fig. 7C). This was in line with our previous observations where
only 5c, which had an absorption peak in the blue region, was
capable of ion transport on activation under 450 nm light. The
other procarriers 5a, 5b, 5d, and 5e do not undergo substantial
photocleavage at this wavelength and thus do not show a
significant increase in cytotoxicity. Compounds 6a–6e were used
as photocleavage controls that would release the o-nitrosoaldehyde
byproducts on photocleavage along with the non-toxic 4-trifluoro-
methylaniline on photoactivation (photouncaging of 6a with
400 nm and 6c with 450 nm is shown in Fig. S30 and S31, ESI†).
All controls exhibited negligible toxicity on activation under
400 nm light (for 20 min), indicating that the byproducts do not
contribute to cell death on procarrier photoactivation (Fig. S40,
ESI†). Control 6c also exhibited negligible cytotoxicity on irradia-
tion under 450 nm light for 2 h (Fig. S41, ESI†).

Conclusions

In conclusion, we have successfully modified the previously
studied indole-2-carboxamide ion carrier 10 by incorporating
different aromatic moieties to generate the new set of ion
carriers 20–50 with efficient ion transport activities. The highest
active compound 50 showed an almost four-fold increment in
the transport activity as compared to the previously studied 10.
The chloride binding studies were confirmed by 1H NMR
titration studies, and the direct proof of chloride binding of
50 was obtained by solid-state X-ray crystallographic studies.

The highest active compound 50, furnished the EC50 value of
0.05 mM with a Hill coefficient n value of B2, indicating the
involvement of two receptors in the formation of an active ion
transport system to drive the ion transport across the
membrane. Detailed mechanistic studies of ion transport con-
firmed the operation of an anion antiport mechanism. The
actively transported 50 showed efficient cytotoxicity inside the
MCF-7 breast cancer cells, which was shown to be the result of
carrier-induced chloride influx that triggered apoptosis. Even-
tually, all the synthesized procarriers were photoactivated
inside the MCF-7 cancer cells at 400 nm of electromagnetic
radiation, and the corresponding N,N-dimethyl-based procar-
rier was photoactivated at 450 nm. This photoactivation at the
higher wavelengths of the electromagnetic spectrum is highly
desirable for its practical biological applications.

Author contributions

M. A. and P. T. conceived the project. M. A., P. T. and M. L.
directed the research plans. M. A. synthesized and character-
ized the compounds, and performed the ion transport studies
and photoactivation studies. N. J. R. performed the biological
studies. D. M. performed the computational studies. T. V.
performed the X-ray crystallographic analysis of the com-
pounds. M. A. and N. J. R. wrote the paper. P. T. and M. L.
reviewed the paper. All authors have approved the final version
of the manuscript.

Data availability

The data supporting this article have been included as part of
the ESI.† Crystallographic data have been deposited at the
Cambridge Crystallographic Data Centre (CCDC) with IDs
2127603 for 50, 2127604 for 50�Cl�, 2155430 for 5a, 2127605
for 5c, 2127606 for 5d, and 2127607 for 6e, and can be obtained
from https://www.ccdc.cam.ac.uk/structures/.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the Science and Engineering
Research Board, Government of India (grant no. CRG/2022/
001640) and Indian Institute of Science Education and
Research Pune. MA and DM thank UGC, Govt. of India, for
the research fellowships. NJR thanks CSIR, Government of
India, for the research fellowship. We thank Prof. Lalu V.
(College of Engineering Trivandrum) and Dr Abhijith K. (IISER
Pune) for their valuable inputs and discussions.

Notes and references

1 M. L. Davila, Curr. Opin. Gastroen., 2006, 22, 44–47.

Paper Journal of Materials Chemistry B

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
E

ph
re

li 
20

25
. D

ow
nl

oa
de

d 
on

 1
0/

17
/2

02
5 

2:
11

:4
7 

PM
. 

 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

https://www.ccdc.cam.ac.uk/structures/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb02436b


This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. B, 2025, 13, 5957–5966 |  5965

2 D. J. Franklin and L. Packel, Arch. Phys. Med. Rehabil., 2006,
87, 91–93.

3 M. Brydøy, S. D. Fosså, O. Dahl and T. Bjøro, Acta Oncol.,
2007, 46, 480–489.

4 M. Ogawa, Nihon Rinsho, 1997, 55, 1017–1023.
5 M. Montaño-Samaniego, D. M. Bravo-Estupiñan,
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