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Abstract: Background: The traditional methods for the detection and quantification of Cu2+ and Fe3+ 
heavy metal ions are usually troublesome in terms of high-cost, non-portable, time-consuming, special-
ized personnel and complicated tools, so their applications in practical analyses is limited. Therefore, 
the development of cheap, fast and simple-use techniques/instruments with high sensitivity/selectivity 
for the detection of heavy metal ions is highly demanded and studied. 

Methods: In this study, a fluorene-based fluorescent ''turn-off'' sensor, methyl 2-(2-((((9H-fluoren-9-
yl)methoxy)carbonyl)amino)-3- phenylpropanamido) acetate (probe FLPG) was synthesized via one-
pot reaction and characterized by 1H-NMR, 13C-APT-NMR, HETCOR, ATR-FTIR and elemental 
analysis in detailed. All emission spectral studies of the probe FLPG have been performed in 
CH3CN/HEPES (9/1, v/v, pH=7.4) media at rt. The quantum (Φ) yield of probe FLPG decreased con-
siderably in the presence of Cu2+ and Fe3+. The theoretical computation of probe FLPG and its com-
plexes were also performed using density functional theory (DFT). Furthermore, bio-imaging experi-
ments of the probe FLPG was successfully carried out for Cu2+ and Fe3+ monitoring in living-cells. 

Results: The probe FLPG could sense Cu2+ and Fe3+ with high selectivity and sensitivity, and quantita-
tive correlations (R2>0.9000) between the Cu2+/Fe3+ concentrations (0.0−10.0 equiv). The limits of de-
tection for Cu2+ and Fe3+ were found as 25.07 nM and 37.80 nM, respectively. The fluorescence 
quenching in the sensor is managed by ligand-to-metal charge transfer (LMCT) mechanism. Job’s plot 
was used to determine the binding stoichiometry (1:2) of the probe FLPG towards Cu2+ and Fe3+. The 
binding constants with strongly interacting Cu2+ and Fe3+ were determined as 4.56×108 M-2 and 
2.02×1010 M-2, respectively, via the fluorescence titration experiments. The outcomes of the computa-
tional study supported the fluorescence data. Moreover, the practical application of the probe FLPG 
was successfully performed for living cells. 

Conclusion: This simple chemosensor system offers a highly selective and sensitive sensing platform 
for the routine detection of Cu2+ and Fe3+, and it keeps away from the usage of costly and sophisti-
cated analysis systems. 

Keywords: Fluorescence sensor, fluorene, iron, copper, DFT, bio-imaging. 

1. INTRODUCTION 

 Recently, research has focused on the design and devel-
opment of fluorescent chemosensors to detect environmen-
tally and biologically important heavy metal ions. When the 
products contaminated with these metal ions are consumed 
as foodstuff or drinking water, it is obvious that it will  
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damage humans by disrupting the balance of the body [1-4]. 
Among the heavy metal ions, copper (II) (Cu2+) and iron (III) 
(Fe3+) are considered essential trace ions for organisms, and 
they play vital roles in many biological reactions [5,6]. How-
ever, the accumulation of these ions in the food chain, their 
non-biodegradable properties and their excessive intake 
causes a serious threat to human health [5]. 

 Copper is a crucial and third plentiful element for living 
organisms, and it has the most important responsibilities in 
numerous essential biochemical reactions [5-9]. An exces-
sive or inadequate copper intake to the human body (permis-
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sible level is 10-12 mg/per day for adults by WHO, average 
maximum level in the blood is 100-150 μg/dL) can lead to 
various neurodegenerative disorders and serious diseases. An 
excessive accumulation of copper in the body is quite toxic 
and causes some critical diseases, such as Alzheimer's, 
Parkinson's and Wilson diseases [10,11]. On the other hand, 
an inadequate intake of copper gives rise to Menkes and 
cardiovascular diseases, also copper deficiency anemia 
disease [10,12-14]. Iron is another essential and second 
abundant element for almost bio-organisms, and it plays 
main roles in a number of fundamental metabolic and 
physiological pathways, including DNA/RNA synthesis, 
proton/electron transfers, co-factor role in enzyme synthesis, 
transportation of oxygen, etc. [7,15,16]. As a result of iron 
deficiency or excessive iron intake, many health problems 
can occur in the body (permissible level in water is at 0.3 mg 
L−1, approximately 6 μM, by WHO) [7,15]. The deficiency of 
iron causes anemia, liver or kidney damage, and diabetes. 
However, the excessive intake of iron can result in 
hemochromatosis, Alzheimer's and Parkinson’s disease, β-
thalassaemia and cancer [6,11,15,17-20]. 

 Due to the adverse effects of heavy metal ions on the 
human health, developing new analytical methods for the 
detection and quantification of heavy metal ions, particularly 
Cu2+ and Fe3+, in real samples have been regarded as signifi-
cant research [1,2,5]. So far, a variety of analytical tech-
niques, such as atomic absorption/emission spectroscopy 
(AAS/AES), inductively coupled plasma-mass/atomic emis-
sion spectrometry (ICP-MS/AES), gas chromatography (GC) 
and plasmon resonance-Rayleigh scattering (PR-RS) spec-
troscopy have extensively been utilized to detect the trace 
levels of Cu2+ and Fe3+ [1,2,5,6]. Nevertheless, these tradi-
tional methods are usually troublesome in terms of high-cost, 
non-portable, time-consuming, specialized personnel and 
complicated tools, so their applications in practical analyses 
are limited [1,7]. Therefore, the development of cheap, fast 
and simple-use techniques with high sensitivity/selectivity 
for the detection of heavy metal ions is highly demanded and 
studied. 

 In recent years, the fluorescent sensing systems have re-
ceived great attention in heavy metal analyses [21,22] with 
widespread applications owing to their many advantages, 
such as excellent sensitivity and selectivity [23-25], quick 
response time, cost-free equipment, on-site monitoring and 
easy-operation [1,6,7]. Considering these advantages, up to 
now, numerous studies that focused on the design and devel-
opment of novel fluorogenic chemosensors for Cu2+ and Fe3+ 
sensing have been reported [5,15,17,26]. Within this frame-
work, a large number of fluorogenic chemosensors based on 
BODIPY [27], coumarin [8], indole [4], rhodamine [17], 
phosphazene [15], antracene [6], pyrene [9], and fluorine [5] 
derivatives have been developed for the monitoring of Cu2+ 
and Fe3+. For example, in recent years, by Li and co-workers, 
a novel rhodamine-cyanine based Cu(II) and Fe (III) 
selective bifunctional NIR ratiometric colorimetric and 
fluorescent probe was produced and employed in 
MeCN/H2O and MeOH/H2O with a detection limits of 
10.2×10-5 M for Cu2+ and 7.37 ×10-5 M for Fe3+, respectively 
[16]. Zhang et al. described a new and dual-response 
fluorescent sensor based on quinoline and benzimidazole, 

which could be used for the recognition of Cu2+ and Fe3+ in 
the range of 10-7 M in 100 % aqueous medium (50 mM Tris 
buffer, pH 7.2) [28]. Additionally, Zhu et al. developed a 
new and tri-responsive fluorescent Schiff base probe ((E)-2-
((4-(diethylamino)benzylidene)amino)benzoic acid, DBAB) 
for the “turn-off” determination of Fe3+, Fe2+ and Cu2+, 
simultaneously. This sensor exhibited a suitable selectivity 
for the target ions in DMF within 10-6 M detection limits 
[29]. However, only a few simple and effective fluorogenic 
probes have been reported for the detection of Cu2+ and Fe3+, 
and therefore the development of new probes for multiple 
ion recognition with a single sensor due to its advantages 
such as cost-free and more efficient analyses [5], is still a 
great need. 

 In the present study, we synthesized a fluorene-based 
methyl 2-(2-((((9H-fluoren-9-yl)methoxy) carbonyl) amino)-
3- phenylpropanamido) acetate (probe FLPG), and then the 
fluorogenic characteristics and mechanism of the probe 
FLPG were investigated in CH3CN/HEPES (9/1, v/v, 
pH=7.4) media. The experimentally observed results of the 
probe FLPG have been well supported by theoretical calcu-
lations. Furthermore, in living-cell applications, the probe 
FLPG exhibited a perfect sensing performance towards Cu2+ 
and Fe3+ with nano-molar detection limits. 

2. EXPERIMENTAL SECTION 

2.1. Chemicals 

 All chemicals and solvents (analytical or spectroscopic 
grade) were purchased from different commercial suppliers 
and were utilized without further purification. All stock solu-
tions of metal salts (1×102- M) as perchlorates of Cu2+, Fe3+, 
Cr3+, Sr2+, Cd2+, Al3+, Zn2+, K+, Ba2+, Mg2+, Mn2+, Hg2+, Fe2+, 
Co2+, Pb2+, Ni2+ and Ca2+ were prepared in CH3CN media. 

2.2. Apparatus 

 A Perkin Elmer infrared (IR) spectrometer (Spectrum-
100, Perkin Elmer Inc., MA, Wellesley, USA) was employed 
to record the spectra with attenuated total reflectance (ATR) 
accessory, and the data were in the range of 4000−650 cm−1. 
1H and 13C-APTand HETCOR NMR spectra were measured 
in DMSO-d6 on a Bruker-DPX 400 MHz spectrometer 
(Bruker, Massachusetts, CA, USA). The CHNS-932 Elemen-
tary Chemical Analyzer system (LECO, St Joseph, USA) 
was used for elemental analysis. Cary Eclipse fluorescence 
spectrophotometer (Agilent Technologies, Inc., Santa Clara, 
CA, USA) was employed to conduct fluorescence analyses. 
All fluorescence studies were carried out at rt with a 1.0 cm 
path-length quartz cuvette. pH measurements were done us-
ing a benchtop pH metre (Mettler Toledo, Zaventem, The 
Netherlands).High-quality pure water with a resistivity of 
18.2 MΩ·cm−1 was freshly obtained from Milli-Q®IQ 

7003/05/10/15 water purification machine (MERCK KGaA, 
Darmstadt, Germany). 

2.3. Synthesis of Probe FLPG 

 The starting materials Fmoc-Phe-OH (3.0 g; 7.74 
mmol), glycine methyl ester hydrochloride salt (972.18 mg; 
7.74 mmol) and 2-chloro-4,6-dimethoxy-1,3,5-triazine 
(CDMT) (1.50 g; 8.52 mmol) were taken into the dried one-
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neck reaction flask. Afterwards, acetonitrile (50 mL) was 
added to the reaction flask and stirred continuously at rt. 
Then, N-methyl morpholine (2.13 mmL; 19.36 mmol) was 
added dropwise to the obtained slurry mixture. The reaction 
progress was monitored by thin-layer chromatography (TLC) 
by the mixture of ethyl acetate:hexane (4:5, v/v). The ob-
tained solid in the reaction flask was filtered, and then the 
solvent was evaporated under a vacuum. The obtained oily 
product was dissolved in ethyl acetate (30 mL) and filtrated 
to remove unsolved particles. The ethyl acetate part was ex-
tracted with HCl (1.0 N) and NaHCO3 (%5), respectively, 
and then the organic layer was dried with MgSO4. After fil-
tration of MgSO4, the solvent was removed, and the obtained 
oily product was dissolved in chloroform (10 mL) and pre-
cipitated in hexane. 

 A white colored solid (Fmoc-Phe-Gly-OCH3) (probe 
FLPG) obtained (2.45 g, 70%). Elemental analysis result of 
C27H26N2O5 (MW: 458.51), calculated: C, 70.73; H, 5.72; N, 
6.11; Found C, 70.79; H; 5.77; N, 6.17%. FT-IR (ATR, cm-

1): 3299, 3319 νN-H, 3028-3064 νC-H(Ar), 2853, 2887, 2918 νC-

H(Alph.), 1647, 1696, and 1737 νC=O, 1542 νC=C. 1H-NMR (400 
MHz, DMSO-d6): δ 2.78-2.84 and 3.04-3.08 (2H, H12), 3.65 
(3H, s, H21), 3.90-3.98 (2H, H19), 4.10-4.19 (3H, m, H2 and 
H3), 4.28-4.34 (1H, H11), 7.20-7.22 (1H, t, H16), 7.26-7.43 
(6H, m, H6, H14,15), 7.40-7.45 (2H, t, H7), 7.63-7.68 (2H, H8), 
7.74-7.76 (1H, H10 (-NH)), 7.88-7.90 (2H, d, H5), and 8.57-
8.60 (1H, t, H18 (-NH)).13C-APT-NMR (DMSO-d6): δ 
156.28 C1, 66.13 C2, 47 C3, 144.18 C4, 120.55 C5, 125.76 C6, 
128.09 C7, 127.52 C8, 141.12 C9, 56.49 C11, 37.89 C12, 
138.68 C13, 128.52 C14, 129.70 C15, 126.71 C16, 172.66 C17, 
41.10 C19, 170.71 C20 and 52.2 C21. 

2.4. Spectroscopic Studies of the Probe FLPG Towards 

Cu
2+

 and Fe
3+

 

 For fluorescence measurements, a stock solution of the 
probe FLPG (10.0 mM) was freshly prepared in CH3CN and 
diluted to the concentration of 5.0 µM. Fluorescence spectra 
were recorded in the region of 280−600 nm (λem=312 nm, 
λex=272 nm) at rt, and slit widths were 10.0 nm. For the fluo-
rescence titration studies, designated equivalents (0.0−10.0 
equiv.) of the Cu2+ or Fe3+ solutions were added into the 
probe solution in a 1.0 cm path-length quartz cuvette. The 
final volumes were adjusted to 3 mL by adding the solution 
of HEPES buffer, and the final concentration of the probe 
FLPG is 5.0 μM in CH3CN/HEPES (9/1, v/v, pH=7.4) solu-
tion. After equilibrium at room temperature for 1 min (for 
Cu2+ and Fe3+ detection), their fluorescence spectra were 
obtained at λem=312 nm. For the selectivity studies, the spec-
tra were recorded in the absence and in the presence of dif-
ferent competing metal ions (Cr3+, Sr2+, Cd2+, Al3+, Zn2+, K+, 
Ba2+, Mg2+, Mn2+, Hg2+, Fe2+, Co2+, Pb2+, Ni2+ and Ca2+), 
including Cu2+ or Fe3+ in CH3CN/HEPES (9/1, v/v, pH=7.4) 
media. 

2.5. Cytotoxic Effects of the Probe FLPG and Metal Ions 

Over HepG2 Cells 

 Cell growth inhibitory potential of the probe FLPG and 
its target metals, Cu+2 and Fe+3, were investigated over hu-
man hepatocellular carcinoma (HepG2) cells obtained from 
ATCC (ATCC® HB-8065) company. The cells were grown 

in high glucose DMEM media supplemented with 10% FBS, 
L-glutamine and penicillin/streptomycin at 37°C with 5% 
CO2 and 95% moisture. Cellular toxicity of the probe FLPG 
and metal ions were studied with 2,3-bis-(2-methoxy-4-nitro-
5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) in 
vitro cellular toxicity assay according to our optimized pro-
tocol. Briefly, 5x10+4 cells were seeded in the wells of the 
96-well cell culture plate and allowed for cell attachment for 
4-hrs. Subsequently, different amounts of the probe FLPG 
and metal ions (10 - 250 µM) prepared in growing media 
were added to the cells, and they were incubated for 24-hrs. 
After the addition of 25 µl of activated XTT solution (1 
mg/mL) and 2-hrs incubation period, the intensities of the 
formazan were measured at 450 nm with Multiscan™ GO 
Microplate Spectrophotometer (Thermo Scientific, USA). 
Non-linear regression analysis was utilized to calculate IC50 
values with GraphPad Prism 6.0 software. 

2.6. Cell Imaging Studies 

 The practical applicability of the probe FLPG for Cu+2 
and Fe+3 sensing, fluorescent imaging experiments were car-
ried out using HepG2 cell lines. Accordingly, the HepG2 
cells were incubated with 50 μM of the probe FLPG pre-
pared with 10% DMSO in growth media for one hour. After 
removal of the probe and washing with PBS three times, the 
equimolar concentration of cupric and ferric ions was ap-
plied to the adherent cells separately for another one hour. 
Before and after probe and metal ion applications, blue fluo-
rescent, and bright field phase-contrast images of the cells 
were obtained using a fluorescent cell imaging system (ZOE, 
Bio-Bad, Germany). The bright field and fluorescent images 
were merged with the software of the imaging device. 

2.7. Theoretical Computation of Probe FLPG and its 

Complexes 

 All geometry optimizations were carried out with the 
Gaussian-09 software-package (Gaussian, Inc., Wallingford 
CT, UK) using density functional theory (DFT) computa-
tions. All geometries were fully optimized in the gas-phase 
without any restrain using Becke’s three-parameter hybrid 
exchange functional (B3) and the Lee-Yang-Parr correlation 
functional (LYP) (B3LYP) along with 6-31g(d) basis set 
[30-34]. Gaussview 5.0.8 software was employed for visu-
alizations of the optimized structures and HOMO-LUMO 
energy levels. 

3. RESULTS AND DISCUSSION 

3.1. Fabrication and Characterization of the Probe FLPG 

 The Fmoc-Phe-Gly-OCH3 (probe FLPG) was synthe-
sized by the reaction of Fmoc-Phe-OH and Gly-OMe.HCl 
via 2-chloro-4,6-dimethoxy-1,3,5-triazine methodology 
[35,36]. The formation of Fmoc-Phe-Gly-OMe was obtained 
via reaction of N-protected amino acid with amino side  
free amino acid ester in the presence of 2-acyloxy-4,6-
dimethoxy-1,3,5-triazine and N-methyl morpholine as a cata-
lyst. The reaction starts with the nucleophilic attack of NMM 
to triazine reagent to give a tetrahedral intermediate, and 
then it turns to dimethyl triazine methyl morpholine 
(DMTMM) intermediate. Oxygen of carboxylic acid attacks 
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the electrophilic carbon atom of intermediate DMTMM, 
which gives another unstable tetrahedral intermediate that 
triazine gains its aromaticity and expel NMM to give acti-
vated ester compound. In the final step, the amino group of 
amino acid ester attacks to the electrophilic carbonyl of acti-
vated ester to give the target compound (Fmoc-Phe-Gly-

OCH3) (Scheme S1). The reaction mixture was purified via 
acidic work-up. The general synthesis procedure is depicted 
in Scheme 1. 

 FT-IR, elemental analysis, 1H, 13C-APT and HETCOR 
NMR techniques were used for the characterization of com-
pounds (Fig. S1-S4). In the infrared spectrum of probe 
FLPG, three characteristic carbonyl stretching peaks at 
1647, 1696, and 1737 cm-1, N-H stretching peaks of two am-
ide bond at 3299, 3319 cm-1, peaks of aromatic stretching 
vibrations at 3028 and 3064 cm-1 show that the structure was 
formed. The absence of the carboxylic acid O-H stretching 
peak of the starting material has also supported the formation 
of the product. In the 1H-NMR spectrum, the presence of the 
peaks of aliphatic CH2 proton of glycine at 3.90-3.98 ppm 
and CH3 proton of methyl ester at 3.65 ppm indicated that 
the amino acid reacted with the probe FLPG. Another evi-
dence for the product formation was that the existence of the 
total number of aromatic proton peaks between 7.20-7.90 
ppm. The enantiotopic CH2 protons of phenylalanine reso-
nance at 2.78-2.84 ppm and 3.04-3.08 ppm and the aliphatic 
protons (H2 and H3) of Fmoc group at 4.10-4.19 ppm were 
proved the formation of the target product. 

 In the 13C-APT-NMR spectra of probe FLPG, the peaks 
at 66.13, 56.49, 52.2, 47.00, 41.10 and 37.89 ppm of amino 
acids, the aliphatic carbon peaks of the fmoc group, the car-
bonyl carbon peaks at 156.28, 172.66 and 172.66 ppm (C1, 
C17 and C20) and aromatic carbon peaks could be presented 
as other evidence of the product formation. The exact posi-
tion of protons and attached carbons were determined by 
HETCOR-NMR spectrum (Fig. S4). The probe FLPG has 
then utilized for the detection of metal ions as a fluorogenic 
chemosensor in CH3CN/HEPES (9/1, v/v, pH=7.4) media. 

3.2. Fluorescence Studies of the Probe FLPG Towards 
Cu

2+
 and Fe

3+
 

 In the initial stage of the fluorescence experiments, the 
impact of solvent on the intensity of the probe FLPG was 
tested (Fig. S5). When the probe FLPG was dissolved in 
various pure-organic solvent systems (dimethylsulfoxide, 
dimethylformamide, tetrahydrofuran, acetonitrile and etha-

nol), the maximum intensity was observed in the acetonitrile 
system. After the addition of Cu2+ and Fe3+, the maximum 
fluorescent quenching was observed in the acetonitrile solu-
tion under UV light. Also, CH3CN-H2O mixtures with dif-
ferent ratios were studied to construct the probe FLPG more 
utilizable for livings, and it was approved that the 9/1 (v/v) 
mixture of CH3CN-H2O was the most appropriate for fluo-
rescence studies. 

 To study the pH effect on the fluorescence property of 
the probe FLPG, the emission intensities were measured at 
different pH values (pH from 4 to 10) in CH3CN-HEPES 
(9/1, v/v) media (Fig. S6). The emission of the probe FLPG 
and its complexes (FLPG-Cu2+ and FLPG-Fe3+) were not 
affected within the pH range of 4-10; therefore, pH of the 
sensing medium was herein adjusted to 7.4 with the favor-
able buffer solution, HEPES, for livings. 

 To study the fluorescence sensing properties of probe 

FLPG (5.0 μM) towards a series of metal ions (Cu2+, Fe3+, 
Cr3+, Sr2+, Cd2+, Al3+, Zn2+, K+, Ba2+, Mg2+, Mn2+, Hg2+, Fe2+, 
Co2+, Pb2+, Ni2+ and Ca2+), the same volume of 10 equiv per-
chlorate salts of these ions were individually added into the 
probe FLPG solution. Their fluorescence responses in 
CH3CN/HEPES (9/1, v/v, pH=7.4) media were recorded and 
presented in Fig. 1. As is illustrated in Fig. 1, the emission 
intensity of probe FLPG was considerably quenched at 312 
nm (λex=272 nm) with the adding of Cu2+ (23 fold) and Fe3+ 

(20 fold), but other metal ions had not any impact on the 
intensity of probe FLPG. The probable explanation could be 
due to the fact that the electronic structures of transition 
metal ions have uncoupled d-electrons while alkaline (group 
IA) and alkaline-earth (group IIA) metal ions have a 
blocked-shell electron configuration [37]. These outcomes 
showed that the probe FLPG is more selective to Cu2+ and 
Fe3+ than other metal ions and could operate as a fluorescent 
chemosensor in CH3CN/HEPES (9/1, v/v, pH=7.4) media. 

 To estimate the quantitative sensing capability of probe 

FLPG towards Cu2+ and Fe3+, the fluorescence titration 
study was performed. For these experiments, the Cu2+ or Fe3+ 
solution was added incrementally (0.0-10.0 equiv) to the 
solution of probe FLPG (Fig. 2) in CH3CN/HEPES (9/1, 
v/v, pH=7.4) media, and the spectra were recorded after each 
addition. As depicted in Fig. 2a and 2b, the emission intensi-
ties were significantly quenched at 312 nm with the consecu-
tive addition of responding metal ion (Cu2+ or Fe3+) into the 
solution of probe FLPG. This phenomenon is related to the 
formation of FLPG- Cu2+ and FLPG- Fe3+ complexes. 

 
Scheme 1. Synthetic route of the probe FLPG. 
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 The time-dependent emission intensities of probe FLPG 
in the presence of responding metal ion were studied for 
Cu2+ and Fe3+, respectively (Fig. S7). The fluorescence 
quenching values of probe FLPG (312 nm) reached the 
maximum in one minute after the addition of Cu2+ or Fe3+ in 
CH3CN/HEPES (9/1, v/v, pH=7.4) media at rt (λem=312 nm, 
λex=272 nm). The fluorescence quick response demonstrates 
that the probe FLPG has a great potential for the detection of 
Cu2+ and Fe3+ in practical applications. 

 Based on the fluorescence titration experiments, the de-
tection limits (3σ/K) [38,39] of probe FLPG for Cu2+ and 

Fe3+ were found to be 25.07 nM and 37.80 nM, respectively 
(Fig 3a), and these values were far below the standards in 
drinking water reported by WHO and EU-WFD guidelines 
(max. 31.50 μM for Cu2+ and 5.37 μM Fe3+) [15,40]. In addi-
tion, for numerous biological samples, these detection limits 
are quite satisfactory, demonstrating the potential usefulness 
of the proposed sensing platform in trace-level analysis. 
Moreover, the quantum (Φ) yield studies for the probe 
FLPG and its complexes with Cu2+ and Fe3+ were carried out 
at different concentrations in CH3CN/HEPES (9/1, v/v, 
pH=7.4) media at rt. The FLPG-Cu2+ (Φ=0.0035) and 

 

Fig. (1). (a) Fluorescence emission intensity changes of the probe FLPG (5.0 µM) with the addition of 10.0 equiv different metal ions (Cu2+, 
Fe3+, Cr3+, Sr2+, Cd2+, Al3+, Zn2+, K+, Ba2+, Mg2+, Mn2+, Hg2+, Fe2+, Co2+, Pb2+, Ni2+ and Ca2+) in CH3CN/HEPES (9/1, v/v, pH=7.4) media at 
rt (λem=312 nm, λex=272 nm), (b) Fluorescence images of the probe FLPG (5.0 µM) with the addition of different metal ions (10.0 equiv) 
under UV light. (A higher resolution / colour version of this figure is available in the electronic copy of the article). 

 
Fig. (2). Fluorescence emission intensity changes of the probe FLPG (5.0 µM) with the addition of different concentrations (0.0 -10.0 equiv) 
of (a) Cu2+ and (b) Fe3+ in CH3CN/HEPES (9/1, v/v, pH=7.4) media at rt (λem=312 nm, λex=272 nm). (A higher resolution / colour version of 
this figure is available in the electronic copy of the article). 
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FLPG-Fe3+ (Φ=0.0114) complexes demonstrated about 122 
and 37 times lower Φ yield than the probe FLPG 
(Φ=0.4300) (Fig. S8). The binding constants were also cal-
culated to be 4.56×108 M-2 for FLPG-Cu

2+ system and 
2.02×1010 M-2 for FLPG-Fe

3+ system from linear curve fit-
ting of the titration data (Fig. 3b and 3d) according to the 
Benesi-Hildebrand equation [41,42]. The worth of probe 

FLPG was confirmed by comparing with the sensing per-
formance of the reported chemosensors (Table 1), which 
obviously revealed that the probe FLPG could be a highly 
sensitive fluorogenic chemosensor for the detection of Cu2+ 
and Fe3+. 

 For deeply studying the selectivity of the probe FLPG 
towards Cu2+ and Fe3+, a number of competition experiments 
were performed, and their emission spectra of the probe 

FLPG solution in the presence of Cu2+ or Fe3+ and other 
competing metal ions were recorded (Fig. 4a and 4b). The 
other possible competing metal ions, including Cr3+, Sr2+, 
Cd2+, Al3+, Zn2+, K+, Ba2+, Mg2+, Mn2+, Hg2+, Fe2+, Co2+, 
Pb2+, Ni2+ and Ca2+ with the same equivalent (10.0 equiv) 
were separately added into the solution of probe FLPG, fol-
lowed by the addition of responding metal ions (Cu2+ or 
Fe3+). As seen in Fig. 4, the complexes of FLPG-Cu

2+ and 

FLPG-Fe
3+ showed obvious quenching of fluorescence, as 

mentioned above, even in the presence of other competing 
metal ions. Based on the results of these experiments, it is 
remarkable that no other metal ions influenced the detection 
of Cu2+ and Fe3+ by the probe FLPG in CH3CN/HEPES (9/1, 
v/v, pH=7.4) media, and the probe FLPG was a promising 
fluorogenic chemosensor for multiple ion recognition with a 
single probe. 

3.3. Binding Stoichiometry of the Probe FLPG Towards 

Cu
2+

 and Fe
3+

 

 To establish the possible binding stoichiometry between 
the probe FLPG and responding metal ions, Job's plot 
method [46] was employed based on the fluorescence titra-
tion data (Fig. 5). As seen in Fig. 5, the maximum emission 
intensities at 312 nm were reached when the molar fractions 
were 0.33 (inflection point), which revealed that the possible 
binding stoichiometries between the probe FLPG and re-
sponding metal ions (Cu2+ and Fe3+) were both 1:2. 

 The fluorescence quenching mechanisms of the FLPG-
Cu2+ and FLPG-Fe3+ complexes were presented in Scheme 
2. For these complex sensing systems, the fluorescence 
quenching may be due to the ligand-to-metal charge transfer 

 
Fig. (3). (a) The quantitative calibration curve of the association between the emission intensities of probe FLPG and Cu2+ concentrations; 
(b) Benesi-Hildebrand curve of 1/[Cu2+] vs 1/( I0-I) based on stoichiometry (FLPG-Cu

2+ complex, 1:2); (c) the quantitative calibration curve 
of the association between the emission intensities of probe FLPG and Fe3+ concentrations and (d) Benesi-Hildebrand curve of 1/[Fe3+] vs 
1/( I0-I) based on stoichiometry (FLPG-Fe

3+ complex, 1:2), in CH3CN/HEPES (9/1, v/v, pH=7.4) media at rt (λem=312 nm, λex=272 nm). (A 
higher resolution / colour version of this figure is available in the electronic copy of the article). 
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Table 1.  Relative study of the sensing performance of probe FLPG with some reported studies for the fluorogenic detection of Cu
2+

 

and Fe
3+

. 

Probe Solvent System LOD (M) 
Binding  

Constant (M
-x

) 

Cell  

Imaging 
Refs. 

 

CH3CN - 

3.1 × 105  

(for Cu2+) 

1.6 × 105  

(for Fe3+) 

no [43] 

 

tris buffer 

(pH 7.2) 

1.35×10-7 M  

(for Cu2+) 

1.24 ×10-7 M  

(for Fe3+) 

8.6 × 104  

(for Cu2+) 

5.1 × 104  

(for Fe3+) 

yes [28] 

 

tris-HCl 

(0.01M  

DMSO/H2O,  

1:1, v/v,  

pH=7.4) 

- 

3.3 × 103  

(for Cu2+) 

1.5 × 104  

(for Fe3+) 

no [44] 

 

EtOH/H2O 

(4/1, v/v) 
- 

5.58 × 104  

(for Cu2+) 

2.12 × 104  

(for Fe3+) 

no [2] 

 

CH3CN/H2O 

(1/1, v/v)  

(for Cu2+) 

MeOH /H2O 

(1/4, v/v)  

(for Fe3+) 

10.2×10-5 M  

(for Cu2+) 

7.37 ×10-5 M  

(for Fe3+) 

- yes [16] 

 

EtOH 

5.26×10-7 M  

(for Cu2+) 

4.6 ×10-9 M  

(for Fe3+) 

1.80 × 103  

(for Cu2+) 

7.32 × 104  

(for Fe3+) 

no [45] 

 

THF/H2O 

(7/3, v/v) 

5.26×10-7 M  

(for Cu2+) 

4.6 ×10-9 M  

(for Fe3+) 

1.96 × 105  

(for Cu2+) 

1.93 × 105  

(for Fe3+) 

no [7] 

(Table 1) Contd…. 
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Probe Solvent System LOD (M) 
Binding  

Constant (M
-x

) 

Cell  

Imaging 
Refs. 

 

DMSO/H2O 

(8/2, v/v) 

30.1×10-9 M  

(for Cu2+) 

87.3 ×10-9 M  

(for Fe3+) 

0.42 × 103  

(for Cu2+) 
no [6] 

 

DMF 

2.48 × 10-6  

(for Cu2+) 

2.17× 10-6  

(for Fe3+) 

3.93 × 105  

(for Cu2+) 

3.82 × 105  

(for Fe3+) 

no [29] 

 

CH3CN/HEPES  

(9/1, v/v,  

pH=7.4) 

25.07 × 10-9  

(for Cu2+) 

37.80 × 10-9  

(for Fe3+) 

4.56×108  

(for Cu2+) 

2.02×1010  

(for Fe3+) 

yes 
this 

work 

 

 
Fig. (4). Selectivity of the probe FLPG (5.0 µM) toward (a) Cu2+ (10.0 equiv) and (b) Fe3+ (10.0 equiv) and other competing metal aions 
(10.0 equiv) in CH3CN/HEPES (9/1, v/v, pH=7.4) media at rt (λem=312 nm, λex=272 nm). (A higher resolution / colour version of this figure 
is available in the electronic copy of the article). 

 

(LMCT) between the probe FLPG and paramagnetic target 
metal ions (Cu2+ and Fe3+). That is, the fluorescence of probe 

FLPG was quenched was attributed to form FLPG-Cu2+ and 

FLPG-Fe3+ complexes, the molecule of probe FLPG and 
target ions was close-connected in a complex structure, and 

the paramagnetic properties of target ions efficiently 
quenched the emission. This phenomenon is because of the 
unpaired d-electrons of Cu2+ and Fe3+, the electron transfer 
between the excited states of N and O atoms, and the d-
orbitals of these ions occurred. 

�
��

�

��
�

�

�
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3.4. Theoretical Calculation 

 Computational studies of the characteristics of che-
mosensor molecules are very precious to analysts. The den-
sity functional theory (DFT) calculation is commonly used 
for forecasting the most reactive site in σ - and π-electron 
schemes and clarifying a number of reactions in conjugated 
systems. Herein, the DFT calculations were performed in the 
gas-phase to propose the probable molecular structure of the 
probe FLPG and its complexes (FLPG-Cu2+ and FLPG-
Fe3+), as well as the mechanism of the sensor. The computa-
tions for geometry optimizations were done by employing 
the Gaussian-09 software program (Gaussian, Inc., Walling-
ford CT, UK) without any restrain using Becke’s three-
parameter hybrid exchange functional (B3) and the Lee-
Yang-Parr correlation functional (LYP) (B3LYP) along with 
6-31g(d) basis set [30-34]. The GaussView 5.0.8 program 
was used for the images of optimized structures and the en-
ergy levels of highest occupied molecular orbital (HOMO)-
lowest unoccupied molecular orbital (LUMO). The calcu-
lated structures of probe FLPG and its complexes (FLPG-
Cu2+ and FLPG-Fe3+) were illustrated in Fig. 6. As seen in 
Fig. 6, the electrons were fundamentally localized on the 
triazine moiety in free probe FLPG, while the electrons were 

mainly localized on Cu2+ or Fe3+ in the complex forms. 
These outcomes are attributed to the charge transfer (LMCT) 
from the probe FLPG moiety to the target metal ions. As 
well, as a result of the formation of stable complexes FLPG-
Cu2+ and FLPG-Fe3+, the band gaps between the HOMO and 
LUMOs of probe FLPG (4.99 eV) were lowered after the 
complexation with Cu2+ (1.21 eV) and Fe3+ (2.81), which 
show the structure of a stable complex and the high affinity 
of probe FLPG towards Cu2+ or Fe3+. 

3.5. Living-cell Studies 

 Cytotoxic properties of the probe FLPG, Cu+2 and Fe+3 
ions on HepG2 cells are summarized in Fig. S9a-c. Accord-
ing to the results, the probe FLPG and metal ions demon-
strated cytotoxic effects with increasing concentrations sepa-
rately. Especially after 50 µM applications, cell viability 
decreased drastically. For the 24-h incubation, the dose of 
the probe that reduced the cell viability at 50% (IC50 values) 
was calculated as 35.18 ± 1.09 μM. Additionally, cupric and 
ferric ions also demonstrated cytotoxic effects (IC50: 48.14 ± 
1.21 and 57.43 ±1.15 for Cu+2 and Fe+3, respectively) as in-
cubated for 24-hrs. On the other hand, it is important to note 
that our cytotoxicity tests and in vitro imaging studies (Fig. 7) 

 
Fig. (5). Job's plots for the complexation of probe FLPG with (a) Cu2+ and (b) Fe3+ in CH3CN/HEPES (9/1, v/v, pH=7.4) media at rt,  
indicating the formation of a 1:2 complexes (λem=312 nm, λex=272 nm). (A higher resolution / colour version of this figure is available in the 
electronic copy of the article). 

 
Scheme 2. Fluorescence quenching mechanisms of the FLPG-Cu2+ and FLPG-Fe3+ complexes. (A higher resolution / colour version of this 
figure is available in the electronic copy of the article). 
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Fig. (6). Frontier molecular orbitals and HOMO-LUMO energy level diagrams of probe FLPG and its complexes of FLPG-Cu

2+ and FLPG-

Fe
3+. (A higher resolution / colour version of this figure is available in the electronic copy of the article). 

 

Fig. (7). Bright-field, (a) blue fluorescence and merged images of HepG2 cells alone, (b) treated with only 50 μM probe FLPG, (c) treated 
with 50 μM probe FLPG and then 50 μM Cu+2, (d) treated with 50 μM probe FLPG and then 50 μM Fe+3. Images were taken with a fluores-
cent cell imaging system (ZOE, Bio-Rad, λex = 355/40 nm, λem = 433/36 nm). Scale bars represent the 40 μm length. (A higher resolution / 
colour version of this figure is available in the electronic copy of the article). 
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also demonstrated any significant cytotoxic effects of 50 μM 
probe and metal ions for one-hour incubation over the 
HepG2 cells. 

 The results of fluorescent cell imaging studies are sum-
marized in Fig 7. As demonstrated in Fig. 7a and 7b, the 
probe FLPG alone increased the intracellular blue fluores-
cence in HepG2 cells, suggesting that it could penetrate cel-
lular membranes and be effective in intracellular imaging 
applications. On the other hand, if the cells were treated with 
Cu+2 and Fe+3 ions separately after the probe FLPG treat-
ment, a dramatic decrease in intracellular blue fluorescence 
was observed (Fig. 7c-7d). These results demonstrate the 
diffusion of these metal ions into the cells and the quenching 
ability of the probe FLPG fluorescence. 

CONCLUSION 

 In summary, we have successfully designed, synthesized 
and characterized a fluorene-based fluorogenic chemosensor, 
which is highly selective and sensitive for Cu2+ and Fe3+ de-
tection in CH3CN/HEPES (9/1, v/v, pH=7.4) media. The 
probe FLPG has quite lower detection limits for Cu2+ (25.07 
nM) and Fe3+ (37.80 nM), as well as high selectivities. The 
binding constants with strongly interacting Cu2+ and Fe3+ 

were determined as 4.56×108 M-2 and 2.02×1010 M-2, respec-
tively, via the fluorescence titration experiments. The out-
comes of the computational study supported the fluorescence 
data. Moreover, the practical application of the probe FLPG 
was successfully performed for a living-cells. Therefore, this 
simple chemosensor system offers a highly selective and 
sensitive sensing platform for the routine detection of Cu2+ 
and Fe3+, and it keeps away from the usage of costly and 
sophisticated analysis systems. 
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