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Hydrazide-hydrazone Small Molecules as AIEgens: Illuminating 

Mitochondria in Cancer Cells 

Sohan Patil,[a] Shalini Pandey,[a] Amit Singh,[b] Mithun Radhakrishna,[c]  and Sudipta Basu* [b] 

 
Abstract: Aggregation induced emission probes (AIEgens) have 

gained lots of attention as interesting tools for ample biomedical 

applications especially bio-imaging due to their brightness and 

photo-stability. Numerous AIEgens have been developed for lighting 

up the sub-cellular organelles to understand their forms and 

functions in healthy as well as diseased states like cancer. However, 

there is a serious absence of easily synthesizable, biocompatible 

small molecules for illuminating mitochondria (powerhouses) inside 

cells. To address this, in this report we describe an easy and short 

synthesis of novel biocompatible hydrazide-hydrazone based small 

molecules with remarkable aggregation-induced emission (AIE) 

property. These small molecule AIEgens showed hitherto 

unobserved AIE property due to dual intra-molecular H-bonding 

confirmed by theoretical calculation, pH and temperature dependent 

fluorescence and X-ray crystallography studies. Confocal 

microscopy showed that these AIEgens were internalized into the 

HeLa cervical cancer cells without showing any cytotoxicity. One of 

the AIEgens was tagged with triphenylphosphine (TPP) moiety 

which successfully localized into mitochondria of HeLa cells 

selectively compared to L929 non-cancerous fibroblast cells. These 

unique hydrazide-hydrazone based biocompatible AIEgens can 

serve as powerful tools to illuminate multiple sub-cellular organelles 

to elucidate their forms and functions in cancer cells for next-

generation biomedical applications. 

In last decade, aggregation-induced emission luminogens 

(AIEgens) have emerged as powerful tools to develop chemical 

sensors, optoelectronic devices and theranostic probes for 

biomedical applications due to their brightness and excellent 

photo-stability.[1-6] However, till date, tetraphenylethylene (TPE) 

and hexaphenylsilole (HPS) moieties are extensively explored 

as effective AIEgens despite their tedious synthetic steps and 

highly hydrophobic nature leading to incompatibility for biological 

applications.[7-10] To introduce biocompatibility for imaging and 

therapy, majority of the AIEgens was tagged with hydrophilic 

moieties to decorate hydrophobic AIE core through multiple 

synthetic steps.[11-15] Recently, numerous biocompatible AIEgens 

have been developed for in vitro cellular imaging, especially to 

visualize intra-cellular organelles.[16-21] Mitochondrion is one of  

 

Figure 1. (a) Synthetic scheme of hydrazide-hydrazone 

molecules. (b) Fluorescence emission images of compound 4a 

and 4b under UV lights and white light in solid state. (c) Images 

of AIE property of compound 4a and 4b in water and in methanol. 

 

the most important organelles which orchestrate several cellular 

functions, hence implicated in different diseased states including 

cancer.[22-24] As a result, visualizing mitochondria inside the 

cancer cells is of utmost importance to understand their form 

and function in cancer progression and management. Despite 

several TPE and HPS-based AIEgens have been explored 

lately,[25-30] there is still a serious lack of biocompatible small 

molecule based AIEgens for visualization of mitochondria in 

cancer cells. 

To address this, in this manuscript, for the first time, we have 

developed hydrazide-hydrazone based small molecules through 

simple and concise synthetic steps, which showed remarkable 

aggregation-induced emission (AIE) properties in water as well 

as in solid state by dual intra-molecular H-bonding. This dual H-

bonding mediated restriction in intra-molecular motions (RIM) for 

AIE properties was confirmed by temperature and pH-dependent 

fluorescence quenching studies, 1H NMR spectroscopy and 

theoretical calculations as well as X-ray crystallography. One of 

the hydrazide-hydrazone based AIEgens was decorated with 

positively charged triphenylphosphine (TPP) to illuminate 

mitochondria in HeLa cervical cancer cells compared to L929 

non-cancerous fibroblast cells. These hydrazide-hydrazone 

small molecule AIEgens showed remarkable biocompatibility by 

demonstrating negligible cell killing even at significantly high 

concentrations.  This novel biocompatible AIEgens can act as 

platform probes to further illuminate several intra-cellular 

organelles and bio-targets.   

The synthetic scheme of hydrazide-hydrazone derivatives (4) is 

shown in Figure 1a. 2,6-dihydroxybenzoic acid was reacted with 

dimethyl sulfate in presence of potassium carbonate as base at 

55 °C in acetone for 24 h to obtain 2,6-dihydroxy benzoic acid 

methyl ester which was subsequently reacted with hydrazine 

monohydrate in methanol at refluxing condition to afford 2,6-

dihydroxy benzohydrazide (2) in 80% overall yield. Finally,  
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Figure 2. (a) Fluorescence emission spectra of compound 4a in 

different methanol: water ratios. (b) Fluorescence emission 

intensity (λmax = 502 nm) versus water fraction graph of 

compound 4a in different methanol: water mixture. (c) FESEM 

images of compound 4a in water. (d) Schematic diagram of the 

energy level difference between the HOMOs and LUMOs of 

compound 4a, estimated from DFT computation and the 

isodensity surface plots of the frontier molecular orbitals (FMOs) 

with isovalue of 0.02 au. 

 

different 4-substituted benzaldehydes (3a, b) were reacted with 

compound 2 in presence of catalytic p-toluenesulfonic acid (p-

TsOH) to afford hydrazide-hydrazone derivatives (4a, b) in 95% 

yield. All the intermediates and final compounds were 

characterized by NMR (1H and 13C) and mass spectroscopy 

(HR- MS) (Figure S1-S9).[31] Interestingly, all the 

hydrazidhydrazone derivatives (4a, b) showed remarkable 

fluorescence emission under long range of UV light in solid state 

(Figure 1b). However, no fluorescence emission was observed 

under white visible light. Similarly, compounds 4a, b showed no 

fluorescence emission in methanol. On the other hand, both the 

hydrazide-hydrazone derivatives (4a, b) showed remarkable 

fluorescence emission in water (Figure 1c). This observation 

clearly indicated the aggregation-induced emission (AIE) 

properties of compound 4.  

To evaluate the exact solvent ratio of aggregation induction, we 

dissolved compound 4a in methanol and gradually titrated with 

increased amount of water. There was no fluorescence signal 

observed till methanol: water = 20:80 (v/v). However, compound 

4a showed an increase in fluorescence emission intensity at 

methanol: water = 10:90 (v/v) at λmax = 502 nm, which increased 

significantly at 100 % water (Figure 2a,b, Figure S10a). The UV-

Vis spectra of compound 4a showed absorption maxima at λmax 

= 322 nm in methanol and water (Figure S10b), indicative of a 

large Stokes shift of 180 nm with negligible overlap between 

absorption and emission spectra, which is highly suited for 

fluorescence imaging. Similarly, compound 4b showed 

remarkable fluorescence emission intensity increment (λmax = 

492 nm) in water compared to methanol due to aggregation 

(Figure S11). The aggregation of compound 4a in water was 

further validated by dynamic light scattering (DLS), which  

Figure 3. (a) Scheme of H-bonding disruption of compound 4a 

in temperature and pH change. (b) Optimized geometry of 

compound 4a obtained from B3LYP/6-31G* computation. Black 

zig-zag lines showing values for the respective dihedral angles 

(in degree) whereas hydrogen bonding is shown in green dotted 

lines. Atoms of C, O, N, Br and H are shown in cyan, red, blue, 

orange and white colors, respectively. (c) Temperature 

dependent change in fluorescence emission spectra of 

compound 4a in water. (d, e) Images and fluorescence emission 

spectra of compound 4a in different pH. 

 

demonstrated that the mean hydrodynamic diameter of 

aggregated structure in water to be 706 nm (Figure S12). In 

contrast, compound 4a showed very small hydrodynamic 

diameter (~ 3.5 nm) in methanol indicating negligible 

aggregation (Figure S12). We also visualized the aggregation of 

compound 4a by scanning electron microscopy. The FESEM 

images evidently showed that compound 4a aggregated into 2D-

sheet like structures in water, whereas no such significant 

aggregation was found in methanol (Figure 2c). To confirm the 

remarkable enhancement in the fluorescence emission intensity 

of compound 4a and 4b due to the effect of aggregation, we 

assessed the fluorescence emission in a concentration 

dependent manner. As expected, the fluorescence emission 

intensity of compound 4a and 4b were increased continuously 

after increasing the concentration of the compounds in water 

(Figure S13). We also performed fluorescence life time 

experiment which revealed that compound 4a and 4b had 1.97 

and 1.50 ns of fluorescence life time respectively which is little 

less compared to Rhodamine 123, a traditionally used 

commercial mitochondria imaging agent (Figure S14).[32] The 

fluorescence quantum yield of compound 4a and 4b were found 

to be 12.2% and 5.4 % respectively which are comparable with 

the structurally similar imine compounds as well as much higher 

to Rhodamine 123 (~ 0.9%).[32,33] Subsequently the Frontier 

molecular orbitals and the energy gap between HOMOs and  
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Figure 4. (a) Scheme for the synthesis of compound 7. (b) Solid 

state fluorescence images of compound 7 under white light and 

UV. (c) Fluorescence spectra of compound 7 in water. (d) 

Fluorescence emission intensity versus water fraction graph of 

compound 7 in different methanol: water mixture.(e) Schematic 

diagram of the energy level difference between the HOMOs and 

LUMOs of compound 7, estimated from DFT computation and 

the isodensity surface plots of the frontier molecular orbitals 

(FMOs) with isovalue of 0.02 au. (f) Optimized geometry of 

compound 7 obtained from B3LYP/6-31G* computation. Black 

zig-zag lines showing values for the respective dihedral angles 

(in degree) whereas hydrogen bonding is shown in green dotted 

lines. The atoms of C, O, N, Br and H are shown in cyan, red, 

blue, orange and white colors, respectively. 

 

LUMOs of compound 4a was calculated by Density functional 

theory (DFT), which revealed the energy gap was ~ 4.18 eV (~ 

300 nm) correlating with the wavelength of UV-Vis absorbance 

(Figure 2d).  

We hypothesize dual intra-molecular H-bonding as the guiding 

factor for this hitherto unobserved AIE property for these novel 

hydrazide-hydrazone small molecules leading to restriction in 

intra-molecular motion (RIM) (Figure 3a). To confirm our 

hypothesis, we performed theoretical calculation using Gaussian 

09 program on compound 4a.[34] 3D coordinates of compound 4a 

were generated from the crystal structure of 4-N, N-

dimethylaminoaniline salicylaldehyde reported by Feng et. al.27 

with a few modifications. The geometries were then additionally 

optimized by the B3LYP[35] hybrid density functional with 6-31G* 

Gaussian basis set. The presence of water was mimicked with 

polarizable continuum model using the integral equation 

formalism variant.[36] The geometry of the optimized molecular 

structure of compound 4a showed that all the atoms were in the 

same plane (Figure 3b) and confirmed the proposed dual intra-

molecular H-bonding.   

Inter- or intra-molecular H-bonding are weak supramolecular 

forces which can be disrupted by increasing the temperature of 

the medium.[37] Moreover, 1H NMR spectroscopy has emerged 

as one of the tools to probe the presence of inter- and intra-

molecular H-bonding.[38] Hence, we performed temperature 

dependent 1H NMR spectroscopy of compound 4a from 25°C to 

80°C and monitored the H-bonded proton peaks at 12.07 (-OH) 

and 11.81 ppm (-NH). Remarkably, we observed the gradual 

broadening of both these peaks while increasing the 

temperature from 25°C to 80°C (Figure S15). This observation is 

in complete agreement with our previous study.[39] To validate 

our hypothesis further, we performed temperature dependent 

fluorescence spectroscopy on compound 4a in water. It was 

observed that, with gradual increase in temperature from 25°C 

to 80°C, the intensity of fluorescence emission was gradually 

decreased by 3.5 folds (Figure 3c) due to the destruction of H-

bonding in structure 4a’. Interestingly, this fluorescence 

quenching phenomena was found to be reversible.  

Inter- and intra-molecular H-bonding leading to AIE property is 

highly sensitive to the pH of the medium.[40] Hence, we perturbed 

intra-molecular H-bonding by increasing the pH of the medium 

from 7.4 to 8.5. Interestingly, it was observed that compound 4a 

lost its fluorescence property completely (Figure 3d) leading to 

the destruction of H-bonding in structure 4a”. On the other hand, 

decreasing the pH from 8.5 to 7.4 resumed the fluorescence 

property into compound 4a which even retained at much lower 

pH = 4 (Figure 3d,e). As expected, compound 4b also showed 

similar pH dependent fluorescence property (Figure S16). For 

future mitochondrial imaging, the AIE probe should be 

fluorescent at pH 7.8-8.0 which mimics the mitochondria matrix. 

Hence, we assessed the AIE property of compound 4a at pH = 

7.8 and 8.0. It was observed that the fluorescence intensity of 

compound 4a was marginally reduced at pH = 7.8 and 8.0 

compared to pH = 7.4 (Figure S17). Also 9.3% quantum yield 

was calculated for compound 4a at pH = 7.8 which indicated that 

compound 4a is suitable for mitochondrial bio-imaging. We 

further evaluated the effect of solvents on the AIE property of 

compound 4a and 4b. To our surprise, compound 4a showed 

high and marginal AIE property in water and toluene respectively 

(Figure S18a,b). However, compound 4a showed no AIE 

property in other solvents like hexane, THF and DMSO. Similarly, 

compound 4b also demonstrated AIE property in water only 

(Figure S18c,d). This theoretical calculation along with 

temperature and pH dependent reversible fluorescence 

quenching-regaining clearly confirmed the role of intra-molecular 

H-bonding in inducing AIE property in compound 4a. However, 

we anticipate that the amphiphilicity of compound 4a and 4b 

also played a crucial role in inducing AIE property, which needs 

to be explored carefully in future to understand the exact 

mechanism.  

One of the plausible mechanisms of this photophysical property 

of compound 4a, b could be exited state intramolecular proton 

transfer (ESIPT).[41,42] To validate the involvement of ESIPT as 

well as the role of dual intra-molecular H-bonding in triggering 

AIE property in compound 4a, we have synthesized mono-

hydroxy hydrazide-hydrazone compound 7 starting from 2-

hydroxybenzoic acid (5) by the same synthetic strategy via 2-

hydroxy benzohydrazide (6) (Figure 4a). All the compounds 

were chemically characterized by NMR (1H and 13C) and HR-MS 

spectroscopy (Figure S19-S24). Interestingly, compound 7 

showed negligible fluorescence property in solid state as well as 

in water (Figure 4b,c). We further evaluated the change in 

fluorescence property in methanol/water mixture. Negligible 

increase in fluorescence intensity of compound 7 was observed 

in 100% methanol to 100% water (Figure 4d and Figure S25). 

The Frontier molecular orbitals and the energy gap between 

HOMOs and LUMOs of compound 7 were calculated by DFT  
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Figure 5. (a) Synthetic scheme of mitochondria targeted 

hydrazide-hydrazone molecule (11). (b) ORTEP diagram of 

compound 11 with 50% thermal ellipsoids. Solvent and counter 

ions are removed for clarity. (c) Fluorescence emission spectra 

of compound 11 in water. (d) Fluorescence emission image of 

compound 11 in solid state under UV light. 

 

which showed the energy gap was ~ 4.21 eV (~ 295 nm)(Figure 

4e) comparable to the energy gap in compound 4a. Finally, we 

executed theoretical calculations using Gaussian 09 program on 

compound 7. Most interestingly, the optimized molecular 

geometry of compound 7 showed the dihedral angle of the 

mono-intramolecular H-bonded moiety was increased to ~12.3º 

(Figure 4f) compared to nearly 0º dihedral angle found in 

compound 4a. This clearly indicated that single intra-molecular 

H-bonding is not sufficient to maintain coplanarity along the 

largest molecular axis in compound 7 leading to lack of 

aggregated structure with negligible AIE property. Moreover, in 

our previous study, we synthesized O-phenyl-hydrazide-

hydrazone analogue of compound 7, which showed no AIE 

property in solid state as well as in solution.[43]  These solid state 

fluorescence, water titration studies and theoretical structure 

optimization clearly confirmed that (a) ESIPT is not the 

mechanism involved and (b) dual intra-molecular H-bonding is 

critical to maintain the planarity in compound 4a, b to induce 

aggregation to show AIE property. However, at this point, the 

exact mechanism of this photophysical phenomena in these 

novel hydrazide-hydrazone based small molecules is elusive 

and we are exploring this area currently.  

To be successful in bio-imaging, the hydrazide-hydrazone AIE 

probes should be biocompatible. Hence, we evaluated the in 

vitro cytotoxicity of compound 4a and 4b in HeLa cervical cancer 

cells at 48 h post-incubation in a dose dependent manner. The 

cell viability was measured by MTT assay which showed 

compound 4a induced only 94.2 ± 4.5 %, 97.4 ± 2.2 % and 91.8 

± 5.6 % cell viability at 12.5, 25 and 50 μM concentrations 

respectively (Figure S26a). Similarly, compound 4b also 

demonstrated 99.5 ± 0.4 %, 95.3 ± 2.7 % and 94.1 ± 2.2 % cell 

viabilities at 12.5, 25 and 50 μM concentrations (Figure S26a). 

To evaluate the biocompatibility in non-cancerous cells, we 

incubated fibroblast L929 cells with compound 4a and 4b in a 

concentration dependent manner for 24 h. The MTT assay 

revealed that compound 4a induced only 97.6 ± 1.4%, 94.3 ± 

1.7% and 86.3 ± 1.8% cell viability at 12.5, 25 and 50 μM 

concentrations respectively (Figure S26b). Similarly, compound 

4b also showed only 94.6 ± 4.8%, 91.3 ±5.6% and 83.2 ± 2.3% 

cell viability at 12.5, 25 and 50 μM concentrations respectively. 

This cell viability assay confirmed that compound 4a and 4b 

were not at all toxic to the cancer cells as well as non-cancerous 

fibroblast cells, hence can be used for bio-imaging. 

To evaluate the effectiveness of compound 4a and 4b in sub-

cellular mitochondria imaging in cancer cells, we treated HeLa 

cells with both the compounds at 10 μM concentrations for 12 h. 

Mitochondria were co-stained by MitoTracker Red dye and the 

live cells were visualized by fluorescence confocal microscopy. 

Confocal images in Figure S26c evidently showed that both 

compounds 4a and 4b were internalized into the cells 

successfully and localized into mitochondria leading to the 

generation of yellow regions by overlapping green and red 

fluorescence signals. However, both the compounds were also 

localized into nucleus of the cells significantly. In fact, compound 

4a and 4b showed non-specific sub-cellular localization which 

was non-effective in specific mitochondria labeling. Furthermore, 

to estimate the cancer cell specificity over non-cancerous cells, 

we incubated fibroblast L929 cells with compound 4a and 4b at 

20 μM concentrations for 12 h. The nuclei of the cells were 

counter stained with blue fluorescence DAPI. The cells were 

then fixed and visualized by confocal microscopy. Surprisingly, 

the fluorescence microscopy images (Figure S27) hardly 

showed any sub-cellular green fluorescence signals, indicating 

that compound 4a and 4b barely internalized into L929 cells 

even after 12h. These confocal images confirmed that these 

novel AIE active hydrazide-hydrazone derivatives specifically 

internalized into HeLa cancer cells over L929 non-cancerous 

cells.  

To overcome this challenge, we have synthesized hydrazide-

hydrazone based molecule tagged with positively charged 

triphenylphosphonium (TPP) moiety for mitochondria targeting. 

4-hydroxybenzaldehyde (8) was first reacted with excess 1,4-

dibromobutane in presence of potassium carbonate as base in 

acetone in refluxing condition to obtain compound 9 in 77 % 

yield (Figure 5a). The bromine moiety was further replaced by 

triphenylphosphine in refluxing condition to obtain compound 10 

in 92% yield. Finally, compound 10 was coupled with 2,6-

dihydroxy benzohydrazide (2) in presence of p-TsOH as catalyst 

to obtain positively charged triphenylphosphonium tagged 

hydrazide-hydrazone (11) in 95% yield. NMR (1H, 13C and 31P) 

and HR-MS were used to characterize all the compounds 

(Figure S28-S38). We also characterized the structure of 

compound 11 by X-ray crystallography (Figure 5b) which clearly 

confirmed the presence of proposed dual intra-molecular H-

bonding correlating with the theoretical electronic structure in 

Figure 3b.We further assessed the photo-physical properties of 

compound 11 which showed fluorescence emission at λmax = 

500 nm in water as well as AIE in solid state under UV light 

(Figure 5c,d).  

The viability of HeLa cells in presence of compound 11 after 48 

h was determined by MTT assay in a dose dependent manner.  
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Figure 6. (a) Viability of HeLa cells after treatment with 

compound 11 in a dose dependent manner for 48 h by MTT 

assay. (b) CLSM images of HeLa cells after treatment with 

compound 11 for 12 h. Mitochondria were stained by 

MitoTracker Red. Scale bar = 10 μm. 

 

This cell viability assay showed that compound 11 induced only 

5.5± 1.8, 15.9±3.7 and 23.8±3.6 % cell death at 12.5, 25 and 50 

μM concentrations respectively (Figure 6a). We also evaluated 

the biocompatibility of compound 11 in non-cancerous fibroblast 

L929 cells at 24 h post-incubation. The MTT assay revealed that 

compound 11 induced 92.0± 3.5%, 87.6 ± 1.4% and 76.1 ±1.9% 

cell viability at 12.5, 25 and 50 μM concentrations respectively 

(Figure S39a). These cell viability assays indicated that 

compound 11 is biocompatible for cervical cancer cells as well 

as non-cancerous fibroblast cells for imaging. Furthermore, 

compound 11 showed much better biocompatibility compared to 

the traditionally used Rhodamine 123 as mitochondria staining 

red fluorescent dye.[44,45]  

To estimate its potential in mitochondria imaging, we treated 

HeLa cells with compound 11 at 10 μM concentration for 12 h, 

followed by staining mitochondria by MitoTracker Red. The 

confocal images of the live cells (Figure 6b) evidently showed 

that compound 11 homed into mitochondria of HeLa cells 

leading to yellow overlapping regions. Interestingly, hardly any 

green fluorescence signal was observed into nucleus of the 

HeLa cells, which confirmed the specific mitochondria imaging 

by compound 11. We also visualized the specificity of compound 

11 to illuminate mitochondria in cancer cells over non-cancerous 

cells by confocal microscopy. Non-cancerous fibroblast L929 

cells were treated with compound 11 at 20 μM concentration 

followed by staining nuclei and mitochondria by DAPI (blue) and 

MitoTracker Red (red). The confocal microscopy images (Figure 

39b) barely showed any green or yellow fluorescence signal 

inside the cells or in mitochondria respectively. This microscopy 

experiment established that compound 11 is highly specific for 

mitochondria in HeLa cancer cells compared to non-cancerous 

L929 cells at much lower concentration compared to Rhodamine 

123.[46] 

In conclusion, we have synthesized hydrazide-hydrazone based 

small molecules in concise and easy steps in high yield, which 

demonstrated for the first time remarkable aggregation-induced 

emission (AIE) property in water as well as in solid state. 

Theoretical calculation, crystal structure, proton-NMR 

spectroscopy along with reversible temperature and pH 

dependent studies confirmed that dual intra-molecular H-

bonding was responsible for restricting the intra-molecular 

motion to show this hitherto unobserved AIE property. A 

triphenylphosphonium labeled hydrazide-hydrazone AIEgen was 

synthesized to illuminate mitochondria in HeLa cells selectively. 

These novel biocompatible hydrazide-hydrazone small 

molecules can be used as platform to develop innovative 

AIEgens to image different sub-cellular organelles and targets in 

cancer cells as future theranostic strategies by incorporating 

photothermal and photo-dynamic probes.  
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