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Abstract: ​To ​the flexible tripod platform tren (tris(2-aminoethyl)amine),        

a Rhodamine and two naphthalene fluorophores were introduced. The         

resulting fluorescence ​probe named ​TRN ​was fully characterized and         

employed in cell imaging. Probe ​TRN ​exhibited high selectivity and          

excellent sensitivity for the simultaneous fluorescence detection of Zn​2+​/         

Hg​2+​/ Al​3+​/ Cu​2+​. The significant changes in the fluorescence color make           

naked-eye detection possible. Furthermore, fluorescence imaging      

experiments of Zn​2+​/ Hg​2+​/ Al​3+​/ Cu​2+ in living PC3 cells demonstrated its            

value for practical applications in biological systems. 
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1. Introduction 

The selective detection of four or more analytes with a single           
chemosensor is extremely rare owing to the inherent challenge in eliciting           
unique responses by the molecule in the presence of the different           
analytes. Such a molecule would involve either having multiple binding          
sites that ​give rise to different binding modes, or multiple signal           
transducing units (e.g., chromophores/ fluorophores/ redox active       
moieties), multiple read-out modes or any combination of the above.          
Such a chemsensor would be highly coveted, both in terms of           
convenience of use and economic value. 

A chemosensor would be highly valued for the sensitive detection of           
metal ion species that play key roles in biological processes, as well as in              
detecting human toxins and contaminants, especially as there are         



 

    

 

increasing demands for sensors in these fields. Among these, ​the metal           
ion​s of mercury, zinc, aluminium and copper are synonymous with          
various prominent neurological conditions and biological processes. ​For        
instance, mercury is a well-known human toxin, capable of serious harm           
to the skin, nervous and renal systems even at very low levels ​[1-4]​. Zinc is               
the second most abundant transition-metal ion and plays important roles          
in a variety of physiological and pathological processes ​[5-7]​, and disorder           
associated with zinc metabolism in biological systems may lead to a           
variety of diseases such as Alzheimer’s disease, diabetes, epilepsy ​[8-11]​.          
Moreover, Al​3+ has been associated with conditions such as neuro          
dementia, Parkinson’s disease, Alzheimer’s disease and dialysis       
encephalopathy. Copper ions, as the third most abundant essential trace          
element after iron and zinc in the human body, also play an important role              
in various physiological and enzymatic processes ​[12-14]​, such as in          
transforming melanin in skin pigments, assisting cross-linking in        
collagen, as well as tissue maintenance and repair ​[15-17]​. Excessive copper           
is also toxic and a major cause for oxidative stress and disorders            
associated with neurodegenerative diseases including Alzheimer’s,      
Parkinson’s, Menkes, Wilson’s and prion diseases ​[18-20]​. Thus, there is an           
urgent need to develop sensors capable of detecting low concentrations of           
Hg​2+​, Al​3+​, Zn​2+​ and Cu​2+​ ions in biological samples. 

Fluorescent probes are ​ideal candidates for both the detection and          
monitoring of metal ions in a wide variety of samples. This is due to their               
high sensitivity, fast response, and ability to provide ​in situ and real-time            
information with high spatial-temporal resolution, and non-destructive       
detection. During the past two decades, many fluorescent probes have          
been developed for a variety of biological​ly and environment​ally related          
targets. However, most of the fluorescent probes ​that have been reported           
are of two- or three-ion sensor ​types that detect for example ​Fe​3+​/ Cu​2+ ​[21]​,              
Ba​2+​/ Hg​2+ ​[22]​, Zn​2+​/ Cd​2+ ​[23]​, Cu​2+​/ Hg​2+ ​[24, 25]​, Pb​2+​/ Hg​2+ ​[26]​, Zn​2+​/ Hg​2+​/               
Cu​2+ ​[27]​, Cu​2+​/ Cysteine ​[28]​, Zn​2+​/ Cd​2+​/ Hg​2+ ​[29]​, Cr​3+​/ Al​3+​/ Fe​3+ ​[30, 31]​.              
However, it remains a great challenge for probes to detect even more            
cations at the same time. 

Herein, we report the development of a probe called ​TRN​, which           
possesses unique optical responses towards Zn​2+​, Al​3+​, Hg​2+ and Cu​2+          
ions. It is composed of two ​O​-hydroxynaphthalene formaldehyde units         
and one Rhodamine B moiety bound by a flexible tren linkage, and            
contains a well-know​n fluorophore pair allowing for a Förster resonance          
energy transfer (FRET) process ​[32-35]​. The flexible linkage and the short           
distance between the fluorophores provide efficient FRET between the         
fluorophore pair owing to the favorable optical overlap between these two           
chromophores ​[36, 37]​. The flexible tren linkage not only facilitates the           



energy transfer process but also provides versatile binding affinity for the           
Zn​2+​, Al​3+​, Hg​2+ and Cu​2+ ​ions, respectively. The well-separated emission          
spectra of the donor and acceptor are helpful when distinguishing          
different analytes. On other hand, the larger pseudo-Stoke’s shift of the           
FRET probe between the maximum emission wavelengths of the         
naphthalene and Rhodamine moieties favors ruling out the influence of          
excitation backscattering on the fluorescence detection. Furthermore, the        
Rhodamine can exhibit outstanding spectroscopic properties and the        
ring-opening of the spirolactam gives rise to strong fluorescence emission          
upon combining with the cations ​[38-40]​. The ​ortho​-hydroxyl substituted         
naphthalene Schiff base also gives an off-on ​optical signal attributed to           
the C=N isomerization and chelation enhanced fluorescence (CHEF)        
mechanism ​[41, 42]​. Three different emission processes are likely to occur,           
these being: (i) donor emission with donor excitation; (ii) acceptor          
emission with donor excitation; and (iii) acceptor emission with acceptor          
excitation. These factors highlight probe ​TRN​’s potential as a         
multicol​or​ed, multimodal chemosensor.  

 
2. Experimental 
2.1 Materials 

Deionized water was used throughout the experiments. Other        

chemicals were purchased from Alfa Aesar Co., Tianjin, China and were           

used without further purication. The solutions of metal ions were          

prepared from their perchlorate salts, which were analytical grade.  

2.2 Apparatus 

Fluorescence spectral measurements were performed on a Cary Eclipse         

fluorescence spectrophotometer (Agilent Technologies) equipped with a       

xenon discharge lamp using a 1 cm quartz cell. ​1​H and ​13​C NMR spectra              

were measured on a WNMR-I 500 MHz NMR (Wuhan Institute of           

Physics and Mathematics, Chinese Academy of Sciences) spectrometer or         

Bruker AVANCE III 400 NMR spectrometer at room temperature using          

TMS as an internal standard. MALDI-TOF mass spectra were measured          

on a Bruker autoflex 3 system. Cell fluorescence imaging was performed           

using an Olympus IX73 fluorescent inverted microscope.  



2.3 Spectral measurements 
To a 10 mL volumetric flask containing different amounts of ions, the            

appropriate amounts of the solution of probe ​TRN were added using a            

micropipette. For Zn​2+​, Hg​2+​, Al​3+ and Cu​2+​, the system was then diluted            

with a CH​3​CN/H​2​O (95/5) mixed solvent to 10 mL; and then the            

fluorescence sensing of the ions was conducted. The fluorescence spectra          

were measured after addition of the ions at room temperature and when            

equilibrium was reached. Fluorescence measurements were carried out        

with an excitation and emission slit width of 10 nm. 

2.4 Cell culture and fluorescence imaging 
PC3 cells are adherent growth cells, and are routinely cultured at 37 °C             

and 5 % CO​2 saturated humidity in 1640 containing 10 % bovine embryo             

serum, 100 U/ mL penicillin and 100 μg/ mL streptomycin. The medium            

was changed every 1 to 2 days, and the cells in the logarithmic growth              

phase were used for experiments. One day prior to imaging, the cells            

were seeded in 12-well flat-bottomed plates. The next day, the cells were            

incubated with 10 μM of probe ​TRN for 45 min at 37 °C. Before              

incubating with 100 μM Zn​2+​, Hg​2+ or Al​3+ for another 60 min, the cells              

were rinsed with fresh culture medium three times to remove the           

remaining sensor, then the fluorescence imaging of intracellular Zn​2+​,         

Hg​2+ and Al​3+ was observed under an inverted fluorescence microscope.          

Finally, the cells containing ​TRN were further treated with Cu​2+ (500           

μM) for another 50 min, then the fluorescence imaging was observed           

under an inverted fluorescence microscope. 

2.5 ​Synthesis of probe​ TRN 
The synthetic route to probe ​TRN ​via the ​intermediate TR was carried            

out as outlined in ​Scheme 1​: 



 
Scheme 1​.​ ​Synthetic route to the probe ​TRN 

 
Tris(2-aminoethyl)amine (tren) (4.0 g, 27.36 mmol) was dissolved in         

20 mL of ethanol. Rhodamine B (1.64 g, 3.42 mmol) and was dissolved             
in 80 mL of ethanol, and then was added dropwise to the solution of tren               
and the system refluxed for 36 h under an N​2 ​atmosphere until the             
solution lost its red color. Following removal of the solvent by           
evaporation, water (60 mL) was added to the residue and the solution was             
extracted with CH​2​Cl​2 (60 mL × 3). The combined organic phase was            
washed twice with water, and then dried over anhydrous Na​2​SO​4​. The           
solvent was removed by evaporation, and the residue was purified by           
column chromatography (silica gel, CHCl​3​/Methanol/NEt​3 ​(9/1/1) to       
afford 1.52 g of a col​or​less viscous solid, namely intermediate          
tris(2-aminoethyl)amine-Rhodamine B (​TR​) ​in a yield of 77.6 %. ​1​H          
NMR (500 MHz, CDCl​3​): δ 7.85 ~ 7.80 (m, 1H, ArH), 7.40 (s, 2H, ArH),               
7.05 (s, 1H, ArH), 6.33 ~ 6.24 (m, 6H, ArH), 5.27 (bs, 2H, NCH​2​CH​2​N),              
5.06 ~ 4.08 (bs, 4H, CH​2​CH​2​NH​2​), 3.28 (bs, 8H, NCH​2​CH​3​), 3.11 (bs,            
2H, NCH​2​CH​2​N), 2.92 ~ 2.86 (m, 2H, NCH​2​CH​2​N), 2.61 ~ 2.55 (m, 2H,             
NCH​2​CH​2​N), 2.31 ~ 2.29 (m, 2H, NCH​2​CH​2​N), 2.10 ~ 2.02 (m, 2H,            
NCH​2​CH​2​N), 1.11 (bs, 12H, NCH​2​CH​3​). ​13​C NMR (125 MHz, CDCl​3​): δ           
12.​2​, 37.​5​, 38.​5​, ​44.0​, 51.​3​, 56.​9​, 64.​8​, 97.​2​, ​105.0​, 107.​7​, 122.​2​, 123.​4​,            
127.​8​, 128.​5​, 131.​1​, 132.​0​, 148.​4​, 153.​1​, 167.​4​.  

The intermediate ​TR (1.10 g, 1.92 mmol) and 2-hydroxy-1-         
naphthaldehyde (660 mg, 3.84 mmol) were dissolved in methanol (100          
mL). The mixture was refluxed overnight under an N​2 ​atmosphere and           
then the solvent was removed under reduced pressure, and the residue           
purified by column chromatography (silica gel, CHCl​3​) to afford 1.5 g of            
TRN (yellow solid) in yield 85.2 %. ​Mp: 103.9 ~ 104 °C​. ​1​H NMR (500               
MHz, CDCl​3​) δ (ppm)：14.1​4 (s, 2H, OH), 8.5​9 (s, 2H), 7.9​3 ~ 7.9​4 (m,              
1H), 7.7​4 (d, J = 11Hz, 2H), 7.4​4 ~ 7.5​3 (m, ​6H), 7.3​1 (t, J = 7.5Hz, 2H),                  
7.1​0 ~ 7.1​5 (m, ​3H), 6.7​6 (d, J ​= 12.5Hz, 2H), 6.2​3 ~ 6.4​3 (m, 6H), 3.4​2                 
(t, 4H, ​J = 6.0Hz), 3.2​2 ~ 3.2​8 (m, 10H), 2.6​9 (t, ​J = 6.5Hz, 4H), 2.4​8 (t,                  
J = 8.0Hz, 2H), 1.0​8 (t, ​J = 7.5Hz 12H); ​13​C NMR (CDCl​3​, 125 MHz):               



177.​2​, 167.​6​, 158.​1​, 153.​4​, 152.​9​, 148.​6​, 137.​1​, 133.​7​, 132.​3​, 131.​4​,          
128.​9​, 128.​8​, 128.​1​, 127.​7​, 125.​7​, 125.​0​, 123.​8​, 122.​5​, 122.230, 117.808,          
107.​9​, 106.​2 105.​2​, 97.​4​, 64.​9​, 54.​7 50.​8​, 50.​6​, 44.​1​, 37.​5​, 30.​8 ppm. ​MS             
(MALDI-TOF) Calcd for [C​56​H​58​N​6​O​4​]: m/z 878.4520 Found: m/z        
878.4488 [M]​+​. ​(Table S1). ​The spirolactam form of the Rhodamine B           
units in ​TRN ​was confirmed by the presence of a peak at ​δ ~ 64.​9 ppm                
in the ​13​C NMR spectrum​ ​[43, 44]​. (Figs. S1 ~ S3). 

 
3. Results and discussion 
3.1​ ​Spectral behavi​o​r​ ​of probe ​TRN 

The skeleton of probe ​TRN is based on the ​flexible tripod platform and             
is composed of a Rhodamine B moiety (energy acceptor​) and naphthalene           
moieties (energy donor), which were further covalently connected by a          
tren ​linker unit. The emission spectrum of naphthalene and the absorption           
spectrum of Rhodamine B have substantial overlap, which fulfills a          
fav​o​rable condition for the FRET process (​Fig. S4​, shaded area).  

The emission spectroscopy of probe ​TRN ​when combined        
with metal ions was examined in a ​CH​3​CN/H​2​O (95/5, v/v) ​solution           
of ​TRN ​(​10 μM​)​, in the absence and presence of 20 eq. of ​various              
metal ions such as ​Li​+​, Na​+​, K​+​, Ag​+​, Mg​2+​, Ca​2+​, Sr​2+​, Ba​2+ , ​La​3+​, Fe​3+​,               
Co​2+​, Ni​2+​, Cu​2+​, Zn​2+​, Hg​2+​, pb​2+​, Cd​2+​, Al​3+ and Cr​3+​. In ​Fig. 1​, the              
excitation of the initial solution of probe ​TRN ​at ​385 nm showed a             
slight emission at ​445 nm​. ​The addition of Zn​2+ to the ​TRN ​solution             
induced a significant fluorescence emission ​at 445 nm. On addition          
of Cu​2+ to the solution of ​TRN​·Zn​2+​, the fluorescence emission was           
quenched. However, on ​addition of ​Hg​2+ to a ​solution of ​TRN​, a            
dramatic fluorescence response was observed. In particular, a new         
emission peak at 580 nm emerged, no emission band was observed at 445             
nm, whilst this was accompanied by an obvious fluorescent col​o​r change           
from col​o​rless to red (​Fig. 1 inset). At the same time, on addition of Cu​2+               

to the solution of ​TRN​·Hg​2+​, the fluorescence emission was quenched.          
It is noteworthy that the addition of Al​3+ ions resulted in a gradually          
enhancement of the dual emission at 445 nm and 580 nm on increasing             
the concentration of Al​3+​. The emission spectra resulted in an          
intermediate col​o​r between col​o​rless to cherry-red. ​Therefore, probe        
TRN ​likely ​coordinates to the above metal ions. The decrease or           
increase in the fluorescence of probe ​TRN ​reveals considerable         
selectivity for ​Zn​2+​/ Al​3+​/ Hg​2+ or Cu​2+​, but no noticeable spectral           
changes were observed in the presence of the other ​tested metal           
ions. 

To further understand this mechanism, a detailed investigation was         
conducted. When Zn​2+ was added to the solution of probe ​TRN with the             



excited wavelength at 385 nm, probe ​TRN exhibited a bright blue           
fluorescence emission band at 445 nm. The significant fluorescence         
enhancement was attributed to suppression of C=N isomerization, and the          
fluorescence increased resulted from chelation-enhanced fluorescence      
(CHEF). On further addition of Cu​2+ ​to the solution of ​TRN​·Zn​2+​, the            
fluorescence emission was quenched. Addition of Al​3+ to the solution of           
probe ​TRN ​resulted in a gradually enhancement of the dual emission at            
445 nm and 580 nm on increasing the concentration of Al​3+​. The emission             
spectra resulted in an intermediate col​o​r change between col​o​rless to          
cherry-red. ​As expected, the spectral results for ​TRN​·Al​3+ exhibited the          
necessary spectral overlap capable of giving rise to a FRET signal for            
ring-opened Rhodamine when the ​naphthalene moiety was excited. The         
increased emission of the ring-opened Rhodamine at 580 nm was          
observed with a simultaneously enhanced n​aphthalene emission at 445         
nm. This fluorescence change indicated that a ​Förster resonance energy          
transfer (FRET) process from the naphthalene group to the Rhodamine          
had been triggered by the ​Al​3+ ions. However, ​according to the FRET            
theory, the naphthalene emission should decrease when such an energy          
transfer takes place. Given the C=N isomerization process of the complex           
TRN​·Al​3+​, the CHEF may play a more important role than does FRET,            
thus upon addition of Al​3+​, enhanced fluorescence of naphthalene is          
observed. On addition of Cu​2+ to the solution of ​TRN​·Al​3+​, no change            
was observed due to the stronger chelation ability of the Al​3+ ion ​versus             
the Cu​2+ ion. Moreover, addition of Hg​2+ induced only a fluorescence           
enhancement at 580 nm accompanied by a fluorescent col​o​r change of           
col​o​rless to red (​Fig. 1 ​inset); no emission band was observed at 445 nm.              
These observations were consistent with an efficient FRET process         
occurring from the donor (naphthalene) group to the acceptor         
(Rhodamine) group and suggested the formation of the ring-opened         
amide form of ​TRN ​upon binding of the Hg​2+ ions. On further addition of              
Cu​2+ ​to the solution of ​TRN​·Hg​2+​, the fluorescence emission was          
quenched. ​T​he quenching of Cu​2+ to ​TRN​·Zn​2+ ​or ​TRN​·Hg​2+ was not due            
to the heavy-atom effect because Hg​2+ did not quench the fluorescence,           
but is due to the formation of new complexes, which did not emit             
fluorescence with suitable coordination geometry conformation and       
cavity size of the receptor ​[45]​. These observations indicate that the probe            
TRN is capable of adopting four different recognition modes. These are           
dependent on the different target ions present: recognition of ​Hg​2+ ​via the            
Rh-B moiety (580 nm), Al​3+ via both the Rh-B (580 nm) and naphthalene             
moieties (445 nm), whilst Zn​2+ is only through the naphthalene moiety           
(445 nm), whilst Cu​2+ is through both moieties and the formation of a             
new complex (quenching). Meanwhile, the other metal ions did not          



 

 

 

 

induce any significant fluorescent col​o​r change, which suggested that         
naked-eye selective detection of Zn​2+​/ Al​3+​/ Hg​2+​/ Cu​2+ under UV-lamp is           
also possible. 

                                                    
Figure 1​. The fluorescence spectrum of probe ​TRN ​(10 μM) upon the addition of 20 eq. metal                 
ions in CH​3​CN/H​2​O (95/5, v/v) solution. Metal ions: Li​+​, Na​+​, K​+​, Mg​2+​, Ca​2+​, Ba​2+​, Sr​2+​, La​3+​,                
Hg​2+​, Pb​2+​, Cd​2+​, Al​3+​, Cu​2+​, Ni​2+​, Ag​+​, Cr​3+​, Zn​2+​, Co​2+ ​and Fe​3+​. λ​ex​/ λ​em = 385/ 445 nm, 580 nm.                    
Inset shows the colour change of probe ​TRN ​in the absence and the presence of Zn​2+​/ Al​3+​/ Hg​2+                  
and Cu​2+​ under UV-vis light. 
 

Fig. 2 ​shows the fluorescence titration of probe TRN with Zn​2+​, Cu​2+​,            
Hg​2+ and Al​3+​, respectively. Job’s plot experiments evaluated from the          
fluorescent spectra indicated that the binding of probe TRN ​to Zn​2+​, Hg​2+            
and ​TRN·​Zn​2+ to Cu​2+​, are of 1:1 stoichiometry (​Fig. 2, ​inset). The            
association constants are estimated to be 1.88 × 10​4 M​-1 (​TRN·​Zn​2+​), 2.73            
× 10​4 M​-1 (​TRN·​Zn​2+​·Cu​2+​), and 1.54 × 10​4 M​-1 (​TRN​·Hg​2+​) by using a             
Benesi-Hildebrand plot assuming a 1:1 stoichiometry, respectively (​Fig.        
S5 ~ S7​). The association constants of ​T​RN·​Al​3+ are estimated to be 8.60             
× 10​8 ​M​-2 by using a Benesi-Hildebrand plot assuming a 1:2           
stoichiometry (​Fig. S8​)​ ​[46]​. 

From the fluorescence titration, a linear relationship between the         
emission intensity of ​TRN and ions concentration was observed (​Fig. S9           
~ S13​).  

The detection limit of probe TRN ​for Zn​2+​, Cu​2+​, Al​3+ and Hg​2+ was             
calculated based on the fluorescence titration data according to a reported           
method ​[47]​. Under optimal conditions, calibration graphs for the         
determination of Zn​2+​, Cu​2+​, Al​3+ and Hg​2+ were constructed. The limits of           
detection (LOD = 3σ/ slope) of probe ​TRN ​for the ions are 0.012 (Zn​2+​),              
0.10 (Hg​2+​), 0.19 (Al​3+​: λ​em = 445 nm), 0.57 (Al​3+​: λ​em = 580 nm), and               
TRN​·Zn​2+​ for Cu​2+​ was 0.01 μM. 

 



 
 

Figure 2​. The fluorescence spectral titration of probe ​TRN (10 μM) with Zn​2+ (a), probe               
TRN·​Zn​2+ with Cu​2+ (b), probe ​TRN ​with Hg​2+ (c) and probe ​TRN ​with Al​3+ (d) in CH​3​CN/H​2​O                 
(95/5, v/v) solution. Inset: the Job's plot data of Zn​2+ (a, λ​ex​/ λ​em = 385/ 445 nm), Cu​2+ (b, λ​ex​/ λ​em =                      
385/ 445 nm), Hg​2+​ (c, λ​ex​/ λ​em​ = 385/ 580 nm) and Al​3+​ (d, λ​ex​/ λ​em​ = 385/ 445 nm, 580 nm). 
 
 

To investigate the practical applicability of ​TRN as a multiple analyte           

selective fluorescent sensor, competition experiments of ​TRN treated        

with the ​detecting ion in the presence of other coexisting ions were            

conducted. In Fig. S14​, it is observed that the other background metal            

ions had no obvious interference during the detection of Zn​2+ ions except            



 

for Cu​2+​, which quenched the fluorescence of ​TRN·​Zn​2+​. In Fig. S15​, the           

other background metal ions had no obvious interference during the          

detection of Hg​2+ ions, except for Al​3+​, which showed a slight           

interference. In Figs. S16 and S17​, the other background metal ions had            

no obvious interference with the detection of Al​3+ ions. The ​TRN ​can            

distinguished ​Zn​2+​/ Al​3+​/ Hg​2+ ions ​through the characteristics of         

different emission wavelength and double emission. However, no        

noticeable spectral changes were observed in the presence of the other           

tested metal ions. Hence, these results suggest that TRN could be a good             

fluorescence enhancement sensor for Zn​2+​, Hg​2+ and Al​3+​, and the probe           

TRN​ can readily distinguish the above mentioned ions.  

3.2 Reaction mechanism of probe ​TRN​ with Zn​2+​, Al​3+​ and Hg​2+ 
The binding mode of probe ​TRN with Zn​2+ was examined by 1​H            

NMR ​spectroscopy in CD​3​CN. The partial ​1​H NMR spectra of probe           

TRN before and after treatment with various concentrations of ​Zn(ClO​4​)​2​,          

Al​(ClO​4​)​3 or ​Hg​(ClO​4​)​2 ​are depicted in ​Fig. 3​. ​Complexation of ​TRN           

with Zn​2+ shifted the proton of the hydroxyl group (Hb) at δ = 7.92 ppm               

to 10.87 ppm (Δδ = 2.95 ppm), and the imine proton peak (Ha) at δ =                

8.82 ppm was downfield shifted by ​ca​. 0.27 ppm. The aromatic protons            

Hc, Hh, protons of the naphthalene moiety underwent downfield shifts of           

0.17 and 0.16 ppm, respectively, due to the reduction of electron density            

upon coordination to the Zn​2+ ions. However, the protons associated with           

the rhodamine moiety exhibited almost no change. These results         

suggested that the interaction of ​TRN with Zn​2+ ions is via the nitrogen             

atoms of the imine and the oxygen atoms of the hydroxyl naphthalene,            

but that the rhodamine moiety was not involved in the complexation. 

Compared with the complexation of tren and ​Zn​2+​, upon addition of           



Hg​2+ ​to the solution of probe TRN, ​the proton of the hydroxyl group (Hb)              

on the naphthalene ring shifted downfield from 7.92 ppm to 10.89 ppm            

(Δδ = 2.97 ppm). The imine proton peak (Ha) at δ = 8.82 ppm was               

downfield shifted by ​ca​. 0.63 ppm, whilst the aromatic protons Hc, and            

Hh protons of the naphthalene moiety underwent downfield shifts of 0.57           

and 0.69 ppm, respectively. Meanwhile, the protons Hm, Hn and Ho on            

rhodamine moieties exhibited downfield shifts of 0.36, 0.36 and 0.22          

ppm, respectively. Aluminum and copper ions revealed the same trend as           

the mercury ions (See ​Table S2 for relevant data). These observations           

strongly suggested th​at the ​hydroxyl group, the CH=N moieties of          

naphthalene ​and the carbonyl group of rhodamine moieties are all          

involved in Al​3+​/ Hg​2+ coordination. This coordination initiated the FRET          

process and led to the opening of the spirocycle. The results are            

consistent with the fluorescence chelation-enhancement and the FRET        

process occurring. Given this, a mechanism for the sensing of the Zn​2+​,            

Al​3+​ and Hg​2+​ ions ​[48]​ ​is proposed in ​Scheme 2​. 

 
 

Figure 3​. ​1​H NMR spectra of probe ​TRN in the absence and presence of Zn​2+​, Hg​2+​, Al​3+ and                  
Cu​2+​. ​�​: hydroxy proton, ​▼​: imine proton, ​�​: aromatic protons of naphthalene moiety, ​�​:              
protons of rhodamine moieties. 

 
 

Scheme 2​. Proposed 
sensing mechanism 
of probe ​TRN​ with 



Zn​2+​, Hg​2+​, Al​3+​ and Cu​2+​. 
 
3.3. PC3 cells imaging applications 

The potential application of probe ​TRN for Zn​2+​, Hg​2+​, Al​3+ and Cu​2+            
sensing/imaging in biological samples was investigating through the        
examination of its interaction with living PC3 cells, using a fluorescent           
inverted phase contrast microscope. In the control experiment, the PC3          
cells were combined with probe ​TRN (10 μM) for 45 min, and resulted in              
only a negligible intracellular fluorescence (​Fig. 3d​). Cells incubation         
with 100 μM of metal ions (Zn​2+​, Hg​2+​, Al​3+ and Cu​2+​) for 30 ~ 60 min,                
followed by further treatment with 10 μM probe ​TRN ​for another 45 min             
resulted in a significant increase in the fluorescence from the intracellular           
region (​Figs. 3e and f​). Bright-field measurements confirmed ​that the          
cells, after being treated with Zn​2+​, Hg​2+​, Al​3+ and Cu​2+ and ​TRN​, were             
viable throughout the dual-channel excited fluorescence imaging       
experiments. These results demonstrate that the cells are permeable to          
probe ​TRN​, ​where it binds to intracellular Zn​2+​, Hg​2+ and Al​3+ and emits             
strong fluorescence. The Cu​2+ quenches the fluorescence emission of Zn​2+          

and Hg​2+​, but it does not affect Al​3+​. Therefore, it is highly suitable for              
determining the presence of intracellular Zn​2+​, Hg​2+​, Al​3+ and Cu​2+ ​ions.           
The response to Zn​2+​, Hg​2+​, Al​3+ and Cu​2+ ​ions, which involves distinctly            
different col​o​rs (blue, red, pink, and colorless, respectively) from the cell           
samples, raises the prospect that Zn​2+​, Hg​2+​, Al​3+ and Cu​2+ ​ions could be             
simultaneously determined through dual-channel excited fluorescence      
imaging. 

  

  
 



Figure 3​. Fluorescence images of PC3 cells on a fluorescent inverted phase contrast microscope.              
Images were collected at bright field (a ~ d), fluorescent blue channel (λ​ex = 330 ~ 385 nm) (e ~ h)                     
and fluorescent red channel (λ​ex = 510 ~ 550 nm) (I ~ l). (a, e): The cells were treated with probe                     
TRN (10 μM) for 45 min; (g) The cells were first treated with probe ​TRN (10 μM) for 45 min and                     
further treated with Zn​2+ (100 μM) for another 60 min; (g') The cells of g were further treated with                   
Cu​2+ (100 μM) for another 60 min; (b, c, f, i ): The cells were treated with probe ​TRN (10 μM) for                      
45 min; (h, j) The cells were first treated with probe ​TRN (10 μM) for 45 min and further treated                    
with Al​3+ (100 μM) for another 60 min; (d, k): The cells were incubated with probe ​TRN (10 μM)                   
for 45 min; (l) The cells were first treated with probe ​TRN (10 μM) for 45 min and further treated                    
with Hg​2+ (100 μM) for another 30 min. (l') the cells of ​probe TRN were further treated with Cu​2+                   
(500 μM) for another 50 min. 
 
4. Conclusion 

The results herein suggest that probe ​TRN ​is an excellent single           
molecular sensor, which can detect Zn​2+​, Hg​2+​, Al​3+ and Cu​2+ with           
dissimilar emission bands and by the naked-eye. The fluorescence data          
also indicate that probe ​TRN ​can be used in living systems for the             
detection of Zn​2+​, Hg​2+​, Al​3+ and Cu​2+ levels. This new strategy for            
sensing multi-analytes is based on the ​flexible tripod platform​. Therefore,          
probe ​TRN ​is expected to become a useful chemical sensor in the field of              
environmental monitoring or medical investigations. ​Our study illustrates        
an effective and novel strategy to differentiate multi-analytes. This work          
provides a promising new strategy for the simultaneous detection of ions           
by one simple probe.  
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