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ABSTRACT: Cyclooxygenase-2 (COX-2) fluorescent probes are promising tools for 

early cancer diagnosis. Traditionally, COX-2 probes were designed by connecting two 

parts, a fluorophore and a COX-2 binding unit, via a flexible linker. Herein, a new class 

of COX-2-specific fluorescent probes have been developed by one-step modification 

from rofecoxib by an integrative approach to combining the fluorophore and binding 

units into one. Among them, several new rofecoxib analogues not only retained their 

COX-2 binding ability but also exhibited attractive fluorescent properties, such as 

tunable Blue-Red emission, solvatochromism, AIE behavior and mechanochromism. 

Notably, the emission of 2a16 can be switched between greenish-yellow in the 

crystalline state to red-orange in the amorphous state by grinding and fuming treatments. 

Furthermore, the highly fluorescent compound 2a16 (Фf = 0.94 in powder) displayed 

much stronger fluorescent imaging of COX-2 in HeLa cancer cells overexpressing 

COX-2 than RAW264.7 normal cells with minimal expressing of COX-2. Most 

importantly, 2a16 can light up human cancer tissues from adjacent normal tissues with 

much brighter fluorescence by targeting COX-2 enzyme. These results illustrate the 

potential of 2a16 as a new red fluorescent probe for human cancer imaging in clinical 

applications. 
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1. Introduction 

Cancer has become one of the major causes of death worldwide and death can be 

prevented in 30% of the cancer patients if they are diagnosed and treated during the 

early stages of cancer progression. [1-2] Therefore, an early detection strategy is critical 

to reduce mortality from cancer. In the past two decades, molecular fluorescence 

microscopy imaging has come to offer opportunities for early detection of cancer due 

to its advantages such as high selectivity, high resolution, and noninvasive capabilities. 

It is highly dependent on the fluorescent capability of the molecular probes whose 

fluorescent signals are generated by enzymic biomarkers in the cancer cells or tissues. 

Therefore, enormous efforts have been devoted to developing efficient and convenient 

molecular probes for the detection of all kinds of cancers. 

Accumulating research data have demonstrated that cyclooxygenase-2 (COX-2) is 

an attractive biomarker for early detection and diagnosis of cancer, because it is 

overexpressed at all stages of cancer, but generally not or poorly expressed in normal 

tissues. [3-10] Such different COX-2 levels make it possible to detect cancer at an early 

stage if a suitable COX-2 fluorescent probe is used. 

In recent years, a large number of COX-2 fluorescent probes have been developed 

and they were shown to have the ability to detect the expression level of COX-2 in cells 

and cancer tissues. However, to the best of our knowledge, all the COX-2 fluorescent 

probes developed so far are based on the strategy by which a fluorophore is coupled to 

a binding unit via a flexible linker. [9-20] The binding groups used so far are celecoxib, 

indomathacin, and indomathacin derivatives. Previously, by following this strategy, we 



developed a COX-2 fluorescent probe CCY-5 by linking CY-5 as the fluorophore to 

celecoxib as the binding unit (Figure 1A). [21] In the process of designing CCY-5, we 

investigated various COX-2 inhibitors with diverse scaffolds, such as rofecoxib, 

celecoxib, indomethacin, (S)-naproxen and acetyl salicylic acid. Among them, 

celecoxib, indomethacin, and rofecoxib are commonly applied because they are potent 

COX inhibitors. [22-23] Of these three, rofecoxib attracted our attention because of the 

existence of half tetraphenylethene (TPE) scaffold in its structure, which is well known 

as a classic aggregation induced emission (AIE) material. [24-25] Meanwhile, the electron 

withdrawing group (EWG), methylsulfonyl on the Ar2 ring makes it possible to 

construct a new AIEgens by adding an electron donating group (EDG) to the other side 

of rofecoxib, resulting in the formation of D-π-A system (Figure 1B). [26-28] 

Base on this strategy, we developed a new type of AIEgens by modifying rofecoxib 

with the extension of π-conjugation (Figure 1B). [29-30] In addition, the COX-2 binding 

ability of these compounds to the COX-2 enzyme was not affected because the binding 

moiety of rofecoxib's structure was kept intact. In the end, the fluorophore and binding 

moiety was merged into each other in this work instead of two separate parts connected 

via a linker as those in the literature. Such a strategy for developing novel COX-2 

fluorescent probes offers some advantages over the traditional strategy, such as facile 

syntheses, tunable fluorescent properties and probes with smaller molecular weights. 

Herein, we describe a facile one-step approach for modifying rofecoxib to develop 

novel AIEgens with COX-2 binding ability. An Ar3 ring is introduced to rofecoxib to 

endow its analogues with efficient solid-state AIE property (Figure 1B). Moreover, 



these AIEgens were found to possess red emission and large Stokes shifts, which 

enlarges their potential for COX-2 related biological imaging. [31-32] Among the 

rofecoxib analogues, 2a16 with excellent fluorescent property (Фf = 0.94, λem/max = 

677 nm) showed the ability to distinguish cancer cells from normal cells. It was further 

evaluated in human cancer tissues by lighting up cancer tissues but not the adjacent 

normal tissues. 2a16 may be developed as a diagnostic reagent for diseases associated 

with increased COX-2 expression (e.g., cancer and colitis). 

 

Figure 1. (A) Previously reported CCY-5: celecoxib was conjugated with fluorophore 

CY-5 via a linker; (B) A new AIEgen fluorophore was developed by minor 

modification based on the structure of rofecoxib. 

2. Experimental Section 

Materials. All commercial reagents and solvents were used as received. Various 

benzaldehydes with different substituted group were purchased from Alfa Aesar (US). 

4-methoxyphenylacetic acid, 2-bromo-p-methylsulfonyl acetophenone, were 

purchased from TCI (US). Rofecoxib was purchased from Yebang Chemicals, Inc. 

(China). Reactions were magnetically stirred and monitored on TLC Silica gel 60G 

F254 plate from Millipore Sigma. Flash column chromatography was performed using 

silica gel (40-63 um (230-400 mesh), 60 Å irregular pore diameter). Dulbecco’s 



Modified Eagle Medium (DMEM) was purchased from Invitrogen (Carlsbad, CA). 

Fetal bovine serum (FBS) was purchased from Gibco, Life Technologies (Gaithersburg, 

MD). All other reagents and solvents were purchased from Sigma-Aldrich (US) at the 

highest commercial quality and used without further purification, unless otherwise 

stated. 

Instruments. High-resolution mass spectra were obtained at the Mass Spectrometry 

Service Center of Fujian institute of microbiology on an Agilent 6545 Q-TOF LCMS. 

Nuclear magnetic resonance (NMR) spectra were obtained on a Bruker UNI-500 and 

AVII-500B instrument and JEOL 600MHz spectrometers (Framingham, MA, USA) 

using deuterated solvent (DMSO-d6). Photoluminescence (PL) excitation and emission 

spectra and PL decays were recorded on the FLS980 spectrometer (Edinburgh) 

equipped with both continuous Xenon (450 W). PL, AIE were taken by using a Canon 

70D digital camera without using any filter. A differential scanning calorimetry (DSC) 

trace was obtained on a DSC Q2000 under nitrogen atmosphere. Powder X-ray 

diffraction (PXRD) patterns were recorded on a Rigaku (Ultima IV) diffractometer. 

Single crystal X-ray diffraction (SXRD) data were measured on a Bruker Smart APEX 

CCD-based diffractometer. The absolute PLQYs of sample were measured by 

employing a standard barium sulfate coated integrating sphere (150 mm in diameter, 

Edinburgh) as the sample chamber that was mounted on the FLS980 spectrometer with 

the entry and output port of the sphere located in 90° geometry from each other in the 

plane of the spectrometer. A standard tungsten lamp was used to correct the optical 

response of the instrument. All the spectral data were recorded at room temperature 



unless otherwise noted, and corrected for the spectral response of both the spectrometer 

and the integrating sphere. 

Design and Syntheses of novel rofecoxib analogues. The designed rofecoxib 

analogues, which contain a five-membered lactone ring with an aromatic substituent in 

position 5, were prepared by adding 0.12 g (0.0014 mol) of piperidine to a mixture of 

0.4 g (0.0013 mol) of furanone (1a) and 0.0026 mol of 4-cyanobenzaldehyde in 15 mL 

of methanol and stirring the mixture for 12 h at room temperature in a dark atmosphere. 

The mixture was then cooled and the precipitate was filtered off and washed with 

methanol on a filter and 2a1 was obtained as light-yellow crystals, which produced the 

desired compounds in good yield (up to 91%). [33, 34]. All compounds obtained are 

soluble in THF and dichloromethane. The structures of these compounds were 

confirmed by HRMS and NMR (see the section 4 in supporting Information). 2a2-2a17 

was prepared using the same procedure described for 2a1 above, and Compound 1a was 

used as the starting material. 2b1-2b3 was prepared using the same procedure described 

for 2a1 above, and Compound 1b was used as the starting material. 2a2-2a17 and 2b1-

2b3 were obtained as different color powder. The structural characterization was 

described in section 4 in supporting information. The selectivity of the aldol 

condensation was sufficiently high to generate Z-isomers that were confirmed by X-ray 

crystal analysis (CCDC deposit number: 2063013, Figure S1). [33] 

TDDFT (Time-Dependent Density Functional Theory) Calculations 

TDDFT calculations at the B3LYP/6-311++G(2d, p) level in DMSO were performed 

to predict the absorption and emission spectra for compounds 2a2, 2a6, 2a12 and 2a16 



using Gaussian 09 package. Solvent effects were taken into account by employing the 

default IEFPCM model for DMSO. The differences between LUMO and HOMO 

molecular orbital energies at the ground state were used to calculate the maximum 

absorption wavelength. The energy differences between the optimized first excited state 

and the corresponding ground state were used to calculate the emission spectra by 

applying Franck-Condon principle. The calculated spectra were shown in Table S2. 

3. Results and discussion 

3.1. Fluorescent properties of the novel rofecoxib analogues. 

The fluorescent properties of rofecoxib analogues (2a1-2a17, 2b1-2b3) were shown in 

Figure 2A-2B and Table S1. The emission wavelengths of rofecoxib analogues can be 

tuned by introducing various substituents leading to different lengths of the π 

conjugation system. As shown in Figure 2B, it was observed that the more electron-

donating substitutions on C-4 of Ar3 ring showed more bathochromic emission in 

DMSO, indicating the formation of a D-π-A system. For example, compounds 2a6, 

2a8, 2a12-2a17 and 2b1-2b3 with EDG (EDG-O for EDG on the oxygen atom and 

EDG-N for EDG on the nitrogen atom) at the ortho-position or para-position on the 

phenyl group（Ar3）exhibited red shifts in their emission wavelengths, compared to 

the analogues with EWG (2a1−2a5). Also, the EDG-N substituted compounds 2a12-

2a17 showed longer emission wavelengths, ranging from 649 nm to 680 nm as 

compared with EDG-O substituted compounds (2a6, 2a8 and 2b1-2b3). Among 

compounds 2a6-2a8, 2b1-2b3, it was found that introduction of hydroxyl groups at the 

meta-position of the Ar3 ring led to blue-shifts of the emission wavelengths and 



decreases of their fluorescent intensities when compared with analogues whose 

hydroxyl groups are located at ortho or para-positions (Figure S2-S5), indicating that 

such a modification was not favorable for their spectral properties probably due to 

mainly the group's inductive effect on the meta-position of a benzene ring. 

 

Figure 2. (A) The absorption spectra of compounds 2a1-2a5, 2a7-2a14, 2a16, 2a17, 

2b1-2b3 in DMSO. (B) The emission spectra of compounds 2a1-2a6, 2a8, 2a12-2a16, 

2b1-2b3. The compounds were divided into three groups termed EWG, EDG-O and 

EDG-N based on their maximum emission wavelength (Excited wavelength: 365 nm, 

100 μM). 



3.2. Internal Charge Transfer (ICT) and Solvatochromic effect of 2a16 

Next, compound 2a16 was chosen to further investigate its spectral property in different 

solvents due to its near-red emission and excellent quantum yield. The UV-vis 

absorption spectra in different solvents such as toluene (PhMe), dichloromethane 

(DCM), tetrahydrofuran (THF), ethanol (EtOH), dimethyl sulfoxide (DMSO), were 

shown in Figure 3A, and the corresponding fluorescent data were summarized in Figure 

3B. It was found that 2a16 showed two absorption bands between 340 nm and 390 nm 

in different solvents (Fig. 3A). The low energy absorption band originated from ICT 

(intramolecular charge transfer) transition, while the higher energy band ranging from 

320-350 nm can be attributed to π-π* transitions of the benzene ring moiety. [35] Its 

maximum emission wavelength varied from 588 nm to 675 nm when the solvent 

changed from PhMe to 1.21% in DMSO. Meanwhile, the Φf value of 2a16 was the 

highest at 28.5% in PhMe and much lower in other solvent such as DCM, EtOH and 

DMSO (Figure 3B). The emission intensity also decreased pronouncedly, which were 

mainly due to the non-radiative decay in polar solvents. [36] These results indicated 

that 2a16 was strongly dependent on the solvent polarity. To have a better insight into 

the ICT process, quantum mechanical calculations were performed on compound 2a16 

to study its ICT mechanism at the B3LYP/6-31++G(2d,p) level. The molecular orbitals 

of HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied 

molecular orbital) were depicted in Figure 3C and 3D. The ICT was evident that when 

excited the electrons will move from the electron-rich 2-morpholinophenyl group as the 

donor in HOMO to the methylsulfonylphenyl group as the receptor in LUMO. 



 

Figure 3. The UV-vis (A) and fluorescence spectra (B) of 2a16 in different solvents 

(50.0 µM). The optimized structure of 2a16 and its HOMO (C) and LUMO (D) at the 

B3LYP/6-31++G(2d,p) level. 

3.3. The summary of the structure and fluorescent properties relationship (SFR) 

Next, 10 analogues in Figure 4 were selected to illustrate the effect of substituent of 

Ar3 on fluorescent properties. It was found that the strong electron-donating 

substituents on the C-4 position of Ar3 ring resulted in large red-shifts in the emission 

wavelengths for rofecoxib analogues because of the formation of a D-π-A system 

(Figure 4A). For example, as shown in Figure 4A and 4B, compared to 2a2 (λmax = 

482 nm), it was found that the N-substitutions on the Ar3 ring led to dramatic red-shifts 

in their emission wavelengths for compounds such as 2a13, 2a12, and 2a16, which 

have a maximum emission wavelength at 656 nm, 661 nm, and 677 nm, respectively 

(Figure 4B). In contrast, the emission maximum of 2a1 was blue-shifted to 453 nm by 



introduction of an electron-withdrawing methylsulfonyl group on the Ar3 ring (Figure 

4B). Next, compounds 2a1-2a3, 2a6, 2a12 and 2a13 were used for analysis of the 

Hammett substituent constant for the para functional group on the Ar3 ring. 

Electronegativity and emission wavelength showed a positive correlation, as expected 

(Figure 4C). [37] Furthermore, TDDFT (time-dependent density functional theory) 

calculations at the B3LYP/6-311++G(2d,p) level in DMSO were also performed to 

explain the absorption and emission spectra of compounds 2a2, 2a6, 2a12. The results 

confirmed that the energy gap between HOMO and LUMO of 2a2 was found out to be 

3.29 eV. It was the largest of all three compounds, consistent with its shortest absorption 

wavelength. With the replacement with OH and N-substituent group, the energy gaps 

of 2a6 and 2a12 decreased to 3.10 eV and 2.66 eV, respectively (Figure 4D), thus the 

increased absorption wavelengths. These results confirmed that there was a decrease in 

energy gas thus the bathochromic shift in the wavelength, which was in agreement with 

the spectral shift in the experimental absorption spectra. [38] Taken together, these data 

proved the importance of the substituent on the Ar3 ring in tuning the spectral properties 

of the target compounds. Those SFR studies should provide a guideline for future 

design of rofecoxib-based fluorescent probes. 



 

Figure 4. (A) structure-fluorescent properties relationship of rofecoxib analogues, the 

image was taken using a hand-held UV lamp (365 nm) as excitation. Stock solutions of 

them were made in DMSO (100 μM). (B) Emission spectra of ten rofecoxib analogues 

are shown. (C) Correlation between emission wavelength and Hammett constant (σp) 

of R1 substituents in rofecoxib analogues (R2 = 0.84). (D) TDDFT calculations to 

explain absorption wavelength, and comparison between Calculation value (Cal) and 

Experimental (Exp) value of maximum absorption wavelength. 

3.4. AIE properties of 2a16 

Conventional fluorophores featured with π-planar structures usually suffer from 

serious self-quenching in the aggregated state, poor photostability, and small Stokes’ 



shift. In contrast to conventional aggregation-caused quenching (ACQ) fluorophores, 

AIEgens are featured with high emission efficiency in the aggregated state, which could 

be useful in various sensing applications with advantages of high signal-to-noise ratio, 

strong photostability, and large Stokes's shift. The AIE behavior of compound 2a16 was 

investigated next due to the existence of half tetraphenylethene moeity in its structure 

which could endow the compound with AIE activity. It was shown that 2a16 had weak 

fluorescence in DMSO (Figure 2 and 5A). When the water fraction was increased to 

60-80%, the fluorescence intensity began to increase and reached a maximum value at 

80% water fraction (Figure 5A and 5B). Furthermore, the fluorescence quantum 

efficiency (Φf) of 2a16 in pure DMSO solution was merely 0.4%, which was enhanced 

to 31% at 60% water fraction and 94% in the solid powder (Table S1 and Figure 5B), 

235-fold increase. Such experimental data demonstrated that 2a16 could aggregate in 

the non-solvent and showed a significant AIE effect. Such optical properties made 2a16 

an ideal candidate for the development of anti-photobleaching particles for various 

imaging applications. [39-42] 

 



Figure 5. (A) Fluorescence spectra in DMSO/H2O with different water fractions. (B) 

Plot of the maximum peak fluorescence intensities of 2a16 in DMSO/H2O with 

different water fractions. Inset: fluorescence images (Excited wavelength: 365 nm, 100 

μM). 

3.5. Mechanochromic properties of 2a16 

 

Figure 6. (A) Optical images taken using a hand-held UV lamp (365 nm) as excitation. 

(B) Fluorescent spectra of the as-prepared (pristine) green powder, crystal, ground 

orange powder and fumed powder (Excited wavelength: 365 nm). (C) PXRD curves of 



the pristine green powder, ground orange powder and fumed green powder. (D) DSC 

curves of the pristine powder, orange powder and fumed powder. 

Mechanochromism is the phenomenon of change in color due to mechanical grinding 

or pressing of a solid sample, and the subsequent reversion to its original color through 

treatment such as heating or recrystallization. Photoluminescent compounds that 

possess mechanochromic properties in their solid-state emissions can provide unique 

recording or sensing materials that involve luminescence detection. Following the AIE 

investigation of 2a16, its mechanochromic property was further investigated in this 

section. As shown in Figure 6A, 2a16 exhibited two-color changing mechanochromic 

luminescence (MCL) behavior in response to the external stimuli. The pristine powder 

of 2a16 emitted green luminescence under a 365 nm UV lamp and the maximum 

emission wavelength (λmax) was 541 nm (Figure 6A and 6B). After the pristine powder 

was ground using a pestle on a mortar at room temperature, the ground powder 

exhibited orange emission (λmax = 595 nm). The orange state can revert back to the 

green with emission (λmax = 564 nm) upon fuming by acetone vapor (Figure 6A and 

6B). To investigate the mechanism of mechanochromic properties, powder X-ray 

diffraction (PXRD) and differential scanning calorimetry (DSC) measurements were 

carried out. As shown in Figure 6C, the pristine powder of 2a16 showed intense and 

sharp peaks, suggesting the crystalline state. In contrast, the PXRD curve obtained by 

grinding did not exhibit obvious peak, indicating that the pristine powder had changed 

from the crystalline state to an amorphous one after mechanical stress. [43-46] Upon 

fuming the ground powder in acetone, some new peaks appeared. The partly different 



PXRD curves of fumed powder compared to those of the pristine powder demonstrated 

the change from one crystalline phase to another, which was also consistent with their 

different emission spectral between pristine powder and fumed powder (Figure 6B). 

Moreover, the DSC curves revealed that the melting point of 2a16 was about 263°C 

(Figure 6D). The pristine sample showed an endothermic transition peak at 248°C, 

corresponding to phase transition as opposed to cold crystallization with a melting point 

of 263°C. [42] By contrast, DSC curve of the ground sample showed a new exothermic 

peak around 116°C next to the melt peak at 264°C, which was absent in the pristine 

sample and the fumed sample. [44] This broad exothermic peak could be ascribed to cold 

crystallization transition, which revealed that the amorphous phase of the ground 

sample was a metastable state. 

3.6. The mechanistic study on MCL 

Based on the results above, it was hypothesized that the two-color mechanochromic 

luminescence of 2a16 was ascribed to the force-induced transformation of the 

molecular packing. Therefore, it was of great significance to study the mechanism on 

MCL of 2a16 by analyzing the single crystal of the compound. To our delight, a single 

crystal of 2a16 was obtained and analyzed by X-ray diffraction (Figure 7A). The crystal 

data and the collection of parameters were summarized in the Supporting Information 

(see crystal data of 2a16). Compound 2a16 packed in the monoclinic crystal system, 

from which two representative tetramers were extracted to illustrate its intermolecular 

packing. As shown in Figure 7A, the phenyl group (Ring A = Ar1) and 4-

(methylsulfonyl)phenyl group (Ring B = Ar2) adopted a twisted conformation to 



connect to the lactone ring, with their dihedral angles as 33.91° and 57.26°, 

respectively. The other phenyl group (Ring C = Ar3) adopted a less twisted 

conformation to connect to the double bond with the dihedral angle as 19.58°. The 

dihedral angles among the phenyl rings were calculated to be 59.46°, 53.21°, and 57.86° 

(Figure 7A). It is interesting to note that two C–H···O interactions existed between the 

oxygen atom of the morpholine ring and the C–H of methylsulfonyl group and also 

another C–H of the morpholine ring (2.472 and 2.552 Å, respectively) (Figure 7B). In 

addition, ene C–H···π interaction was formed between the C–H of the phenyl ring and 

the double bond adjacent to the lactone ring (2.872 Å). Two more C–H···O interactions 

existed between the oxygen atom of the ketone group and two C–H of the neighboring 

phenyl groups (2.622 and 2.537 Å, respectively) (Figure S6). Such interactions between 

adjacent molecules greatly restricted their rotations and efficiently suppressed their 

nonradiative relaxation therefore enabled the molecules to emit intense emission in 

crystals. It is worth mentioning that the cooperation of those multiple interactions made 

it possible for the molecules to arrange in a slipped parallel manner within the crystals 

along the a, b, and c directions with intermolecular distances of 22.337, 6.324, and 

18.417 Å, respectively (Figure 7C). Such tight packing greatly favored the AIE effect 

and mechanochromic luminescence of compound 2a16 as observed experimentally 

(Figure 7C). 



 

Figure 7. (A) Single crystal structure of 2a16. (B) Two dimers extracted from the 

single-crystal structure of 2a16 with bond lengths. (C) Molecular stacking structures 

along the a, b, and c directions in 2a16 crystals. 

3.7. 2a16 interactions with COX-2 enzyme 

From the results above, some of the designed rofecoxib analogues have been 

demonstrated to show the AIE characteristic with red emission, mechanochromism and 

large Stokes shift. Among them, compounds 2a12–2a17 appeared to be the most 

promising due to their high quantum yields in powder and longer emission (Table S1). 

They were first selected for COX-2 molecular docking to study their binding modes 

with COX-2 enzyme.[47,48] The binding modes of compounds 2a12-2a17 largely 



resembled that of rofecoxib, as expected. It was shown in Figure 8A by using compound 

2a16 as an example. It was observed that the methyl sulfone moiety of both rofecoxib 

(blue) and 2a16 (pink) was in one part of the active site formed by residues Arg513, 

His90, Gln192, and Phe518. The phenyl ring attached to the lactone ring in rofecoxib 

fit well in another part of the active site formed by Trp387, Tyr385, and Ser530. 

However, the same phenyl ring in 2a16 was flipped to fit in the sub-pocket formed by 

residues Glu524, Arg120, and Leu531. It so happened that it could make room for the 

larger moiety of phenyl morpholine introduced on the lactone ring. 2a16 could fit into 

the active site and more interactions with the surrounding residues were introduced with 

the additional fragments. These docking results provided a theoretical explanation at 

the molecular level for the following imaging studies at the cellular level. Before cell 

imaging experiments, the potential cytotoxicity of rofecoxib analogues was evaluated 

by using MTT assay and low cytotoxicity of the analogues was observed (Figure S7 

and S8). Subsequently, the confocal fluorescence imaging experiments were performed 

in live HeLa cells. Three rofecoxib analogues successfully penetrated the cell 

membranes of HeLa cells. As demonstrated in Figure S9, all of them were cell 

permeable and were suitable for live cell imaging. In particular, compound 2a16 

exhibited a bright fluorescent image in live cells. 

3.8. Fluorescence imaging of COX-2 overexpressed cells 

To assess the COX-2 binding ability of 2a16 in COX-2 overexpressed cells, 

fluorescence images were taken after it was incubated with different cells. According 

to the western blotting assay, it was found that the expression of COX-2 was 



significantly high in HeLa cells but not in RAW264.7 cells. (Figure 8B). As expected, 

after incubating with 2a16, bright red fluorescence was observed in HeLa cells, which 

was not observed in RAW264.7 cells (Figure 8C). It indicated that 2a16 was able to 

distinguish cancer cells from normal cells by labeling overexpressed COX-2 in cancer 

cells. 

 

Figure 8. (A) COX-2 docking study of rofecoxib analogues. The binding modes of 

rofecoxib (blue) and compound 2a16 (pink) at the active site of COX-2. The 



experimental crystallographic structure of COX-2 complex was retrieved from the 

Protein Data Bank (PDB: 3ln1) (B) Western blot showing COX-2 expression level in 

RAW264.7 and HeLa cells. (C) Fluorescence images of RAW264.7 and HeLa cell lines 

with confocal microscopy. All cells were treated with 2a16 (2 μM) for 2 h. 

(Magnification: × 40; λex: 405 nm; Red, λem: 570-1000 nm). Images are representative 

of triplicate experiments (n = 3, see Figure S10). (D) Quantitative image analysis of the 

average total fluorescence intensity of HeLa cell and RAW264.7 cell. 

3.9. Fluorescence imaging of cancer tissues 

The results at the cellular level are not necessarily reproducible in tissue samples 

because of the variability and complexity of clinical samples. Therefore, to assess the 

potential of 2a16 in clinical applications as an imaging agent, esophageal cancer tissues 

were used to study whether 2a16 can distinguish the cancer tissue from the adjacent 

normal tissues because it was reported that there are an estimated 572,034 new 

esophageal cancer cases and 508, 585 deaths every year worldwide. Consistent with the 

previous research, it was found that both the mRNA and the COX-2 protein were 

upregulated in human esophageal squamous cell carcinoma (ESCC) (Figure 9A and 

9B). [49-51], As shown in Figure 9C, after incubated with 2a16, bright red fluorescence 

was observed in ESCC tissues, but weak fluorescence in adjacent tissues. These results 

are consistent with the COX-2 expression level in the cancer tissues. These results 

strongly suggested that 2a16 had the potential to be developed as new COX-2 probes 

for detecting cancer tissues in clinical applications. 



 

Figure 9. (A) qRT-PCR for mRNA analysis of COX-2 in human ESCC and adjacent 

tissue. (B) Western blot for protein analysis of COX-2 in human ESCC and adjacent 

tissue. (C) Fluorescence images of paraffin embedded section of human ESCC and 

adjacent tissue with inverted fluorescence microscope. All sections were treated with 

2a16 (10 μM) for 0.5 h. 

4. Conclusions 

In summary, we developed new COX-2 fluorescent probes using rofecoxib as the 

template. Some of the rofecoxib analogues designed are empowered with fluorescent 

characteristics, such as red emission, AIE property and mechanochromic behavior. Of 

them, 2a16 was the most promising and it was shown to bind to the COX-2 enzyme 

over-expressed in HeLa cancer cells, resulting in bright red fluorescence imaging, but 

it will not light up the normal cells with minimal COX-2 expression. More importantly, 

in clinical esophageal cancer tissue samples, 2a16 was able to distinguish the cancer 



tissues from adjacent normal tissues by lighting up the COX-2 enzyme specifically. It 

paved the way for 2a16 to be developed as a cancer imaging agent, and even a cancer 

diagnostic agent. 
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