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** AIE=aggregation-induced emission  

Abstract: Endoplasmic reticulum (ER) has emerged as one of the 

interesting sub-cellular organelles due to its role in myriads of 

biological phenomena. Subsequently, visualization of the structure-

function and dynamics of ER remained a major challenge to 

understand its involvement in different diseased states including 

cancer. To illuminate the ER, herein we have designed and 

synthesized γ-resorcyclic acid-based small molecules which showed 

remarkable aggregation induced emission (AIE) property in water. 

This AIE property was originated from the dual intramolecular H-

bonding leading to the self-assembled 2D aggregation confirmed by 

the pH and temperature dependent fluorescence quenching studies 

as well as scanning electron microscopy. These small molecules 

illuminated the sub-cellular ER in HeLa cervical cancer cells as well 

as non-cancerous RPE-1 human retinal epithelial cells within 1h. 

These novel small molecules have the potential to light up ER 

chemical biology in diseased states.   

Introduction 

Endoplasmic reticulum (ER), the largest membrane bound sub-

cellular organelle acts as the protein and lipid synthesis hub.[1-4] 

ER also regulates protein processing through post-translational 

modifications, which if disrupted, leads to the stress accumulation 

(ER stress) inside the cells.[5-7] This ER stress is highly 

instrumental in several disease states including cancer.[8-12] As a 

result, visualization of the structure, functions and dynamics of ER 

is of utmost importance to understand its role in cancer 

development and progression.[13,14] 

Consequently, fluorescent dyes are developed with variable 

organelle selectivity, tedious synthetic steps and cumbersome 

purification protocols.[15-17] Moreover, these fluorescent probes 

suffer photobleaching, aggregation caused quenching (ACQ) and 

moderate to high toxicity at staining concentration.[18-20] To 

overcome these challenges, aggregation-induced emission 

probes (AIEgens) have emerged as novel tools for biomedical 

imaging.[21-24] Till date, tetraphenylethylene (TPE) and 

hexaphenylsilol (HPS)-based AIEgens have been used 

extensively for bioimaging, despite their hydrophobic nature, 

cumbersome synthesis and purification.[25-27] In spite of having 

tremendous potential to light-up cell membrane and sub-cellular 

organelles,[28-32] development of novel biocompatible small  

Figure 1. (a) Design of ER targeting AIE molecules. (b, c) 

Synthetic schemes of γ-resorcyclic acid based AIEgens (d) 

Images of AIE property of Tos-AIE-ER and 4F-AIE-ER in 

methanol and water under UV light.  
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molecule AIEgens for selective illumination of ER remained 

elusive and limited.[33-35] 

To address this, herein, we rationally designed and synthesized 

γ-resorcyclic acid-based small molecules through easy and 

concise strategy having p-toluene sulfonic acid and 

pentafluorobenzoic acid moieties for ER localization (Figure 1a). 

These small molecules demonstrated remarkable aggregation-

induced emission (AIE) properties in water through dual-

intramolecular H-bonding to restrict intramolecular motion (RIM) 

in aggregated state. The AIE property was confirmed by 

disruption of dual H-bonding in pH and temperature dependent 

studies leading to quenching of the fluorescence emission. These 

small molecules illuminated the sub-cellular ER in HeLa cervical 

cancer cells as well as non-cancerous human retinal epithelial 

cells (RPE-1) observed by fluorescence microscopy. These novel 

small molecules have the potential to light up ER chemical biology 

in different diseases states. 

Results and Discussion 

For the successful development of ER targeting AIEgens, the 

molecules must possess an AIE active moiety tagged with ER 

localizing moiety. To address this, we have chosen γ-resorcyclic  

acid as the AIE active moiety [36] linked with p-

Toluenesulfonamide [37-39] and pentafluorobenzoic acid [40, 41] as  

ER localizing moiety (Figure 1a). The synthetic scheme of γ-

resorcyclic acid-based ER targeting AIEgens (7 and 11) is 

outlined in Figure 1b and 1c. In short, p-toluene sulfonylchloride 

(1) was reacted with 3-bromo-propylamine (2) in presence of 

triethylamine as base to attain 3-bromo-propyl-tosylamine (3) in 

88% yield, which was further reacted with 4-hydroxy-

benzaldehyde (4) in presence of K2CO3 as base to obtain 

compound 5 in 80% yield. The tosyl-benzaldehyde derivative 5 

was reacted with γ-resorcyclic acid-hydrazide (6) in presence of 

p-toluene sulfonic acid (pTSA) as catalyst to afford γ-resorcyclic 

acid-hydrazide-hydrazone-p-Tosyl derivative (7) (Tos-AIE-ER) in 

69% yield.[36] Similarly, pentafluorobenzoic acid (8) was 

conjugated with 3-bromo-propylamine (2) in presence of 

propylphosphonic anhydride (T3P) as coupling agent to obtain 

pentafluorobenzoic acid-bromo-propylamine conjugate (9) in 85% 

yield followed by reaction with 4-hydroxy-benzaldehyde (4) in 

presence of K2CO3. Unexpectedly, we obtained the tetrafluoro-

benzoic acid derivative 10 through replacement of both bromo 

and 4-fluoro groups by 4-hydroxy-benzadelhyde in 52% yield. 

Finally, we reacted compound 10 with γ-resorcyclic acid-

hydrazide (6) in presence of pTSA as catalyst to acquire γ-

resorcyclic acid-hydrazide-hydrazone-tetrafluoro-benzoic acid 

derivative (11) (4F-AIE-ER) in 42% yield. The structures of all the  

intermediates and the final products were confirmed by 1H, 13C, 
19F NMR and HR-MS spectroscopy (Figure S1-S18). In our 

previous study, we observed that γ-resorcyclic acid-hydrazide-

hydrazone-based small molecules demonstrated notable AIE 

property in solid state as well as in water due to the presence of 

dual intramolecular H-bonding.[36] Hence, we evaluated the 

emission property of Tos-AIE-ER and 4F-AIE-ER in methanol 

which showed negligible emission. However, both the compounds 

showed remarkable fluorescence emission in water as well as in  

solid state under long range UV light (Figure 1d, Figure S19), 

which clearly indicated the AIE property.  

 

Figure 2. (a, c) Fluorescence emission spectra of Tos-AIE-ER 

and 4F-AIE-ER in different methanol: water. (b, d) Florescence 

emission intensity (λmax = 512 and 502 nm) versus water fraction 

graph of Tos-AIE-ER and 4F-AIE-ER respectively in different 

methanol: water mixture. (e, f) FESEM images of Tos-AIE-ER and 

4F-AIE-ER in water respectively. 

 

To understand the binary solvent ratio for AIE, we dissolved both 

the compounds (Tos-AIE-ER and 4F-AIE-ER) in methanol and 

titrated with water. Tos-AIE-ER showed no measurable 

fluorescence emission until methanol: water = 30:70 (v/v) (Figure 

2a, b and Figure S20). However, Tos-AIE-ER demonstrated 

increase in fluorescence emission at λmax = 512 nm for methanol: 

water = 20:80 with significant increase in 100% water. Similarly, 

4F-AIE-ER showed weak fluorescence emission till methanol: 

water = 50:50 (v/v), with increase in 40:60 methanol: water (v/v) 

at λmax = 502 nm (Figure 2c, d, Figure S21). 4F-AIE-ER also 

showed significant increase in fluorescence emission in 100% 

water. The UV-Vis spectra of Tos-AIE-ER displayed absorption at 

λmax = 337 nm and 330 nm in methanol and water, whereas 4F-

AIE-ER displayed absorption at λmax = 320 nm and 313 nm in 

methanol and water respectively (Figure S22). We also calculated 

the molar absorption coefficients (ε) from Beer-Lambert Law for 

Tos-AIE-ER and 4F-AIE-ER which were found to be ε = 4365 M-1 

cm-1 and 11570 M-1cm-1 respectively at λmax = 330 nm and 313 nm 

respectively. Both the compounds indicated large Stokes shift of 

182-189 nm with marginal overlap between absorption and 

emission spectra, which is ideal for fluorescence imaging. We 

calculated the fluorescence quantum yield of the Tos-AIE-ER and 

4F-AIE-ER in water which was found to be 7.64% and 3.15% 

respectively. Much less quantum yield (0.11% and 0.12% 

respectively) of Tos-AIE-ER and 4F-AIE-ER in methanol was 

observed. We anticipate that, both Tos-AIE-ER and 4F-AIE-ER  
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Figure 3. (a, c) Fluorescence emission spectra of Tos-AIE-ER 

and 4F-AIE-ER in different pH. (b, d) Florescence emission 

intensity (λmax = 512 and 502 nm) versus pH graph of Tos-AIE-ER 

and 4F-AIE-ER respectively. 

 

form strong intermolecular H-bonding with polar protic solvent 

methanol leading to complete solubility of both the molecules 

without any aggregation. As a result, both the molecules lack the 

dual intramolecular H-bonding for the restriction of the 

intramolecular motion (RIM) which is the underlying mechanism 

for AIE activity of Tos-AIE-ER and 4F-AIE-ER. The aggregation 

of Tos-AIE-ER and 4F-AIE-ER were also confirmed by field-

emission scanning electron microscopy (FESEM). The FESEM 

images (Figure 2e, f) clearly showed that both the compounds 

aggregated into two-dimensional sheet like structures in water. 

These fluorescence spectroscopy and electron microscopy 

evidently confirmed the AIE property of Tos-AIE-ER and 4F-AIE-

ER in water.  

To confirm that dual intramolecular H-bonding as the underlying 

mechanism to restrict the intramolecular motion (RIM) leading to 

the AIE property, we disrupted the H-bonding in higher pH.[36] We 

evaluated the fluorescence emission at λmax = 512 nm of Tos-AIE-

ER in a pH dependent manner from pH = 7 to 12. We observed a 

remarkable decrease in fluorescence emission at basic pH (from 

pH = 8 to 12) (Figure 3a, b and Figure S23). Interestingly, Tos-

AIE-ER regained its fluorescence emission property at acidic pH 

= 3. Similarly, 4F-AIE-ER also demonstrated a pH dependent 

decrease in fluorescence intensity at λmax = 502 nm from pH = 7 

to 9. However, at pH 10 to 12, 4F-AIE-ER showed a remarkable 

fluorescence emission reduction (Figure 3c, d and Figure S24). 

The fluorescence emission was recovered back to 4F-AIE-ER in 

pH = 3. Furthermore, the weak intramolecular H-bonding can also 

be disrupted by increasing the temperature causing increased 

intramolecular motion, leading to the reduction in AIE property.[36, 

42] Hence, we assessed the fluorescence emission of Tos-AIE-ER 

and 4F-AIE-ER in a temperature dependent manner from 25°C to 

80°C. Fascinatingly, we observed a significant gradual decline in 

fluorescence emission for both the compounds with increase in 

temperature (Figure S25, S26). Furthermore, these fluorescence 

quenching observations were reversible for both the compounds. 

To be successful in bioimaging, the AIE molecules should show 

fluorescence emission in physiological temperature (37 °C) for 

longer time. Hence, we incubated Tos-AIE-ER and 4F-AIE-ER in 

water at 37 °C in a time dependent manner (1h, 6h, 12h and 24h)  

Figure 4. (a, b) Energy level diagram of frontier molecular orbitals, 

HOMO and, LUMO of Tos-AIE-ER and 4F-AIE-ER respectively in 

water, estimated from DFT calculation. The isodensity surface 

plots of frontier molecular orbitals are shown with an isovalue of 

0.02 a.u. (c, d) Optimized geometry of Tos-AIE-ER and 4F-AIE-

ER respectively obtained from B3LYP/6-31+G(d,p) level of theory. 

Hydrogen bonding is shown in green dotted lines whereas the 

dihedral angles are represented by black arrows. Color coding of 

atoms: C: ice blue; hydrogen: white; nitrogen: blue; oxygen: red; 

sulfur: yellow; fluorine: pink. 

 

and measured the fluorescence emission at λmax = 512 and 502 

nm respectively. We observed no significant change in the 

fluorescence emission intensity over 24h at 37 °C in water for both 

the compounds (Figure S27). These pH and temperature 

dependent assays evidently confirmed that intramolecular dual H-

bonding as the underlying mechanism for the AIE properties 

shown by Tos-AIE-ER and 4F-AIE-ER. 

We used density functional theory (DFT) to measure the frontier 

molecular orbitals and the energy gaps between HOMO and 

LUMO of Tos-AIE-ER and 4F-AIE-ER in water and methanol. The 

calculated energy differences were found to be 3.97 eV (213.5 

nm) and 4.01 eV (308.6 nm) for Tos-AIE-ER and 4F-AIE-ER 

respectively in water (Figure 4a, b) which were correlating with 

the measured UV-Vis absorbance wavelength. In methanol, the 

energy differences between HOMO and LUMO were found to be 

also 3.97 eV and 4.07 eV for Tos-AIE-ER and 4F-AIE-ER 

respectively (Figure S28). To further understand the AIE property, 

Gaussian 09 program[43] was used to perform the density 

functional theory (DFT) based calculations. The geometries of 

Tos-AIE-ER and 4f-AIE-ER were optimized by employing the 

B3LYP hybrid density functional in combination with the 6-

31+G(d,p) basis set.[44]  The presence of solvent was mimicked 

with the universal continuum model, SMD.[45] The optimized  
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Figure 5. Fluorescence microscopy images of HeLa cells 

incubated with Tos-AIE-ER and 4F-AIE-ER at 20 μM 

concentration for 1h at 37°C, followed by staining the ER with ER 

Tracker Red dye. Scale bar = 10 μm. 

 

geometries of both compounds showed the presence of 

intramolecular dual H-bonding as well as the H-bonded moieties 

were in the same plane which would trigger the aggregation 

process to show the AIE property (Figure 4c, d and Figure S29). 

For successful imaging of sub-cellular ER, the AIE probes should 

be non-toxic to the cancer cells. Hence, we evaluated the toxicity 

of Tos-AIE-ER and 4F-AIE-ER in HeLa cervical cancer cells in a 

dose dependent manner for 24h and calculated the cell viability 

by MTT assay. Tos-AIE-ER showed negligible cytotoxicity till 20 

μM concentration with 96.8 % cell viability (Figure S30a). On the 

other hand, 4F-AIE-ER demonstrated only 80.3% cell viability at 

20 μM (Figure S30b). As result, we have chosen 20 μM 

concentration for both the compounds for bioimaging of ER in 

HeLa cells. To fluorescently mark the ER in cancer cells, we 

treated the HeLa cells with Tos-AIE-ER and 4F-AIE-ER in 20 μM 

concentration for 1h. We counter stained the ER in HeLa cells with 

ER-Tracker Red dye and the live cells were visualized by the 

fluorescence microscopy. The fluorescence microscopy images 

in Figure 5 evidently showed that Tos-AIE-ER and 4F-AIE-ER 

(green fluorescence) localized successfully into the ER (red 

fluorescence) of HeLa cells producing the merged yellow signals 

within 1h. The high Pearson’s coefficient (R= 0.99) of Tos-AIE-ER 

and 4F-AIE-ER at 1h quantified from the fluorescence microscopy 

also indicated high colocalization of the AIE probes into the sub-

cellular ER. To evaluate the effect of these ER targeting AIE 

molecules in cancer cells for longer time, we incubated HeLa cells 

with Tos-AIE-ER and 4F-AIE-ER in a dose dependent manner for 

48h and 72h. Interestingly, Tos-AIE-ER showed remarkable 

killing of HeLa cells with IC50 = 4.6 and 2.8 μM at 48h and 72h 

respectively (Figure S31a, b). Similarly, 4F-AIE-ER also 

demonstrated HeLa cell killing with IC50 = 8.9 and 6.2 μM at 48h 

and 72h respectively (Figure S31c, d). We anticipate that, these  

Figure 6. Fluorescence microscopy images of RPE-1 cells 

incubated with Tos-AIE-ER and 4F-AIE-ER at 20 μM 

concentration for 1h at 37°C, followed by staining the ER with ER 

Tracker Red dye. Scale bar = 10 μm. 

 

cytotoxicity assays of both the ER targeting AIE probes in HeLa 

cells at prolonged incubation would open new possibility of 

theranostic applications which need to be explored further.  

We further evaluated the effectiveness of our ER imaging probe 

in non-cancerous RPE-1 human retinal epithelial cells. We treated 

RPE-1 cells with Tos-AIE-ER and 4F-AIE-ER at 20 μM 

concentration for 1h followed by staining the ER with the ER-

Tracker Red. We observed the live cells under fluorescence 

microscopy, which demonstrated that Tos-AIE-ER and 4F-AIE-

ER (green fluorescence) localized into the ER of the RPE-1 cells 

leading to the generation of the merged yellow fluorescence 

signals within 1h (Figure 6). The effective colocalization of Tos-

AIE-ER and 4F-AIE-ER in the ER was quantified with high 

Pearson’s coefficients, R = 0.99 and 0.97 respectively. These 

fluorescence microscopy images clearly demonstrated that Tos-

AIE-ER and 4F-AIE-ER effectively homed into the ER of the 

cancer and non-cancerous cells within 1h. However, based on the 

emission wavelength (λmax = 500-512 nm) of both the compounds 

the imaging capability will only be limited to cellular level. 

Currently, we are exploring the possibility of extending the 

emission wavelength of these ER targeting AIE probes towards 

NIR region for effective tissue and organ imaging.    

 

Conclusion 

In conclusion, in this work, we have designed and synthesized γ-

resorcyclic acid-based probes having sub-cellular ER targeting 

tags in an easy and succinct manner. These ER targeting small 

molecules demonstrated remarkable aggregation induced 

emission property in water as well as in solid state by dual-

intramolecular H-bonding. These AIE active ER targeting probes 
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efficiently homed into and illuminated ER in HeLa cancer cells as 

well as RPE-1 human retinal epithelial cells within 1h. To the best 

of our knowledge, this is the first example of dual intramolecular 

H-bonded small molecule AIEgens for illuminating ER in the sub-

cellular milieu. We envisage that, these novel small molecule 

AIEgens have potential to unravel chemical biology of ER as well 

as in future theranostic applications.  
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Illuminate ER. Two small molecules with γ-resorcyclic acid moiety were designed and synthesized having aggregation-induced 

emission (AIE) activity due to dual intramolecular H-bonding. These small molecules localized into the sub-cellular endoplasmic 

reticulum to light it up.   
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