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Abstract. Novel polymer fluorescent probes for Fe(III) were synthesized to achieve a steady combination of ferric ions.
In the Schiff base reaction of probes’ synthetic process, o-, m- and p-phenylenediamine were respectively introduced to
result in a series of new conjugated polymer fluorescent probes. Analyses on optical properties of the probes and probeFe(III) characteristic recognition through FS showed an application of the conjugated probes in quantitative identification and
detection of Fe(III) with quick responses. Fluorescent imaging of the probes and probe-Fe(III) in living cells in vitro revealed
low toxicity of the probes and predicted the probes’ further application for instant Fe3+ detection in clinical diagnosis and
dynamic tracing of Fe3+ in biological systems.
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1. Introduction

2. Experimental

With a highest concentration occurring in the brain, the distribution, storage, transportation and other dynamic changes of
iron [1,2] were proven to be connected with a number of neurodegenerative diseases [3,4]. With variable oxidation states
of Fe(II) and Fe(III) commonly coexisting in the biological
systems and mostly distributing as ferrous and ferric ions, the
abnormal accumulation or uncontrolled oxidation–reduction
reactions [5] would disrupt the natural balance or trigger chain reactions, resulting in neurodegenerative diseases
like Alzheimer’s and Parkinson’s diseases. Moreover, irondetecting techniques need to aim at efficiently distinguishing
ferrous ions from ferric ones without sample damages.
As an effective method to detect Fe3+ , fluorescent probes,
which could convert the ion recognition to tangible fluorescent signals [6,7], and provide highly critical information for
the assessments of target ions, have received much attention
[8,9]. Among the various types of fluorescent probes, polymer probes could achieve a steady combination of target ions
compared with small molecular ones. In this paper, o-, m- and
p-phenylenediamine were respectively introduced through
Schiff base reaction to result in a series of new conjugated
polymer fluorescent probes for ferric ions. Further fluorescent
spectra (FS) analyses, combined with ECV304 cell imaging,
proved the probes’ good optical stability, instant response, low
toxicity, membrane permeability and specific recognition to
Fe3+ , which revealed the probes’ practical applications for
qualitative detection and quantitative analysis of Fe3+ in biological systems.

2.1 Reagents and equipments

0123456789().: V,-vol

Melting points were determined on an XT-4B micromelting point apparatus without correction. FTIR spectra were
recorded with KBr pellets on Bruker EQUINOX-55 FTIR
spectrometer. 1 HNMR spectra were recorded on Varian
INOVA-400 spectrometer at 400 MHz and chemical shifts
were reported relative to internal standard tetramethylsilane
(TMS). FS were measured with HITACHI F-4500 fluorescence spectrophotometer. Mass spectrometry (MS) analyses
were carried out using Agilent 1260-6460A triple quadrupole
liquid chromatograph–mass spectrometer. GPC were analysed with SHIMAFZU GPC-20A gel chromatograph. The
cytotoxicity results were analysed with the SoftMax Pro software (version 2.2.1) in a molecular device SpectraMax 190
microplate reader. Cell-imaging experiments were performed
using an Olympus U-LH 100HG IX73 fluorescence microscope.
All the reagents and solvents used for the synthesis were
commercially available and used without further purification unless otherwise noted. ECV304 cells were purchased
from KeyGen BioTECH (Nanjing, China). The reaction process was monitored by thin layer chromatography (TLC)
on silica gel GF254. A Tris-HCl buffer solution (pH 7.4)
was prepared using 0.1 mol l−1 HCl and appropriate amount
of 0.1 mol l−1 Tris (sinopharm chemical reagent company,
Shanghai, China). Double-distilled water was used throughout the process of solution preparing and spectroscopic
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testing. Solutions of metal ions were prepared from their
nitrate and chloride salts, NaCl, KCl, Zn(NO3 )2 · 6H2 O,
Cd(NO3 )2· 2H2 O, CoCl2 , NiCl2 , Cu(NO3 )2 · 3H2 O, AgNO3 ,
Cr(NO3 )3 · 9H2 O, HgCl2 , MnCl2 , AlCl3 , SnCl2 , FeCl2 ,
Mg(NO3 )2 · 6H2 O, Ca(NO3 )2 · 4H2 O, BaCl2 , PbCl2 and
Fe(NO3 )3 · 9H2 O.

Table 1.
Mp
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GPC results of P1–P3.
Mn

Mw

Mz

P1 3956 3939 4023 4112
P2 4376 5964 9658 6343
P3 3981 4170 5039 6117

Mz+1

Mv

PD = Mw /Mn

4200
9890
7302

4011
4662
4893

1.02132
1.61938
1.20839

2.2 Synthesis of P1–P3
The target compounds P1–P3 (figure 1) were synthesized as
shown in scheme 1. Structures of P1–P3 were characterized
by IR, 1 HNMR, MS and GPC.
2.2a 1,10-phenanthroline-5,6-dione: Concentrated sulphuric acid (7 ml) was cooled in an ice bath, to which 1,10phenanthroline (1.80 g, 0.01 mol) was slowly added by
stirring. The mixture is kept <5◦ C, KBr (4.17 g, 0.035 mol)
and concentrated nitric acid (3.5 ml) were then added. Then,
the mixture was stirred at room temperature for 20 min, then
heated at 130◦ C for 2 h, cooled down, poured into iced water
(100 ml), adjusted to pH 6–7 with sodium carbonate, filtered,
and the resultant solid from the filtration was subsequently
dissolved in 100 ml hot water and extracted with CHCl3
(100 ml × 3 times). The extractant was concentrated in vacuo
and then recrystallized in methanol to afford yellow crystals
1,10-phenanthroline-5,6-dione.
1,10-phenanthroline-5,6-dione: Yellow crystals, yield 82%,
m.p. 271–272◦ C. 1 HNMR (d6 -DMSO, 400 MHz) δ: 8.82 (2H,
Ar-H), 8.03 (2H, Ar-H), 7.27 (2H, Ar-H).
2.2b P1: The obtained 1,10-phenanthroline-5,6-dione
(2.10 g, 0.01 mol) and o-diaminobenzene (1.08 g, 0.01 mol)
were refluxed at 80◦ C in ethanol environment for 12 h. Then,
the mixture was filtered and washed with anhydrous ethanol
to give yellow precipitation P1.
P1: Yellow solid, yield 47%. IR (KBr pellet, υ cm−1 ):
1606.53 (υC=N ). 1 HNMR (d6 -DMSO, 400 MHz) δ: 9.53 (dd,
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Figure 1. Structures of P1–P3.
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Scheme 1. Synthetic route of probes (shown as P3).

*
n

J = 8.1, 1.8 Hz, 2H, Ar-H), 9.22 (dd, J = 4.4, 1.8 Hz, 2H,
Ar-H), 8.41–8.37 (m, 2H, Ar-H), 8.08–8.04 (m, 2H, Ar-H),
7.95 (dd, J = 8.1, 4.4 Hz, 2H, Ar-H). MS ((+)-ESI):
repeating unit (C18 H10 N4 )+ m/z = 281.89. GPC: Mw =
4023, Mn = 3939, PD = 1.02132 (line 1, table 1).
2.2c P2: P2 was obtained from 1,10-phenanthroline5,6-dione (2.10 g, 0.01 mol) and m-diaminobenzene (1.08 g,
0.01 mol) with a similar method to P1.
P2: Brown solid, yield 42%. IR (KBr pellet, υ cm−1 ):
1575.23 (υC=N ). 1 HNMR (d6 -DMSO, 400 MHz) δ: 9.19–9.13
(m, 2H, Ar-H), 8.79–8.76 (m, 1H, Ar-H), 7.93 (ddd, J = 8.4,
4.3, 1.5 Hz, 2H, Ar-H), 6.87 (dd, J = 8.3, 4.3 Hz, 1H, ArH), 6.77 (d, J = 8.3 Hz, 1H, Ar-H), 6.65 (d, J = 8.3 Hz,
1H, Ar-H), 6.50–6.47 (d, J = 8.3 Hz, 2H, Ar-H). MS ((+)ESI) : repeating unit (C18 H10 N4 +2H)2+ m/z = 284.09. GPC:
Mw = 9658, Mn = 5964, PD = 1.61938 (line 2, table 1).
2.2d P3: P3 was obtained from 1,10-phenanthroline5,6-dione (2.10 g, 0.01 mol) and p-diaminobenzene (1.08 g,
0.01 mol) by a similar method to P1.
P3: Grey solid, yield 45%. IR (KBr pellet, υ cm−1 ): 1602.32
(υC=N ). 1 HNMR (d6 -DMSO, 400 MHz) δ: 8.99 (dd, J = 4.6,
1.7 Hz, 1H, Ar-H), 8.52 (dd, J = 4.8, 1.7 Hz, 1H, Ar-H), 8.30
(dd, J = 4.8, 1.7 Hz, 1H, Ar-H), 7.95 (dd, J = 7.7, 1.7 Hz,
1H, Ar-H), 7.91 (dd, J = 7.7, 1.7 Hz, 1H, Ar-H), 7.70–7.66
(m, 1H, Ar-H), 7.44 (dd, J = 7.7, 4.8 Hz, 1H, Ar-H), 7.28
(dd, J = 7.6, 4.8 Hz, 1H, Ar-H), 6.99 (d, J = 8.8 Hz, 1H, ArH), 6.36 (d, J = 8.8 Hz, 1H, Ar-H). MS ((+)-ESI): repeating
unit (C18 H10 N4 )+ m/z = 282.09. GPC: Mw = 5039, Mn =
4170, PD = 1.20839 (line 3, table 1).
2.3 Spectroscopic analysis
Stock solutions (200 μM) of P1–P3, Na+ , K+ , Zn2+ , Cd2+ ,
Co2+ , Ni2+ , Cu2+ , Ag+ , Cr3+ , Hg2+ , Mn2+ , Al3+ , Sn2+ , Fe2+ ,
Mg2+ , Ca2+ , Ba2+ , Pb2+ and Fe3+ were prepared in EtOH–
H2 O (5:5, V/V, Tris-HCl pH = 7.4) [10]. When used for
fluorescence tests, the stock solutions were usually diluted
with the EtOH–H2 O mixture (5:5, V/V, Tris-HCl pH = 7.4)
to 10 μM, unless otherwise noted. All the spectroscopic measurements were performed at least in triplicate and averaged.
2.4 Cytotoxity
The toxicity of P1–P3 in ECV304 cells was analysed by
methyl thiazolyl tetrazolium (MTT) assay [11,12]. ECV304
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Figure 2. Excitation and emission spectra of P1–P3.

cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) with 10% foetal bovine serum (FBS). All cells in
the exponential phase of growth were used in the experiments.
After digestion with 0.25% trypsin solution, cells were dispensed in 96-well cell-culture clusters with 200 μl per well
at a density of 2.5 × 104 cells ml−1 , incubated at 37◦ C with
5% CO2 for 24 h. The probe P1/P2/P3 (100 mM in DMSO)
was then added to the 96-well plates to achieve a concentration gradient of 125, 250, 500, 1000, 2000 and 4000 μg l−1 ,
and the cells were incubated for another 24 h. Subsequently,
the medium was removed, the cells were washed with phosphate buffered saline (PBS) three times and incubated with
5.0 mg ml−1 MTT solution (20 μl MTT and 180 μl medium)
at 37◦ C for 4 h. Then, the cells were washed with PBS (1 ml
per well) three times and then dissolved in DMSO (150 μl
per well). The optical density was recorded at 490 nm on a
microplate spectrophotometer. All the tests were conducted in
triplicate. Data were expressed as mean ± standard deviation
(SD).
2.5 Fluorescent imaging in living cells
ECV304 cells were cultured in DMEM supplemented with
10% FBS at 37◦ C in the humidified atmosphere with 5% CO2 .
The cells were cultured for 2 h until plated on glass-bottomed
dishes. The growth medium was then removed and the cells
were washed with DMEM and incubated with 10 μM of the
probes for 30 min at 37◦ C, washed three times with PBS and
imaged [13]. Then, the cells were supplemented with 10 μM
of Fe3+ in the growth medium for 30 min at 37◦ C, washed
three times with PBS and imaged.

3. Results and discussion
3.1 Fluorescent properties of P1–P3
Polymer probes P1–P3 at room temperature (10 μM in
aqueous solution, figure 2) demonstrated a mirror symmetry [14–16] in fluorescent excitation and emission spectra,
with outstanding long-wavelength emissions and significant
Stokes shifts of 62 nm (P1), 82 nm (P2) and 40 nm (P3)
due to probes’ conjugated structures. And the maximum

excitation and emission wavelengths were λex,max = 587 nm,
λem,max = 649 nm (P1); λex,max = 596 nm, λem,max = 678 nm
(P2); λex,max = 550 nm, λem,max = 590 nm (P3). In the
structural design of P1–P3, substituent position difference in
benzene rings had an obvious influence on the fluorescent
properties of the probes.
3.2 Metal ion selectivity
High selectivity is a very important parameter to evaluate
the performance of a probe. For P1, which exhibited nearly
no fluorescence itself or upon adding of other ions except
Fe3+ , an addition of Fe3+ could trigger incredible fluorescence intensity enhancement at 649 nm, which suggested the
instant recognition of Fe3+ by P1, as seen in figure 3a (left).
The competitive experiments were conducted by adding
Fe3+ to probe P1 solution in the presence of other metal ions
(P1: 10 μM, metal ions: 10 μM). As a result, the spectral
enhancement induced by Fe3+ was not affected by the tested
background of other metal ions (figure 3a, right). The competition tests, which indicated that probe P1 was highly sensitive
towards Fe3+ , predicted the future use of P1 for Fe3+ detection
in complex environments.
And similar phenomena were observed at 678 nm for probe
P2 and for P3 at 590 nm (figure 3 b and c, left), with a relatively
low level of interference from Pb2+ (figure 3b and c, right).
3.3 Quantitative detection of Fe3+
To investigate the interaction of P1/P2/P3 and Fe3+ , fluorescence titrations were carried out as shown in figure 4.
Probe P1 itself displayed nearly no fluorescence at 649 nm,
while, addition of Fe3+ immediately resulted in a significant
enhancement of fluorescence and the fluorescence intensity
of P1-Fe3+ system increased with the gradual addition of
Fe3+ (figure 4a, left). When the fluorescence intensity of P1Fe3+ system at 649 nm was analysed, a linear relationship
between fluorescence intensity and concentration of Fe3+ was
obtained, indicating a highly quantitative detection of Fe3+ by
P1 in the concentration range of 0.1–1.0 equiv. Fe3+ towards
P1 (figure 4a, right).
The calculation of stoichiometry was performed to furtherly investigate the sensitivity of probe. A 1:1 stoichiometry
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Figure 3. Fluorescence intensity changes of (a) P1, (b) P2 and (c) P3 upon the addition of various metal ions (left); selectivity of
(a) P1, (b) P2 and (c) P3 to Fe3+ in Fe3+ -competing ions coexisting system with mixed solvents (V (EtOH) : V (H2 O) = 5 : 5, Tris-HCl
pH = 7.4) environment (right). ∗ From left to right (bar a–t): blank, Na+ , K+ , Zn2+ , Cd2+ , Co2+ , Ni2+ , Cu2+ , Ag+ , Cr3+ , Hg2+ , Mn2+ ,
Al3+ , Sn2+ , Fe2+ , Mg2+ , Ca2+ , Ba2+ , Pb2+ and Fe3+ .
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Figure 4. Fluorescence titration curves of (a) P1, (b) P2 and (c) P3 (10 μM) with Fe3+ .
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Figure 5. Job’s plot of P1/P2-Fe3+ .
Table 2.

Cytotoxity of P1–P3 on ECV304 at 24 h.
Cytotoxity (%)

Concentration (μg l−1 )
125
250
500
1000
2000
4000

P1

P2

P3

4.347 ± 0.107
11.461 ± 0.840
24.382 ± 0.990
25.373 ± 1.663
32.169 ± 1.903
30.792 ± 2.495

4.562 ± 0.503
7.392 ± 0.934
17.936 ± 1.058
22.352 ± 1.221
23.871 ± 1.333
20.348 ± 2.811

8.286 ± 0.435
19.873 ± 0.915
21.442 ± 1.024
37.827 ± 1.724
29.465 ± 2.045
27.431 ± 0.948

Figure 7. Recognition mechanism of probes to Fe3+ (shown as
P3).
Figure 6. Inhibitory effect of P1–P3 on ECV304 at 24 h.

maximum emission wavelength vs. [Fe3+ ] were:

for association between P1 and Fe3+ was shown in figure 5
(left), the linear response of fluorescence emission intensity
at 649 nm vs. [Fe3+ ] could be expressed by the following
equations [17–19] (figure 4a, right):
P1-Fe3+ y = 30.576x + 111.13 (R 2 = 0.9956).

(1)

Similar phenomena were observed in P2 and P3 at 678 and
590 nm, respectively (figure 4b and c, left). As for P2 and
P3, the linear fitting equations of fluorescence intensity at the

P2-Fe3+ y = 32.212x + 116.73 (R 2 = 0.999),
P3-Fe3+ y = 29.17x + 179.07 (R 2 = 0.996).

(2)
(3)

3.4 MTT assay
A standard MTT assay was performed with ECV304 cells
to evaluate the potential imaging and diagnostic applications
[17] of the novel three probes P1–P3. A concentration gradient
of 125, 250, 500, 1000, 2000 and 4000 μg l−1 for each probe
was tested, cytotoxicity of P1–P3 in ECV304 cells at 24 h
were compiled in table 2 and depicted in figure 6, indicating
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Figure 8. (a) Fluorescent images of ECV304 incubated with 10 μM P1/P3 for 30 min, (b) a further incubation with 10 μM Fe3+ for
2 h, (c) bright-field image of b and d an overlay image of b and c.

that there was no significant toxic effect of P1–P3 on ECV304
cells when incubated for 24 h. Further tests proved that even
with a prolonged incubation time of 48 and 72 h, there exists
no significant toxic effect of cytotoxicity for P1–P3.

4. Mechanisms

of added Fe3+ by P1/P3 over a very short time. The overlay
of fluorescence image (figure 8b) and bright-field transmission image (figure 8c) revealed that the fluorescence
signals were localized in perinuclear region of the cytosol
[26,27] (figure 8d), which indicated that P1 and P3 were cell
permeable and could be used for dynamic imaging and tracking of Fe3+ in living cells.

4.1 Recognition mechanism
As for the increase in fluorescence intensity after recognition of Fe3+ by probe P1–P3, the electron effect [20] should
also be considered apart from the possible structural cavity
[21,22] in recognition process (figure 7). In probe P1–P3,
the two nitrogen atoms of pyridine rings located at 1,10phenanthroline have pairs of unbonding electrons, which do
not participate in the cyclic π bonding of pyridine rings, thus
there exists no electron transfers [23] inside the molecules to
display fluorescence of the probe itself. When the appropriate structural cavity captures Fe3+ , the two nitrogen atoms of
pyridine rings will partly provide their unbonding electrons
to fulfil the empty electron orbits of Fe3+ through intramolecular forces [24,25], though weaker than coordination bonds,
an electron transfer will then be established and the molecular
rigid reinforced, leading to better planarity of the molecules
and stronger fluorescence intensity in P-Fe3+ .

5. Conclusion
Novel conjugated polymer fluorescent probes P1–P3 for the
recognition of Fe(III) were synthesized, compared with small
molecule probes, significantly steady combinations of ferric ions were realized by polymer probes P1/P2/P3. Due to
their high sensitivity and selectivity towards Fe3+ reflected
by FS spectrum, P1–P3 demonstrated a convincing quantitative detection of Fe3+ and could be used for highly specific
recognition of Fe3+ over other metal ions. Cytotoxity and fluorescence imaging of Fe3+ in living cells ECV304 suggested
the probe’s future applications as an instant Fe3+ detection
method in clinical diagnosis and a dynamic tracking tool for
Fe3+ in biological systems, the dynamic labelling and tracking of Fe3+ in living cells through both instant and time-lapse
imagings would be possible with probes P1–P3.

4.2 Bioimaging
Acknowledgements
After the incubation of ECV304 and P1/P3 (figure 8a), 10 μM
Fe3+ was added and incubated for 2 h at 37◦ C, and a red fluorescence was emitted from the intracellular area (figure 8b)
in comparison with figure 8a, demonstrating the recognition
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