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Abstract
A new phenanthroline derivative bearing imidazole group, (2-(3,5-di(pyridin-4-yl)phenyl)-1-p-tolyl-1H-imidazo[4,5-f]
[1,10]phenanthroline) has been devised. The derivative serves as a multifunctional probe, exhibiting a highly sensitive 
colorimetric response to Fe2+ ion and a selectively ratiometric fluorescent response to Zn2+ ion in a buffer-ethanol solu-
tion. The colorless-to-red visual color change upon addition of Fe2+ accompanied by enhanced absorption makes this de-
rivative a suitable naked-eye sensor for Fe2+ ion. Moreover, the derivative displayed a Zn2+-induced red-shift of emission 
(44 nm), showing a color change from blue to light cyan under a 365-nm UV lamp. Its practical imaging applicability for 
intracellular Zn2+ was confirmed in HeLa cells using a confocal microscope. The improved emission properties and cell 
imaging capability would provide a new approach to fluorescence sensation for Zn2+.

Keywords: Colorimetric sensor; ratiometric sensor; phenanthroline-imidazole; iron(II) ion; zinc ion 

1. Introduction
Metal ions play vital roles in biological and environ-

mental processes. For instance, iron ion (Fe2+/Fe3+), the 
most abundant transition metal in cellular systems, exists 
widely in enzymes, proteins, and transcriptional events.1 
Compared to stable Fe3+, the presence of labile Fe2+ holds 
particular significance due to its involvement in oxygen 
metabolism and intracellular electron transfer processes, 
which are crucial for various biological functions.2 Either 
excess or deficiency of Fe2+ can disturb cellular homeosta-
sis and metabolism, leading to severe diseases,3–5 such as 
anemia, cardiovascular diseases, and cancer. Zinc ion 
(Zn2+), the second most abundant metal in the human 
body, plays a crucial role in modulating brain excitability 
and is essential for various physiological processes, includ-
ing immune system function, cell division, wound healing, 

and synaptic plasticity.6–8 Moreover, the level abnormality 
of Zn2+ is associated with retarded growth in children, 
high blood cholesterol, and neurodegenerative disorders 
such as Alzheimer’s and Parkinson’s diseases.6,7 In natural 
environment, the accumulation of excess Zn2+ can reduce 
the soil microbial activity and result in phytotoxic effects. 
Therefore, the concentrations of metal ions must be regu-
lated. 

At present, a variety of techniques are available for 
quantitative analysis of metal ions, including atomic ab-
sorption/emission spectroscopy, polarography, voltamme-
try, flow injection, fluorescent probe, etc.2,3,9–11 Among 
these detection methods, fluorescent sensors possess sev-
eral advantages including simplicity, high sensitivity, rapid 
response to fluorogenic and colorimetric changes and 
cost-effectiveness. Optical cellular imaging with fluores-
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cent probes has been an efficient approach for detecting 
metal ions in living cells. Therefore, highly selective and 
sensitive fluorescent sensors that use color and fluores-
cence intensity or shift are widely used in studies of biolog-
ical analytes.12–14 Ratiometric fluorescent probes have gar-
nered increasing attention due to their exceptional 
properties, including signal read-out independent of in-
struments and environment, minimal auto-fluorescence, 
rapid response time, high spatial resolution, and remarka-
ble contrast.15–18 Additionally, compared to one-to-one 
chemosensors, using a single chemosensor for detecting 
multiple targets through differential responses, such as 
colorimetric or fluorescent spectral changes, offers en-
hanced efficiency and cost-effectiveness.19–22 In this con-
text, many of fluorescent probes for Zn2+ have been devel-
oped.6–9,23 However, most of them suffer from the 
interference of Cd2+ due to their similar properties as these 
two metal ions belong to the same group in the periodic 
table.6,24,25 Moreover, achieving selective sensing of iron in 
both oxidation states (Fe2+/Fe3+) using a colorimetric 
probe that provides distinct signals easily visualized by the 
naked eye has posed a significant challenge.10, 26 Therefore, 
there is an urgent need for the development of a highly 
selective, facile, simple, and efficient probe capable of de-
tecting Fe2+ and Zn2+. 

The 1,10-phenanthroline (phen) framework serves 
as an excellent platform for the construction of chemosen-
sors due to its favorable electro- and photoactive proper-
ties.27–29 Nawaz et al. have previously reported a cellu-
lose-based sensor incorporating phen, enabling selective 
detection of Fe2+ through both visual observation and flu-
orescent dual modes.30 Additionally, a polyacrylamide-im-
mobilized phen has been developed as a visual strip sensor 
to determine Fe2+ ion precisely.31 Moreover, phen deriva-
tives can function as both fluorophores and ionophores for 
Zn2+, exhibiting discernible changes in fluorescence inten-
sity and specific emission shift upon binding with Zn2+ 

ion.32–34 Considering these factors, we prepared a hybrid 
fluorescent sensor derived from the Debus-Radziszewski 
reaction, namely (2-(3,5-di(pyridin-4-yl)phenyl)-1-p-tol-
yl-1H-imidazo[4,5-f][1,10]phenanthroline) (1) (Scheme 
1). The spectroscopic properties and potential application 
of the compound were systematically investigated. It was 
observed that compound 1 exhibited a rapid chromogenic 

response to Fe2+ in the EtOH-HEPES buffer, transitioning 
from a colorless state to red. Additionally, compound 1 
demonstrated highly selective and ratiometric fluores-
cence signals for Zn2+ compared to other tested metal ions. 
The imaging capability of compound 1 for Zn2+ was con-
firmed through microscopic imaging in living cells. 

2. Experimental
2. 1. Materials and Apparatus

All chemical reagents were commercially available 
and of analytical grade. The various metal ions were pur-
chased from Aladdin (Shanghai, China), 1,10-phenanth-
roline-5,6-dione was purchased from TCI (China). The 
intermediate 3,5-di(pyridin-4-yl)benzaldehyde was syn-
thesized according to the reported procedure.35 1H NMR 
were measured by a Bruker DRX-400 spectrometer. IR 
spectra were taken on a Vector22 Bruker spectrophotome-
ter (400–4000 cm–1) with KBr pellets. UV-vis absorption 
spectra were recorded on Hitachi U-3300 spectrophotom-
eter. Fluorescence emission spectra were determined on 
Hitachi F-4500. The pH values of sample solutions were 
monitored by a PHS-3 system. Electrospray mass spectra 
(ESI-MS) were recorded on a Thermo Fisher LCQ-Fleet 
mass spectrometer. 

2. 2. Synthetic Procedure
1,10-phenanthroline-5,6-dione (2.10 g, 10 mmol), 

3,5-di(pyridin-4-yl)benzaldehyde (2.60 g, 10 mmol), 
p-toluidine (1.61 g, 15 mmol), NH4OAc (3.85 g, 50 mmol) 
were mixed in a 40 mL glacial acetic acid at room temper-
ature. The mixture was heated at 120 oC for 20 h under 
stirring. After pouring the mixture into the water (30 mL), 
the red precipitation was filtered and purified by column 
chromatography using dichloromethane/methanol (20: 1, 
v/v) as eluent to afford 1 as gray-white powder with yield 
of 60%. IR (KBr, cm–1): 3379, 2980, 2923, 1590, 1560, 1551, 
1518, 1492, 1452, 1433, 1400, 1379, 1318, 1294, 1223, 1155, 
1217, 1087, 1017, 992, 890, 864, 833, 815, 791, 738, 721, 
699, 689, 667, 643, 612, 539, 504, 485. 1H NMR (400 MHz, 
CDCl3) δ: 2.63 (s, 3H), 7.32 (dd, J = 4.0, 8.4 Hz, 1H), 7.37 
(d, J = 6.0 Hz, 4H), 7.51–7.61 (m, 5H), 7.72–7.75 (dd, J = 

Scheme 1. Synthesis of 1.
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4.4, 8.0 Hz, 1H), 7.81 (s, 1H), 7.92 (d, J = 1.6 Hz, 2H), 8.68 
(d, J = 6.0 Hz, 4H), 9.05 (dd, J = 1.6, 4.4 Hz, 1H), 9.13 (dd, 
J = 1.6, 8.0 Hz, 1H), 9.18 (dd, J = 1.6, 4.4 Hz, 1H). ESI-MS: 
541.4200 (M+). Anal. Calcd for C36H24N6: C, 79.98; H, 
4.47, N, 15.55. Found: C, 79.75; H, 4.46, N, 15.61%.

2. 3 Single-Crystal X-Ray Diffraction
Colorless single crystals of 1 were obtained by evap-

oration of its methanol solution at room temperature. 
Crystal diffraction data were collected on a Bruker SMART 
APEX CCD-based diffractometer (Cu-Kα radiation, λ = 
1.54184 Å). Multi-scan absorption corrections were ap-
plied by SADABS.36 The structure was solved by direct 
methods and refined on F2 by full-matrix least-squares 
with the Bruker’s SHELXS program.37 All the non-hydro-
gen atoms were located in the Fourier maps and refined 
with anisotropic parameters. Hydrogen atoms were placed 
in their geometrically idealized positions and constrained 
to ride on their parent atoms. Crystallographic data in CIF 
format has been deposited in the Cambridge Crystallo-
graphic Data Centre (CCDC) under deposition number 
2042300. Details of crystallographic data are summarized 
in Table S1.

2. 4. �General Methods for Spectroscopic 
Analysis
The stock solutions (6 mM) of metal ions (Mn(NO3)2 

· 4H2O, Pb(NO3)2, Co(NO3)2 · 6H2O, Zn(NO3)2 · 6H2O, 
Cu(NO3)2  3H2O, Ni(NO3)2 · 6H2O, Cd(NO3)2 · 4H2O,  
HgCl2, FeSO4 · 7H2O, Fe2(SO4)3, CaCl2 · 2H2O, MgCl2,  
NaCl, and KCl) were prepared in doubly distilled water. 1 
was dissolved in spectroscopic pure ethanol to give the 
stock solution (5 mM). The measurements of both UV-vis 
absorption and fluorescence spectra were conducted in the 
solution of HEPES buffer with pH 7.2 containing 50% eth-
anol (v/v 50 μM) at room temperature. For the metal ions 
titration, aliquots of 25 μL aqueous metal cation solution 
were added to the 3 mL diluted 1 solution. The measure-
ments were carried out in 1 min after the addition. 

2. 5. Cell Culture and Fluorescence Imaging
HeLa cells were cultured in Dulbecco’s Modified Ea-

gle Medium, which was supplemented with 10% fetal bo-
vine serum, penicillin (100 units/mL), streptomycin (100 
mg/mL) and 5% CO2 at 37 °C. After removing the incuba-
tion media and rinse with PBS for three times, the cells 
were treated with 1 (10 µM) for additional 60 min at room 
temperature. Then the cells were washed three times with 
PBS before observation. The fluorescence images were 
captured on Zeiss LSM 710 microscope equipped with a 
63×oil-immersion objective. For the imaging of HeLa cells 
with exogenous Zn2+, the exogenous Zn2+ was introduced 
by incubating the cells with 5µM ZnSO4/ pyrithione solu-

tion. After imaging, the cells of exogenous Zn2+ were fur-
ther treated with 50 µM TPEN (N, N, N, N-tetrakis(2-pyrid-
ylmethyl)ethylenediamine) solution (prepared by diluting 
the TPEN stock solution with PBS) to scavenge the intra-
cellular Zn2+. Then the cells were rinsed with PBS and im-
aged. For all imaging, the samples were excited at 405 nm, 
and the band pass is 440–520 nm.

3. Results and Discussion
3. 1. Synthesis and Characterization

The probe was constructed by conjugating 
3,5-di(pyridin-4-yl)benzene into a fused imidazole/phen 
system via a one-step Debus-Radziszewski reaction. The 
enlarged conjugated system in 1 and the chelating effect of 
phenanthroline are expected to report the presence of 
specific metal cation by triggering the emission change.

The structure of 1 was characterized using FT-IR, 1H 
NMR, and ESI-MS techniques (Figures. S1-S3). The mo-
lecular structure of 1 was also confirmed by single-crystal 
X-ray diffraction analysis. The crystal structure of 1 with 
the atom numbering scheme is shown in Figure 1.

Figure 1. Crystal structure of 1.

1 was crystallized in the triclinic system with the 
space group P1-. Each unit cell contains two molecules (Z = 
2). 1 features a non-planar structure. The dihedral angle 
between the para-toluene ring and the imidazole ring is 
80.03(1)°; the dihedral angle between the two pyridine 
rings is 37.52(1)°. The C14‒N3 bond length (1.44 Å) is 
shorter than the standard C‒N single bond length (1.47 
Å), which may be attributed to the existence of ICT transi-
tion between the para-toluene ring and the phen subu-
nit.38,39 

The intramolecular hydrogen bond is formed via 
C22‒H22∙∙∙N4; meanwhile, the molecules of 1 are connect-



298 Acta Chim. Slov. 2024, 71, 295–303

Qi et al.:   A New Multifunctional Phenanthroline-Derived Probe   ...

ed by C30‒H30∙∙∙N1i (symmetry code: (i) 1+x, 1+y, z) (Fig-
ure S4). As shown in Figure S5, the free methanol mole-
cules are located between these 1D supramolecular chains 
and serve as hydrogen bonding acceptors and donors, 
linking these chains into a 2D sheet structure extended in 
crystallographic ac plane. via C4‒H4∙∙∙O1ii, C35‒H35∙∙∙O1i-

ii, O1‒H1∙∙∙N5iv (symmetry code: (ii) –1+x, y, 1+z; (iii) x, 
1+y, z; (iv) x, –1+y, –1+z).

3. 2. Visual Detection

The selectivity of a fluorescent sensor is a crucial fac-
tor for evaluating its performance. The selectivity of a flu-
orescent sensor is a crucial factor for evaluating its perfor-
mance. The visual method was employed to investigate the 
metal ion recognition capability of compound 1. 1 was 
treated with 14 kinds of different metal ions (Na+, K+, 
Ca2+, Mg2+, Mn2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, 
Pb2+ and Hg2+) to study its sensitivity and selectivity to-
wards particular metal ions. Upon adding an equivalent 
amount of respective metal ion into compound 1, only the 
presence of Fe2+ resulted in an instantaneous colorimetric 
response from colorless to pink under visible light (Figure 
2a), which can be easily distinguished by naked-eye. How-
ever, no change in color was observed when other cations, 
including excess amounts of Fe3+ ions (5 equiv), were add-
ed. Probe 1 was coated on nitrocellulose papers to obtain 
the test papers. Figure 2a confirms the visual color change 
phenomena of indicator paper with different concentra-
tions of Fe2+. Consequently, when coating substrate 1, the 
resulting materials can be utilized as a qualitative analysis 
tool for metal ions, serving as a test paper. We also noted 

that it was visual by a solution color change from blue to 
light cyan under a UV lamp only when Zn2+ was added 
into the 1 solution (Figure 2b). The visual detection obser-
vation indicated the selectivity towards Fe2+ and Zn2+ ions, 
prompting us to conduct further investigations on the 
metal ion recognition capability using different spectral 
techniques. 

3. 3. �Investigations Using UV-VIS 
Spectrophotometry
The colorimetric sensing performance of sensor 1 

was investigated through UV-vis titration with various 
transition metal cations. A 50 μM solution of the sensor 
was utilized in the presence of 1 equiv of different metal 
ions for each experiment. The resulting UV-vis titration 
spectra are presented in Figure 3. In the HEPES buffer 
solution, sensor 1 exhibited strong absorption bands be-
low 400 nm, corresponding to the π–π* transitions (245 
nm, ε = 5.9 × 104 L mol–1 cm–1; 270 nm, ε = 6.3 × 104 L 
mol–1 cm–1; 320 nm, ε = 2.1 × 104 L mol–1 cm–1) (Figure 
3a). With the addition of Fe2+ into 1, a new band centered 
at 528 nm appeared in the spectra (Figure 3a) and in-
creased linearly with the [Fe2+]total (Figure 3b). The ab-
sorption enhancement reached saturation when the quan-
tity of Fe2+ reached 0.5 equiv of sensor 1, implicating a 
complexation ratio 2:1 between 1 and Fe2+ (Figures. 3b 
and 3c). Further increments in [Fe2+] did not yield any ad-
ditional enhancements. Other metal ions did not cause 
any significant changes at 528 nm under identical condi-
tions (Figure 3a). The distinct color change might be as-

Figure 2. (a) Photograph of 1 test strips wetted by solutions containing 1.0×10–2, 5.0×10–3, 1.0×10–3, 5.0×10–4, 1.0×10–4, 1.0×10–5, 0 M of FeCl2 (from 
left to right). (b) Photograph of 1 (50 μM) in EtOH-HEPES buffer (1:1, v:v, pH 7.2) solutions containing different metal cations (1 equiv) under 
visible light (upper row) and UV lamp (lower row). 
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cribed to the metal-to-ligand charge-transfer (MLCT) 
band at 528 nm due to the Fe2+ coordination to the phe-
nanthroline moiety. 

To better understand the stoichiometry of 1-Fe2+ 
complex, Job’s plot analysis was performed. The total sum 
of the concentration of 1 and the Fe2+ was kept constant, 
and the Fe2+ mole fraction was varied between 0.0 and 0.9. 
As shown in Figure 4a, the appearance of maximum A528 
around the 0.3 molar fractions indicates that the stoichi-
ometry of the complex formed between 1 and Fe2+ would 
be 2:1. The proposed coordination mechanism is shown in 
Scheme S1. 

Competitive experiments were also carried out by 
adding 1.0 equiv of Fe2+ to solutions containing 5.0 equiv 
of other chosen metal ions in EtOH-HEPES buffer (1:1, 
v:v, pH 7.2). The results shown in Figure 4b indicated that 
the competitive metal ions had no substantial interference 
with detecting Fe2+. Therefore, it is clear that 1 can detect 
Fe2+ selectively. The colorimetric limitation of detection 
(LOD) for Fe2+ is determined as 1.0 × 10–6 M (3σ/slope).24 

As stated above, the UV-vis titration spectra characteris-
tics are consistent with the results of visual detection. 

3. 4. Fluorescence Spectral Study
To gain insight into the fluorescent sensing capabili-

ty of 1 towards metal ions, fluorometric titration was con-
ducted in EtOH-HEPES buffer (1:1, v:v, pH 7.2) at room 
temperature. Free 1 exhibited an emission band centered 
at 412 nm upon exciting at 350 nm. As shown in Figure 5a, 
cations such as Na+, K+, Ca2+ and Mg2+ lead to an almost 
silent fluorescent response, while Fe3+, Cu2+, Mn2+ and 
Co2+ triggered emission quenching. Different degrees of 
fluorescent intensity reduction were observed when Cd2+, 
Fe2+, Pb2+, Ni2+ and Hg2+ were added to the system con-
taining sensor 1. Additionally, the addition of Zn2+ result-
ed in a distinct red-shifted emission from 412 to 456 nm. 
These observations substantiated the results of the visual 
detection experiment (Figure 2b) that 1 is highly selective 

Figure 3. (a) UV-vis titration of 1 (50 μM) with different transition metal cations (1.0 equiv) in EtOH-HEPES buffer (1:1, v:v, pH 7.2) media. (b) 
UV-vis spectra of 1 (50 μM) upon Fe2+ (6 mM) titration in EtOH-HEPES buffer (1:1, v:v, pH 7.2) media. (c) The titration profile of the absorbance 
at 528 nm.

Figure 4. (a) Job’s plot for the interaction of 1 with Fe2+ ions in EtOH-HEPES buffer (pH = 7.2). The total molar concentration of 1 and Zn2+ is 50 
μM. (b) Absorbance at 528 nm of 1 (50 μM). Black bars represent the absorbance of free sensor or in the presence of different metal cations. Red bars, 
the absorbance determined after the addition of 1.0 equiv of competitive metal ions followed by the addition of 1.0 equiv of Fe2+.
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towards Zn2+. The fluorescence bathochromic shift can be 
attributed to the intraligand transitions (π–π* transitions).

The dose-dependent fluorescence responses of 1 to 
Zn2+ were also measured. The fluorescence intensity de-
creased by 30% when 0.1 equiv Zn2+ was added into solu-
tion 1. Meanwhile, the maximum peak of the fluorescence 
red-shifted with an increase of Zn2+ dosage. Upon gradu-
ally adding of 0.3 equiv Zn2+, the fluorescence emission 
peak shifted to 456 nm. The fluorescence intensity at 456 
nm continued to increase until 0.5 equiv Zn2+ was added. 
The ratio of the emission intensity at 456 and 412 nm (F456/
F412) also showed a linear enhancement with the increas-
ing [Zn2+]total until the ratio of [Zn2+]total/[1] reached 1:2 
(Figures. 5b, 5c). After that, the emission spectra of 1 be-
came stable. The remarkable bathochromic shift made 1 a 
potential ratiometric sensor for Zn2+. In particular, 1 can 
distinguish Zn2+ from the chemically similar Cd2+, where-
as the discrimination of Zn2+ from Cd2+ is well known to 
be a major obstacle in many cases.24,25 The atomic radius of 

Cd2+(0.97 Å) is much larger than that of Zn2+(0.74 Å), and 
probably does not fit well into the chelate cavity of phenan-
throline. The fluorimetric LOD of 1 for Zn2+ is 7.1×10–7 M.

The stoichiometry between 1 and Zn2+ was also de-
termined using Job's continuous variation method. Results 
demonstrate that the fluorescence intensity F456/F412 ratio 
of the solution reaches the maximum at a mole fraction of 
approximately 0.34 for Zn2+ (Figure 6a), indicating a 2:1 
complexation stoichiometry between 1 and Zn2+. The pro-
posed coordination mechanism is also depicted in Scheme 
S1. 

 To investigate the applicability of 1 as a Zn2+ selec-
tive fluorescence sensor, competition experiments were 
carried out by mixing Zn2+ with various common metal 
ions. The results shown in Figure 6b indicated that no sig-
nificant alteration in the fluorescence intensity ratio F456/
F412 was observed in the presence of other selected metal 
ions. Furthermore, the presence of Na+, K+, Ca2+, and 
Mg2+, abundant in cells, did not interfere with the ratiom-

Figure 5. (a) Emission spectra of 1 (50 μM) in presence of various metal ions (1.0 equiv) in EtOH-HEPES buffer (v/v, 1/1, pH 7.2) (b) Emission 
spectra of 1 (50 μM) obtained upon Zn2+ (6 mM) titration. (c) The titration profile based on the emission ratio at 456 and 412 nm, F456/F412.

Figure 6. (a) Job’s plot of Zn-1 complex in EtOH-HEPES buffer (1:1, v:v, pH 7.2). The total molar concentration of 1 and Zn2+ is 50 μM. (b) Emission 
ratio at 456 and 412 nm (F456/F412) of 1 (50 μM) in EtOH-HEPES buffer (1:1, v:v, pH 7.2). Black bars represent the F456/F412 ratio of the free sensor 
or in the presence of different metal cations. Red bars represent the F456/F412 ratio of 1 determined after the addition of indicated metal ions followed 
by the addition of 1 equiv of Zn2+. The final concentration is 50 μM for Zn2+, Mn2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, Cd2+, Pb2+ and Hg2+, for Na+, K+, 
Ca2+ and Mg2+ is 50 mM.
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etric response to Zn2+, even though their concentration 
was 1000 times higher than [Zn2+]. These results indicated 
that the recognition of Zn2+ by 1 remained unaffected by 
the coexistence of other metal ions.

The pH value of environment may affect the perfor-
mance of sensor in the practical application. The pH de-
pendency of 1 toward the detection of Zn2+ was investigat-
ed (Figure S6). Fluorescent pH titration of 1 and 1+Zn2+ 
complex showed a relatively stable F456/F412 ratio from pH 
4.0−8.0, making it suitable for physiological detection ap-
plications.

3. 5. Cell Imaging
Zn2+ is a crucial metal ion the human body requires 

in various fundamental biological processes. Therefore, 
the practical application of 1 in the biological system was 
further checked with HeLa cells for fluorescence imaging 
studies. In order to reduce irradiation damage, a 405 nm 
laser was selected as the excitation source. Because the 
emission wavelength of 1 (412 nm) is close to 405 nm, on-
ly the single green channel (band path 440–520 nm) was 
employed. The imaging experiment selected TPEN as the 
fluorescence quenching reagent toward 1-Zn2+. Before im-
aging, the cells were incubated with 1 (10 μM) for 60 min.

The results of fluorescence imaging were presented 
in Figure 7. After incubation with 1 solution (10 µM in 
PBS, DMSO/water = 1:99, v/v) at 25 °C for 60 min, the 
bright fluorescence inside the cells indicated that 1 can be 
loaded into cells, suggesting the membrane permeability 
of 1. When exogenous Zn2+ was introduced via incubation 
with 5µM ZnSO4/ pyrithione solution, an image of obvi-
ous fluorescence enhancement was observed inside the 

cell. According to the relative fluorescence intensity ana-
lyzed by Image Pro-Plus 6.0, the average fluorescence in-
tensity of cells before introducing exogenous Zn2+ is 8.25, 
while that for cells with exogenous Zn2+ is 17.15. The result 
suggests that 1 can bind to intracellular Zn2+, enhancing 
fluorescence emission. When 50 μM TPEN was intro-
duced into media, a more stable complex was formed be-
tween TPEN and Zn2+ generating the fluorescence reduc-
tion. The average fluorescence intensity of cells recovered 
to 8.13. Cell imaging experiment results indicate that 1 can 
be used for fluorescence imaging of Zn2+ in living cells.

4. Conclusion
In summary, we successfully synthesized and char-

acterized phenanthroline-modified chemosensor 1. Our 
results demonstrate that sensor 1 exhibits remarkable col-
orimetric sensing ability towards Fe2+ ions. Moreover, it is 
an excellent sensitive and selective ratiometric fluores-
cence probe for Zn2+ in buffer-ethanol solutions. The coor-
dination mode between 1 and Fe2+ or Zn2+ was confirmed 
to be 2:1 based on titration profile analysis and Job's plot 
analysis. Notably, the proposed sensor displays high sensi-
tivity, selectivity for dual-sensing of Fe2+ or Zn2+, pH-in-

dependent emission behavior, and cell imaging capability. 
These findings highlight the potential of our developed 
sensor in facilitating the advancement of more efficient 
and practical methods for detecting Fe2+ or Zn2+ ions. Due 
to its limited water solubility, the current probe cannot be 
directly utilized in biological environments. As part of our 
ongoing research, we are investigating the feasibility of in-
corporating the probe onto water-soluble nanomaterials.

Figure 7. Confocal fluorescence imaging of intracellular Zn2+ in HeLa cells stained by 1 solution (10 µM in PBS) at 25 °C for 60 min. (a) HeLa cells 
preincubated in 10 µM 1 solution at room temperature (25 min). (b) Rinsed HeLa cells (1 × PBS, three times) in (a) were further incubated in 5 µM 
ZnSO4/ pyrithione (1:1) solution, followed by rinsing with 10 µM 1 solution. (c) HeLa cells in (b) rinsed with 50 µM TPEN solution. (d) overlay 
between (a) and bright field. (e) Relative fluorescence intensities of (a), (b) and (c) analyzed with Image Pro-Plus 6.0. ** P < 0.05, significantly differ-
ent compared with (b).
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Supplementary Material
Crystallographic data (excluding structure factors) 

for the structural analysis have been deposited with the 
Cambridge Crystallographic Data Center as supplementa-
ry publication Nos. CCDC 2042300 (1). Copies of the data 
can be obtained free of charge via www.ccdc.ac.uk/conts/
retrieving.html (or from The Director, CCDC, 12 Union 
Road, Cambridge CB2 1EZ, UK, Fax: +44-1223-336-033. 
E-mail: deposit@ccdc.cam.ac.uk).
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Povzetek
Sintetizirali smo nov derivat fenantrolina z imidazolno skupino, (2-(3,5-di(piridin-4-il)fenil)-1-p-tolil-1H-imida-
zo[4,5-f][1,10]fenantrolin). Spojina deluje kot multifunkcionalni senzor z visoko občutljivo kolorimetrično reakcijo na 
Fe2+ ione in selektivno fluorescenčno reakcijo na Zn2+ v raztopini pufer-etanol. Intenzivna barvna sprememba iz brez-
barvne v rdečo ob dodatku Fe2+ omogoča zaznavanje že s prostim očesom. Ob dodatku Zn2+ opazimo premik emisije (44 
nm) proti večjim valovnim dolžinam, kar pod obsevanjem z UV svetlobo valovne dolžine 365 nm povzroči spremembo 
barve iz modre v modrozeleno. Praktično uporabo za vizualizacijo intracelularnega Zn2+ smo preizkusili na HeLa celicah 
s konfokalnim mikroskopom. Izboljšane emisijske lastnosti in sposobnost opazovanja celic omogočajo nov pristop k 
fluorescenčnemu zaznavanju Zn2+.

Except when otherwise noted, articles in this journal are published under the terms and conditions of the  
Creative Commons Attribution 4.0 International License

https://doi.org/10.1039/C3CC47723A
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1016/j.dyepig.2020.108445

	OLE_LINK17
	OLE_LINK14
	OLE_LINK4
	OLE_LINK5
	OLE_LINK8
	OLE_LINK9
	OLE_LINK3
	OLE_LINK39
	OLE_LINK1
	OLE_LINK16
	OLE_LINK6
	OLE_LINK20
	OLE_LINK21
	OLE_LINK11
	OLE_LINK22
	OLE_LINK2
	OLE_LINK32
	OLE_LINK25
	OLE_LINK24
	OLE_LINK27
	OLE_LINK26
	OLE_LINK28
	OLE_LINK29
	OLE_LINK31
	OLE_LINK43
	OLE_LINK23
	OLE_LINK30
	OLE_LINK35
	OLE_LINK37

