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Phototriggered release of transmembrane chloride carrier from 

an o-nitrobenzyl-linked procarrier 

Swati Bansi Salunke,[a] Javid Ahmad Malla,[a] and Pinaki Talukdar*[a] 

 

Abstract: While there have been tremendous studies about 

synthetic chloride carriers and their recent application in the 

apoptotic cell death, so far the proposed huge potential of these 

systems in targeting cancer has not been materialized due to their 

cytotoxicity to healthy cells as well. Herein, we describe the 

development of an indole-2-carboxamide receptor as an efficient 

membrane chloride carrier while the corresponding o-nitrobenzyl-

linked derivative is a procarrier of the ion. Photoirradiation of the 

procarrier in liposomes results in the release of the active carrier 

displaying up to 90% transport efficiency. Such photorelease of the 

carrier also works within cancer cells resulting in efficient cell death. 

All in all, such photocleavable procarriers have great potential as a 

photodynamic therapy to combat various types of cancers. 

In classical anticancer chemotherapy, the drugs target specific 

genes or proteins/enzymes found in cancer cells to trigger 

apoptosis induction and related cell death networks to eliminate 

malignant cells.[1] However, the activation of different anti-

apoptotic pathways,[2] mutations in the drug targets that prevent 

the binding of the drug,[3] and over-expression of proteins that 

compensate for the loss of the drug target[4] are known to cause 

tumor survival, therapeutic resistance, and recurrence of cancer. 

The cellular apoptosis is also linked to the homeostasis of 

several ions e.g., sodium, potassium, calcium, and chloride.[5] In 

literature, several biomimetic synthetic systems have been 

reported for transporting ions across the lipid membrane.[6] 

Recently, natural and synthetic chloride transporters, e.g., 

prodigiosin,[7] tambjamine,[8] ureas/thioureas,[9] 

calix[4]pyrroles,[10] squaramides,[11] and bis-sulfonamides[12] 

causing apoptosis-mediated cancer cell death were also 

reported. These molecules function in the lipid membrane, unlike 

binding to any specific genes or proteins/enzymes, and perturb 

the intracellular chloride ion concentration to kill the cells. 

Therefore, in principle, synthetic chloride transporters can 

overcome the resistance related to the mutations and over-

expression of genes and proteins. However, chloride transport-

mediated death was also observed for normal cells as an 

undesired consequence. This toxicity is considered as a 

limitation for applying ion transporters in anticancer therapy. 

Therefore, there is a need to develop stimuli-responsive systems, 

which can be applied selectively for cancer cells. In this line, pH 

was used primarily to activate the ion transports in specific pH-

ranges.[13] Recently, enzymes (esterase and glycosylase) were 

used for releasing active ion carrier from a procarrier (i.e. the 

inactive form of the carrier molecule).[14] Photoisomerization of 

molecules, on the other hand, was used to activate or deactivate 

channel/carrier mediated ion transport.[15]  

Herein, we have introduced the “photocleavable prodrug” 

concept in the domain of artificial ion transporters and developed 

a procarrier that endows photo-controlled release of an active 

carrier to induce chloride mediated cell death. Photocleavable 

protecting groups are well-known in organic synthesis for 

several decades,[16] and recently have had a rejuvenation in 

recent years due to their extensive application in biology.[17] For 

example, phototriggered removal of the o-nitrobenzyl (ONB) 

group[18] was successfully applied for either delivery[19] or 

activation[20] of anticancer drugs. Mo et. al. have illustrated the 

photoactivation of an anticancer prodrug to release the 5-

fluorouracil (an anticancer drug to treat solid cancers, such as 

colon, breast, rectal, and pancreatic cancers), and induce 

cellular apoptosis.[20d] Photocleavable prodrugs have already 

shown promises in the photodynamic anticancer therapy. Such 

remarkable literature support provoked us designing an ONB-

linked N-aryl-1H-indole-2-carboxamide procarrier (Figure 1A). 

In this design, the N-phenyl-1H-indole-2-carboxamides 1a-

1d were selected as carrier molecules (Figure 1B). The para-

substituent of the phenyl ring was changed among R = –CH3, –

C(CH3)3, –Br and –CF3 to vary the acidity of N–Hb proton (Table 

S1). Theoretical estimation based on the calculator plugins of 

MarvinSketch program[21] gave pKa = 14.31, 14.23, 13.89 and 

13.86 for the N–Hb protons of 1a-1d, respectively, suggesting 

the higher acidity of the proton when a stronger electron 

withdrawing R group was used. The R groups also influenced 

the acidity of N-Ha protons in the same way (i.e., pKa = 11.85, 

11.85, 11.77 and 11.76 for 1a-1d, respectively). The program 

 

Figure 1. Phototriggered release of an anion carrier from corresponding ONB 

protected procarrier (A). Structures of carriers 1a-1d and a procarrier 2 (B). 
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was further useful in predicting the membrane permeability of 

these molecules, logP = 3.60, 4.63, 3.85 and 3.96 for 1a-1d, 

respectively. Molecule 2 was designed as the procarrier form of 

1d. Relatively higher pKa = 11.85 for N–Ha proton and the 

absence of the N-Hb proton were considered as crucial 

limitations of 2 to be an anion transporter although, its 

amphiphilicity (i.e., logP = 5.49) was ideal for the membrane 

permeation. Compounds 1a-1d were synthesized by the 

coupling of indole-2-carboxylic acid 3 with para-substituted 

aniline derivatives 4a-4d in the presence of EDC·HCl and HOBt 

(Scheme S1). Prior to the synthesis of 2, compound 5 was 

prepared by the reductive amination of o-nitrobenzaldehyde and 

4d (Scheme S2). Subsequently, compound 3 was treated with 

SOCl2 followed by the reaction with 5 in the presence of DMAP 

to get 2 in 92% yield (Scheme S3). 

At first, the Cl ion binding properties of 1a-1d were verified 

by 1H NMR titration experiments in CD3CN. Upon addition of 

tetrabutylammonium chloride (TBACl) to 1a-1d (5 mM), 

downfield shifts of Ha, Hb, and Hc protons were observed 

indicating the interactions of these protons with the Cl ion 

(Figure S1–S4). The Job’s plot analysis based on the change in 

N-Ha proton chemical shift of 1a-1d confirmed the 1:1 

complexation of the receptor and Cl (Figure S7). The binding 

constant, Ka = 599.43 ± 12.57 M1 was also calculated for 1d 

using Bindfit program (Figure S4).[22] Cl ion binding constants 

for 1a (Ka = 281.76 ± 3.47 M1), 1b (Ka = 505.73 ± 15.1 M1), and 

1c (Ka = 656.14 ± 9.20 M1) were relatively poor (Figure S1–S3). 

The 1H NMR titration of 1d with Br showed 1:1 and 1:2 binding 

stoichiometries with Ka(1:1) = 103.31 ± 2.45 M1 and Ka(1:2) = 9.83 

± 1.04 M1, respectively (Figure S5). The binding constant of 1d 

with I could not be calculated precisely due to the insufficient 

shifts of the Ha, Hb, and Hc protons (Figure S6).  

The ion transport properties of compounds 1a-1d and 2 were 

examined across large unilamellar vesicles (LUVs), which were 

prepared from egg-yolk phosphatidylcholine (EYPC) lipids by 

entrapping 8-hydroxypyrene-1,3,6-trisulfonate (HPTS, 1 mM) 

dye in the buffer containing 1 mM HPTS, 10 mM HEPES and 

100 mM NaCl (see ESI).[12] The collapse of the applied pH 

gradient (pHin = 7.0 and, pHout = 7.8) upon addition of each 

compound was monitored by measuring the change in HPTS 

fluorescence at em = 510 nm (ex = 450 nm) with time. The 

comparative ion transport activity of 1a-1d at concentration c = 

400 nM provided ion transport activity sequence: 1d >> 1c > 1b 

~ 1a which suggests the roles of N-H proton acidity as well as 

logP values in the transport activity (Figure 2A). Compound 2 

was inactive at this concentration, suggesting that it is a 

procarrier of ion as its ONB group acts as a barrier for efficient 

ion binding. The concentration profile of 1d provided the 

effective concentration at 50% activity, EC50 = 0.219 µM (i.e., 

compound/lipid ratio = 0.327 mol%). The Hill coefficient, n = 1.88 

indicates the involvement of two molecules of 1d in the active 

transporter formation (Figure S9). For 1c, the EC50 and n values 

were 0.768 µM and 2.72, respectively (Figure S10). EC50 and n 

values of 1a and 1b could not be determined due to the 

precipitation of these compounds at high concentrations. 

The most active N-aryl-1H-indole-2-carboxamide 1d was 

then studied for its ion selectivity across EYPC‒LUVsHPTS. 

Variation of external cations (i.e., M+ = Li, Na, K, Rb, and 

Cs) in the aforementioned LUVs did not provide any noticeable 

difference in the ion transport rate indicating no role of alkali 

metal cations in the transport process (Figure S12). However, 

the change of external anions (i.e., X = F
, Cl, Br, OAc, and 

NO3
) in the EYPC‒LUVsHPTS provided a significant variation 

of ion transport activity (Figure 2B). To determine the operative 

ion transport mechanism, transport activity of 1d was monitored 

in the presence of either carbonyl cyanide-4-(trifluoromethoxy) 

phenylhydrazone (FCCP, a proton transporter)[23] or valinomycin 

(a K+ ion selective carrier).[24] Under the applied pH gradient 

conditions (pHin = 7.0 and pHout = 7.8), 1d (280 nM) displayed 

significantly enhanced transport activity in the presence of FCCP 

(937.5 nM) compared to that observed in the absence of FCCP 

(Figure S13). On the other hand, the transporting activity data of 

1d (340 nM) in the absence and presence of valinomycin (15 

pM) were comparable (Figure S14). The FCCP and valinomycin 

coupled ion transport data corroborates to the OH/Cl antiport 

as the main transport mechanism.[25] 

Subsequently, the Cl transport activity of 1d and procarrier 

2 across EYPCLUVslucigenin were monitored at em = 535 

nm (ex = 455 nm) by applying a gradient of intravesicular NO3
 

and extravesicular Cl.[12] At comparable conditions, the 

compound 1d showed significant Cl influx activity while 

compound 2 was inactive (Figure 2C). The concentration-

dependent Cl influx study of 1d across EYPCLUVslucigenin 

provided EC50 = 1.251 µM and n = 2.047 (Figure S16). The Hill 

 

Figure 2. Comparison of ion transport activities of 1a-1d and 2 (400 nM each) 

across EYPCLUVsHPTS (A). Anion selectivity of 1d (340 nM) measured by 

varying the external anions of EYPCLUVsHPTS (B). Comparison of Cl− 

influx activity of 1d and 2 (2 µM each) across EYPCLUVslucigenin (C). 

Comparison of Cl− influx activity of 1d (1.25 µM) in the absence and in the 

presence of valinomycin (1.25 µM) (D). 
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coefficient value further confirmed the involvement of two 

molecules of 1d in the active transporter formation. The Cl 

influx activity of 1d in the absence and presence of valinomycin 

were comparable, which further confirmed the antiport of anions 

as the main transport mechanism. (Figure 2D). The variation of 

extravesicular cation salts MCl (M = Li, Na, K, Rb, Cs) did 

not show any change in transport activity further confirmed the 

anion antiport mechanism (Figure S17). 

Based on the experimentally determined Hill coefficient 

value of ~ 2, the geometry-optimized structure of the [(1d)2+Cl−] 

complex was obtained first by generating the most probable 

conformation by using CONFLEX 8 program (Figure S23),[26] 

and subsequently optimizing the generated conformation by 

Gaussian 09 program[27] using B3LYP functional and 6-

311G(d,p) basis set.[28] The geometry optimized structure of 

[(1d)2+Cl−] complex indicated that two receptor molecules are 

orthogonally oriented around the central Cl− ion (Figure S24A). 

The structure confirmed that each receptor participates in the 

anion recognition by Nindole−Ha···Cl− (Nindole···Cl− = 3.22 Å) as 

well as Namide−Hb···Cl− (Namide···Cl− = 3.38 Å) interactions (Figure 

S24B). In addition to these, the Cortho···Cl− distance = 3.75 Å and 

Cortho−Hc···Cl− bond angle ≈ 144.8o confirmed the presence of 

Cortho−Hc···Cl− interaction between a receptor and the ion. 

The assessment of the photolytic conversion of procarrier 2 

to the active transporter 1d was confirmed by 1H NMR. The 

solution of procarrier 2 in DMSO-d6 (5 mg in 0.5 mL) was 

irradiated by 365 nm wavelength LED lamps with 5 min interval 

of time for 45 min. The Haꞌ signal of 2 at δ 11.78 disappeared 

upon photoirradiation with the appearance of a new signal at δ 

11.81 that corresponds to the indole Ha, indicating the release of 

1d (Figure 3A). Similarly, the appearance of amide Hb signal at δ 

10.52 ppm confirmed the cleavage of the ONB moiety from the 

indole-2-carboxamide. The disappearance of the Hcꞌ signal at δ 

5.45 ppm and the appearance of the new Hc signal at δ 11.66 

ppm confirmed the formation of o-nitrosobenzaldehyde 8 as the 

photocleavage product.[18c] 

The successful release of the indole carboxamide 1d upon 

photoirradiation of corresponding ONB protected derivative 2 

prompted us studying the photoactivated membrane ion 

transport by 2. For this purpose, the ion transport activities were 

monitored across EYPCLUVsHPTS under the pH gradient 

conditions (pHin = 7.0 and pHout = 7.8) after photoirradiating the 

samples of 2 (380 nM) for varied duration (i.e., irradiation time, tR 

= 0, 1, 2, 3 and 5 min) in the presence of the LUVs (Figure 

S18A). During the ion transport experiments, the activities of 

these samples (i.e., relative fluorescence intensity) at 190 s after 

NaOH addition were compared by setting the HPTS 

fluorescence of blank sample to 0 and that of 1d (380 nM) to 

100. The nonirradiated sample of as-synthesized 2 was inactive 

(FR = 1.7) as expected (Figure 3B). Upon irradiating 2 for tR = 

1min, the percent transport efficiency, FR = 42.3 was recorded. It 

is interesting to note that up to 90.5% transport efficiency was 

achieved by irradiating the sample of 2 for just 3 min. A sample 

of 1% DMSO, when photoirradiated for 5 min under comparable 

conditions, gave only FR = 0.1, which confirms that DMSO does 

not destroys the integrity of the lipid bilayer membrane. 

Finally, the procarrier 2 and Cl− carrier 1d were evaluated for 

their cytotoxic effects in MCF 7 cell line. When the cells were 

incubated with the compound 2 for 24 h, no significant 

cytotoxicity was observed (Figure 3C). Surprisingly, compound 

1d also showed poor cytotoxicity. Interestingly, when the cells in 

the culture were analyzed under fluorescence microscope, 

significant precipitation of 1d (10 µM) was observed in the 

extracellular media (Figure S22). Such precipitation was not 

observed for the compound 2. Therefore, the poor cytotoxicity of 

1d was attributed to the low cell permeability of the 

compound.[29] To check whether the procarrier can be subjected 

to photorelease within cells, the cells were incubated with 

compound 2 for 4 h and then irradiated with 365 nm light for 5 

minutes. The cells were then kept in the incubator for 20 more h 

and monitored by standard MTT assay. The photoirradiated cells, 

incubated with compound 2, showed pronounced cell death. 

However, photoirradiated control cells were completely viable 

(Figure 3C). The viability of the MCF 7 cells in the presence of in 

situ generated by-product (o-nitrosobenzaldehyde 8) was 

evaluated independently and the compound showed negligible 

cytotoxicity compared to the photoreleased carrier 1d (Figure 

S21). This data successfully established our proposition of 

inducing cell death by photoactivating Cl− transport in cancer 

cells. 

 

Figure 3. Phototriggered release of indole carboxamide 1d from procarrier 2 

monitored by 1H NMR in DMSO-d6 recorded at intervals of 5 min (A). Percent 

transport efficiencies of photoirradiated the samples measured relative to the 

activity of 1d (B). Cell viability obtained from MTT assay upon addition 1d and 

2 for 24 h in MCF 7 cells. Mean cell viability was represented from three 

independent experiments (C). 
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In conclusion, we developed an o-nitrobenzyl (ONB) protected 

N-aryl-1H-indole-2-carboxamide procarrier that features efficient 

activation of membrane transport by cleaving its photolabile 

protecting group. The ONB protected procarrier with p-CF3-

phenyl as the aryl group was inactive while the free carboxamide 

was an efficient carrier of ion giving EC50 = 0.219 µM and Hill 

coefficient, n = 1.88 when studied using EYPC‒LUVsHPTS. 

The carrier also exhibited Cl−/anion antiport across lipid bilayer 

membranes. The geometry optimized structure of the 2:1 carrier-

Cl− complex showed multivalent hydrogen bond interactions 

involved in the recognition of the anion. The mechanism of ONB 

photo-cleavage was also confirmed by the 1H NMR study. The 

photocleavage of the ONB group facilitated up to 90.5% 

transport efficiency within 3 minutes of radiation. The 

photorelease of carrier 1d from procarrier 2 within cancer cells 

and the resulting cell death were also confirmed by MTT assay. 

This rewarding outcome, based on our simple and innovative 

concept, can be extended in photodynamic therapy for surface 

cancer treatment and can also be adapted for deep-seated 

cancer therapy employing endoscopes or optical fibers. 
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