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Abstract In this paper, probe 1 based on N, N-bis (pyridin-2-
ylmethyl) aniline is prepared as an effective fluorescent probe
for Cu?". It exhibits good sensitivity and selectivity for Cu**
over other metal ions in aqueous solution. The detection limit
of probe 1 is 56 nM. Furthermore, probe 1 is pH-insensitive
under near-neutral conditions and can work well in environ-
mental samples.
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Introduction

Copper has received great attention in chemical, environmental,
and biological systems in that it is a transition metal essential for
plants, animals and humans [1, 2]. At higher level, however, it is
very harmful to organisms such as bacteria, viruses, and humans
[3, 4]. Variety of copper ions was investigated to be associated
with some serious diseases such as prion diseases and
Alzheimer’s disease [5—7]. In addition, copper deficiency may
cause Menkes disease, colon cancer, and so on [8, 9]. Therefore,
the measurement and detection of copper ions has become more
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and more significant. So far, many analytical technologies have
been developed to detect Cu**, including Cu®*-specific-
DNAzyme based fluorescence probes [10], atomic absorption
spectrometry [11], quantum-dot based measurements [12] and
electrochemical probes [13]. Although these technologies show
advantages of good sensitivity and selectivity, their application
is affected by the need for complicated equipment and difficult
synthesis procedure. Different from other analytical techniques,
fluorescent probes for the detection of Cu?" have had great
popularity due to specificity, high sensitivity, low cost, conve-
nient, and real-time monitoring in biological and environmental
samples [14]. In this terms, the design and synthesis of Cu**
probes have attracted considerable attentions in recent years and
demand is still high [15-17]. In the course of practical applica-
tion, different environmental samples were measured, for exam-
ple, tap, lake and river water or human hair, serum and urine,
which have been widely reported [18—20]. It can be found that
many factors can have an impact on measuring environmental
samples, such as pH, coexisting ions interference, temperature,
and so on. In view of the above questions, we designed a simple,
water-soluble fluorescent probe, probe 1, based on N, N-bis
(pyridin-2-ylmethyl) aniline, applied to the detection Cu*" in
pure water system. It exhibits good sensitivity and selectivity
for Cu®" over other metal ions in aqueous solution. Furthermore,
probe 1 is pH-insensitive under near-neutral conditions and can
work well in environmental samples.

Experimental
Materials and Instruments
All materials were purchased from commercial suppliers and

used without further purification. Silica gel (200-300 mesh,
Qingdao Haiyang Chemical Co.) was used for column
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chromatography. "H NMR spectra were acquired on a Bruker
AMX400 spectrometer. Chemical shifts (8) were reported in
ppm relative to a Me4Si standard. Electrospray ionization
(ESI) mass spectra were measured with an LC-MS 2010 A
(Shimadzu) instrument. Fluorescence measurements were ob-
tained on a Hitachi F-2500 fluorescence spectrometer with a
10 mm quartz cuvette. The pH measurements were made with
a Sartorius basic pH-meter PB-10.

Synthesis of Compound 1

The POCl; (9 mL, 97 mmol) was added to DMF (30 mL), the
mixture was cooled to 0 °C in an ice-water bath. After stirring
for 0.5 h, a mixture of N, N-bis (pyridin-2-ylmethyl) aniline
(5.4 g, 20 mmol) and DMF (10 ml) was added. The reaction
solution was heated to 95 °C for 5 h, then the reaction was
terminated. The reaction solution was adjusted to a neutral pH
value by a saturated K,COj; solution, extracted with CH,Cl,,
dried over anhydrous MgSQ,, finally Compound 1 was iso-
lated by silica gel column (Fig. 1) (VPE / VEA = 5/1). NMR
of Compound 1 is shown in Supporting Information, Fig. S1.

Synthesis of Probe 1

(4-methyl-n-methyl-pyridinium hydriodide) (2.36 g,
10 mmol), compound 1 (3.03 g, 10 mmol) and 30 mL
morpholine (morpholine) was sequentially added to 50 ml of
n-butanol, and refluxed 2.5 h. Then, the reaction mixture was
cooled to room temperature, orange solid was precipitated,
suction filtration, and further separated by silica gel column
(CH,Cl, as eluent). ESI -MS calcd for CogH,uNy [M]"
393.2074, found 393.2067. Probe 1 was finally collected
(Fig. 1) (2.5 g, 49.3 %). HRMS of Probe 1 is shown in
Supporting Information, Fig. S2.

Results and Discussion
Spectral Response of Probe 1 to Cu®*
The spectral response of probe 1 to Cu** was studied in PBS

buffer (5 mM, pH 7). In the absence of Cu®", probe 1 displayed
one major absorption band centered at 426 nm with a

Fig. 1 The schematic synthesis
route of probe 1
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Fig.2 a Absorption spectra and b fluorescence spectra of probe 1 (5 pM)
before and after addition of Cu®" (15 M), measured in PBS buffer
(5 mM, pH = 7). The spectrum was acquired after Cu’>* addition for
0.5 h at room temperature. A = 385 nm

corresponding orange-colored fluorescence maximum at
575 nm (Figs. 2a, b). After Cu*" addition, the maximum absorp-
tion peak underwent a 81 nm blue shift from 426 to 345 nm,
coupled with the fluorescence intensity decreased to original 8 %
(Fig. 2b).

The fluorescence quenching phenomenon was attributed to
the strong chelation of Cu”* with probe 1, which decreases the
electron-donating ability of the central nitrogen atom of probe
1 and thereby results in a decrease in intramolecular charge
transfer (ICT) efficiency [21]. In addition, the paramagnetic
nature of Cu?” can also be a factor for the quenching.
According to Job plot (Fig. S3), probe 1 and Cu®" formed a
1:1 stoichiometry complex [22].

Sensitivity of Probe 1 toward Cu**

Probe 1 showed high sensitivity for Cu** detection in PBS
solution (5 mM, pH =7). As seen in Fig. 3a, upon an increasing
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Fig. 3 a Fluorescence responses of probe 1 (5 M) toward Cu?" (final
concentration: 0, 1, 2, 3,4, 5,6, 7,8,9, 10, 11 uM). b the linear
relationship between fluorescence intensity and Cu®" concentrations.
All experiments were performed after reacting with metal ions for 0.5 h
in PBS solution (5 mM, pH = 7). A¢x = 385 nm

addition of Cu®" (final concentration: 0 ~ 11 uM), the
solution containing probe 1 (5 uM) presented a gradual
decrease in fluorescent intensity at 575 nm. There was a
good linearity (R* = 0.9969) between the fluorescence
intensity and Cu”" concentrations in the range of
0 ~ 11 uM (Fig. 3b). The detection limit of probe 1 is
56 nM (Detection limit =30/k [26], Where o is the stan-
dard deviation of blank measurement, k is the slope of the
plot of fluorescence intensity versus Cu®" concentration.).
As shown in Table 1, the detection limit of several tech-
niques was listed and compared [23-25].

The Selectivity of Probe 1 to Cu>*

To evaluate the selectivity of probe 1, it was tested with other
environmentally relevant metal ions, including K, Na*, Ag",

Table 1  The comparison of detection limit of several techniques
Technique Detection limit Reference
Electrochemical sensor 0.03 uM 23
Cu**-dependent DNA ligation DNAzyme 5 puM 24
Colorimetric methods 0.9 uM 25
Fluorescent probe 0.056 uM This work
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Fig. 4 The black bar: fluorescence responses of probe 1 (5 M) toward
various metal ions (15 uM for all ions); The red bar: fluorescence
responses of probe 1 (5 uM) toward Cu?" in the presence of various
metal ions (15 uM for all ions). All experiments were performed after
reacting with metal ions for 0.5 h in PBS solution (10 mM, pH = 7).
Aex = 385 nm

Mg*", Ca?', Mn**, Co?", Zn**, Cd**, Pb**, A" and Fe*".
Under the same conditions (5 mM PBS, pH = 7), probe
1 exhibited no apparent fluorescence change in the pres-
ence of other metal ions (Fig. 4). Moreover, the interfer-
ence of the various metal ions on monitoring Cu®" was
also studied. These results showed probe 1 possesses
high selectivity toward Cu®" even in the presence of
other metal ions.

pH-Dependent Fluorescence of Probe 1

Finally, the effect of pH changes on the fluorescence detection
of Cu®" was tested. As shown in Fig. 5, probe 1 presented
limited changes toward pH in the range of 3—11, which proves
that probe 1 is pH-insensitive under near-neutral conditions.
The same result was obtained when Cu®" was added in the
presence of the probe. Therefore, probe 1 could work well in
environmental samples.
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Fig. 5 The fluorescence intensity at 575 nm responds to various PBS
solution with different pH values =3, 4,5, 6,7, 8,9, 10, 11; the black line:
probe 1 (5); the red line: probe 1(5 uM) + Cu* (15 uM); Aoy = 385 nm
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Conclusions

In summary, We have successfully developed a readily-
synthesized fluorescent probe for copper ions (Cu") in aque-
ous solution. It displayed several adventages because of high
sensitivity, selectivity, low-cost and operational simplicity.
The detection limit of probe 1 is 0.056 uM, which was far
below the WHO acceptable limit (31.5 pM) in drinking water.
In our further study, practical applications using real environ-
mental samples will be carried out, and the proposed method
may have potential use in many application areas such as
biological and ecological samples.

Acknowledgments
Hailiang Nie.

We gratefully acknowledge assistance from Dr.

References

1. Gaggelli E, Kozlowski H, Valensin D, Valensin G (2006) Copper
homeostasis and neurodegenerative disorders (Alzheimer's, prion,
and Parkinson's diseases and amyotrophic lateral sclerosis. Chem
Rev 106(6):1995-2044

2. Tarighat MA, Mohammadizadeh MR, Abdi GJ (2013)
Simultaneous spectrophotometric determination of Cd**, Cu*",
and Zn*"in Rice and vegetal samples with dimethyl-
spiro[isobenzofurane-1,6'-pyrorolo[2,3-d]pyrimidine]-2',3,4,5'(1’
H,3'H,7'H)tetraone using wavelet transformation—feed forward
neural networks. J Agric Food Chem 61(28):6832-6840

3. HuaC, Zhang WH, Almeida SRMD, Ciampi S, Gloria D, Liu GZ,
Harper JB, Gooding JJ (2012) A novel route to copper(I) detection
using ‘click’ chemistry-induced aggregation of gold nanoparticles.
Analyst 137(1):82-86

4. Ciesienski KL, Hyman LM, Derisavifard S, Franz KJ (2010)
Toward the detection of cellular copper(II) by a light-activated fluo-
rescence increase. Inorg Chem 49(15):6808—6810

5. Millhauser GL (2004) Copper binding in the prion protein. Acc
Chem Res 37(2):79-85

6. Que EL, Domaille DW, Chang CJ (2008) Metals in neurobiology:
probing their chemistry and biology with molecular imaging. Chem
Rev 108(5):1517-1549

7. Lee JC, Gray HB, Winkler JR (2008) Copper(ll) binding to «-
Synuclein, the Parkinson’s protein. J] Am Chem Soc 130(22):
6898-6899

8. Bull PC, Thomas GR, Rommens JM, Forbes JR, Cox DW (1993)
The Wilson disease gene is a putative copper transporting P—type
ATPase similar to the Menkes gene. Nat Genet 5(4):327-337

9. Taki M, Iyoshi S, Ojida A, Hamachi I, Yamamoto Y (2010)
Development of highly sensitive fluorescent probes for detection
of intracellular copper(l) in living systems. ] Am Chem Soc
132(17):5938-5939

10. LiuJ, LuY (2007) A DNAzyme catalytic beacon sensor for para-
magnetic Cu”" ions in aqueous solution with high sensitivity and
selectivity. ] Am Chem Soc 129(32):9838-9839

@ Springer

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

Chan MS, Huang SD (2000) Direct determination of cadmium and
copper in seawater using a transversely heated graphite furnace
atomic absorption spectrometer with Zeeman-effect background
corrector. Talanta 51(2):373-380

Gattas-Asfura KM, Leblanc RM (2003) Peptide-coated CdS quan-
tum dots for the optical detection of copper(I) and silver(I. Chem
Commun 21:2684-2685

Yantasee W, Hongsirikarn K, Warner CL, Choi D, Sangvanich T,
Toloczko MB, Warner MG, Fryxell GE, Addleman RS, Timchalk C
(2008) Direct detection of Pb in urine and Cd, Pb, Cu, and Ag in
natural waters using electrochemical sensors immobilized with
DMSA functionalized magneticnanoparticles. Analyst 133(3):
348-355

Huang CC, Chang HT (2007) Parameters for selective colorimetric
sensing of mercury(Il) in aqueous solutions using
mercaptopropionic acid-modified gold nanoparticles. Chem
Commun 12:1215-1217

Lu CH, Wang YW, Ye SL, Chen GN, Yang HH (2012)
Ultrasensitive detection of Cu®* with the naked eye and application
in immunoassays. NPG Asia Materials 4:1

XY X, Daniel WL, Wei W, Mirkin CA (2010) Colorimetric Ccu?*
detection using DNA-modified gold-nanoparticle aggregates as
probes and click chemistry. Small 6(5):623-626

Meng QT, Zhang XL, He C, He GJ, Zhou P, Duan CY (2010)
Multifunctional mesoporous silica material used for detection and
adsorption of Cu®* in aqueous solution and biological applications
in vitro and in vivo. Adv Funct Mater 20(12):1903-1909

Cheng GH, He M, Peng HY, Hu B (2012) Dithizone modified
magnetic nanoparticles for fast and selective solid phase extraction
of trace elements in environmental and biological samples priorto
their determination by ICP-OES. Talanta 88:507-515

LiuJM, Lin LP, Wang XX, Lin SQ, Cai WL, Zhang LH, Zheng ZY
(2012) Highly selective and sensitive detection of Cu2+ with lysine
enhancing bovine serum albumin modified-carbon dots fluorescent
probe. Analyst 137:2637-2642

Lee JJ, Choi YW, You GR, Lee SY, Cheal K (2015) A phthalazine-
based two-in-one chromogenic receptor for detecting Co>" and
Cu?" in an aqueous environment. Dalton Trans 44:13305-13314
Xu W, Ren C, Teoh CL, Peng J, Gadre SH, Rhee H, Lee CK, Chang
Y (2014) An artificial tongue fluorescent sensor array for identifi-
cation and quantitation of various heavy metal ions. Anal Chem
86(17):8763-8769

Li YM, Zhang XL, Zhu BC, Xue J, Zhu Z, Tan WH (2011) A
simple but highly sensitive and selective colorimetric and fluores-
cent probe for Cu®* ion in aqueous media. Analyst 136:1124—1128
Yang SL, Xia BY, Zeng XD, Luo SL, Wei WZ, Liu XY (2010)
Fabrication of DNA functionalized carbon nanotubes/Cu** com-
plex by one-step electrodeposition and its sensitive determination
of nitrite. Anal Chim Acta 667(1-2):57-62

Liu J, Lu Y (2007) Colorimetric Cu®" detection with a ligation
DNAzyme and nanoparticles. Chem Commun 48:4872—4874

You GR, Park GJ, Lee JJ, Kim C (2015) A colorimetric sensor for
the sequential detection of Cu®" and CN™ in fully aqueous media:
practical performance of Cu". Dalton Trans 44(19):9120-9129
Wei X, Zhou ZP, Hao TF, Li HJ, YQ X, Lu K, YL W, Dai JD, Pan
JM, Yan YS (2015) Highly-controllable imprinted polymer nano-
shell at the surface of silica nanoparticles based room-temperature
phosphorescence probe for detection of 2,4-dichlorophenol. Anal
Chim Acta 870:83-91



	A...
	Abstract
	Introduction
	Experimental
	Materials and Instruments
	Synthesis of Compound 1
	Synthesis of Probe 1

	Results and Discussion
	Spectral Response of Probe 1 to Cu2+
	Sensitivity of Probe 1 toward Cu2+
	The Selectivity of Probe 1 to Cu2+
	pH-Dependent Fluorescence of Probe 1

	Conclusions
	References


