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ABSTRACT: A new water-soluble, multisite-coordinating
ligand LH7 was prepared by the condensation of
tris(hydroxymethyl)aminomethane with 2,6-diformyl-p-
cresol. LH7 is a selective chemosensor for Cu2+, under
physiological conditions, with visual detection limits of 20
ppm (ambient light conditions) and 4 ppm (UV light
conditions). LH7 can also be used in biological cell lines
for the detection of Cu2+.

The recognition of ions and molecules by chemosensors is
important for medical diagnostics, chemistry, and

biotechnology.1 In this regard, the development of highly
selective and sensitive probes for the detection CuII is very
important because of its ubiquitous presence in environmental
and biological systems.2 CuII is the third most abundant
transition-metal ion in the human body (after FeIII and ZnII)
and is essential for many biochemical and physiological
functions. CuII is also an important cofactor in nearly 20
metalloenzymes including tyrosinase, cytochrome c oxidase,
and Cu/Zn superoxide dismutase.3 In addition, CuII is an
essential micronutrient for all known life forms.4 However, CuII

can also be an ecological pollutant and potentially toxic to living
cells if present in slightly large concentrations.5 Thus, CuII has
been implicated in neurodegenerative diseases, such as Menkes,
Wilson, and Alzheimer’s diseases.6 In view of the above
importance of CuII in biological and ecological systems, there
have been several ongoing efforts to develop accurate and
selective detection techniques for CuII. Most of these
techniques are based on chemosensors that undergo a
fluorescence intensity enhancement (turn-on)7a−j,8 or quench-
ing (turn-off)7k−m,9d upon interaction with CuII. Turn-on
methods are preferred over the turn-off phenomena because of
the possible fluorescence quenching of the ligand by other
organic substances in the system. If such interference is absent,
the turn-off mechanism is equally viable for detection.7k−m,9d In
comparison to fluorescence methods, accurate colorimetric
techniques are far easier to implement in practical applications,
and hence there has also been work in this regard for the
detection of CuII. However, in spite of the impressive number
of reports that have appeared in the literature,8 there appears to
be a need to develop better chemosensors that can selectively
detect CuII in low concentrations and, importantly, in aqueous
solutions.9 As mentioned above, a visual detection would be
quite attractive from a practical point of view.

Our group has some interest in the synthesis of chemo-
sensors in general and of CuII in particular.10 Accordingly,
herein, we describe the synthesis and spectroscopic character-
ization of a novel colorimetric chemosensor that can selectively
detect CuII in ppm levels under physiological pH conditions in
an aqueous buffer solution. The multisite-coordinating ligand
LH7 (Figure 1), containing multiple hydroxyl groups, was

designed specifically to allow solubility in water. This was
synthesized by the condensation of tris(hydroxymethyl)-
aminomethane with 2,6-diformyl-p-cresol (see the Supporting
Information, SI). The absorption spectrum of LH7 in Tris
buffer (pH 7.5) shows a maximum at 434 nm with an extinction
coefficient of 10000 M−1 cm−1, and the emission spectrum
shows an intense peak around 505 nm with a fluorescence
quantum yield of 0.37, which does not depend on the excitation
wavelength. Upon the addition of 2 equiv of Cu(NO3)2 in an
aqueous buffer solution of LH7, the yellow color of the ligand-
containing solution becomes almost colorless, which is
detectable by the naked eye (Figure 2a). The fluorescence of
LH7 is also quenched appreciably, which can be visually
detected under UV light (Figure 2b). Upon an increase in the
concentration of CuII in the medium, the absorbance of LH7 at
434 nm continues to decrease, with concomitant formation of
new bands at around 415 and 380 nm (Figure S2 in the SI).
The absence of any isosbestic point indicates the presence of
multiple equilibria in the complexation event. The fluorescence
behavior of the ligand is also very sensitive to the presence of
CuII. The moderate fluorescence intensity of LH7 continues to
decrease upon the addition of CuII and becomes quenched in
the presence of 2 equiv of CuII (Figure S3 in the SI). At a very
high concentration of CuII, the fluorescence of the ligand is

Received: June 30, 2012
Published: August 6, 2012

Figure 1. Structure of LH7.
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completely quenched. This clearly indicates that the complex is
nonfluorescent in nature.
The binding stoichiometry between LH7 and CuII has been

measured using the Job’s plot method using a change in
absorption at 375 nm (Figure S4 in the SI), where the
concentrations of LH7 and CuII were varied, keeping the total
concentration constant. Analysis of the experimental result with
a multipeak fitting method indicates that two different types of
stoichiometric complexes, 1:2 and 2:1, for LH7 and CuII, are
present in the solution. For the binding constant measurement,
we have kept the concentration of LH7 constant and measured
the change in absorbance with an increase in the CuII

concentration. For 1:2 and 2:1 complexation between LH7
and CuII, the overall equilibrium can be written as
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where L stands for ligand and M stands for CuII. K1 and K2 are
the binding constants for the (LH7)2Cu

II and (LH7)Cu
II
2

complexes, respectively. Although we could not isolate crystals
of the copper complexes, we were able to obtain crystals of a
dimeric zinc(II) complex, [{LH6Zn2(OAc)2}{OAc}] (Figure
S1 in the SI), which indicates the binding modes of the ligand.
Upon the addition of CuII, the absorbance of LH7 at 430 nm
continues to decrease and new bands start to develop on the
higher energy side. Under the assumption [M]T ≫ [L2M], the
change in absorbance at 430 nm due to complex formation can
be written as
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where A430 and ε430
L are the absorbance and molar extinction

coefficient of the LH7 at 430 nm, respectively. [L]T and [M]T
stand for the initial total concentrations of LH7 and CuII,
respectively. Figure S5 in the SI shows the change in the
absorbance of LH7 at 430 nm upon an increase in the
concentration of CuII. This was fitted by using eq 3, and the
binding constants for the two complexes [(LH7)2Cu

II] and
[(LH7)Cu

II
2] are estimated as 1 × 102 and 4 × 104 M−2,

respectively. The spectroscopic behavior of LH7 upon the
addition of CuII salts having different counteranions (e.g.,

sulfate, nitrate, acetate, chloride, perchlorate) in Tris buffer
remain the same as in the case of Cu(NO3)2, indicating that
there is no role for counteranions on the complex formation
(see Figure S6 in the SI). The change of color of LH7 from
yellow to colorless by the addition of different copper salts has
also been seen.
To illustrate the use of LH7 as a specific Cu

II sensor, we have
studied the complexation behavior of LH7 with CuII in the
presence of different metal ions like K+, Ca2+, Hg2+, Mg2+, Na+,
Cd2+, Mn2+, Ni2+, Zn2+, and Co2+. A competitive experiment
has been done for 5 μM LH7 with 15 μM (3 equiv) of CuII in
the presence of 50 μM (10 equiv) of other metal salts. As
shown in Figure 3, there is no detectable change in the

absorption spectrum of LH7 even in the presence of 10 equiv of
metal ions except for CuII. However, upon the addition of 3
equiv of CuII to the mixture, the absorption intensity around
430 nm is reduced and a new band appears at 380 nm (similar
to the result obtained upon treatment of LH7 with only CuII).
The behavior of the fluorescence spectra also indicates that LH7
can be solely used as a CuII sensor.
To test this sensor in a biological system, we have used the

mammalian kidney cell line COS-7. The cells were grown in
standard conditions11 and treated with the ligand (200 μM; we
ascertained, by preliminary cytoxicity experiments, that cell
death occurs at a ligand concentration of 250 μM), and at the
end of 30 min, CuII was added (2 mM) and the cells were
incubated further for a period of 30 min. The cells were washed
twice with 1× phosphate-buffered saline, and the fluorescence
from the living cell was evaluated under a fluorescence

Figure 2. Photograph of a 10 μM LH7 solution in Tris buffer (pH 7.5)
in the absence and presence of CuII under (a) ambient laboratory light
and (b) UV light.

Figure 3. UV−vis absorption (a) and emission (b) spectra of LH7 (5
μM) in Tris buffer (pH 7.5) in the absence and presence of 50 μM of
various metal ions (e.g., K+, Ca2+, Hg2+, Mg2+, Na+, Cd2+, Mn2+, Ni2+,
Zn2+, and Co2+) (solid lines). In both figures, dotted lines are for 5 μM
LH7 and 50 μM of various metal ions in the presence of 15 μM Cu2+.
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microscope, both before and after the addition of CuII. As
shown in Figure 4, cells treated with the ligand exhibited
intense green emission and the same disappeared when
suchcells were treated with CuII. Untreated cells do not show
any fluorescence.

In conclusion, we have reported a new sensor for CuII, which
changes its color from yellow to colorless in the presence of 2
equiv of CuII. The effect of other metal ions has almost no
effect on the sensing of CuII by the designed sensor. The yellow
color of the sensor solution in aqueous buffer is prominently
visible when its concentration is 10 μM, and the addition of 20
μM CuII completely decolorizes the sensor solution, revealing
that the detection level is up to 20 ppm of CuII by the naked
eye by this sensor. However, under UV light illumination, one
can visually detect even 4 ppm CuII in aqueous buffer solution
without the aid of any sophisticated instruments. Nevertheless,
if one uses a spectrophotometer or spectrofluorimeter, the
lower limit of detection can be as low as 1 ppm. This sensor can
also be used for the quantitative estimation of CuII because the
binding constants and fluorescence quantum yields of the
complexes formed are known. Moreover, we have successfully
shown that the sensor has no detrimental effect in a biological
system, which indicates its potential for in vivo applications.

■ ASSOCIATED CONTENT
*S Supporting Information
X-ray crystallographic data in CIF format, experimental details,
and additional figures and tables. This material is available free
of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: vc@iitk.ac.in (V.C.), psen@iitk.ac.in (P.S.). Tel: +91
512 259 7436. Fax: +91 512 259 7436.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
V.C. is thankful to the Department of Science and Technology,
New Delhi, India, for a National J. C. Bose Fellowship. S.D. and
R.Y. are thankful to the Council of Scientific and Industrial
Research, New Delhi, India, for research fellowships.

■ REFERENCES
(1) (a) Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley,
A. J. M.; McCoy, C. P.; Rademacher, J. T.; Rice, T. E. Chem. Rev. 1997,
97, 1515. (b) Haugland, R. P. The Molecular Probes Handbook. A Guide
to Fluorescent Probes and Labeling Technologies, 10th ed.; Invitrogen:
Grand Island, NY, 2005. (c) Amendola, V.; Fabbrizzi, L.; Mangano, C.;
Pallavicini, P. Acc. Chem. Res. 2001, 34, 488. (d) Zhang, J. F.; Zhou, Y.;
Yoon, J.; Kim, J. S. Chem. Soc. Rev. 2011, 40, 3416.
(2) (a) Gaggelli, E.; Kozlowski, H.; Valensin, D.; Valensin, G. Chem.
Rev. 2006, 106, 1995. (b) Que, E. L.; Domaille, D. W.; Chang, C. J.
Chem. Rev. 2008, 108, 1517. (c) Uauy, R.; Olivares, M.; Gonzalez, M.
Am. J. Clin. Nutr. 1998, 67, 9525.
(3) (a) Barnham, K. J.; Masters, C. L.; Bush, A. I. Nat. Rev. Drug
Discovery 2004, 3, 205. (b) Huster, D.; Lutsenko, S. Mol. Biol. Syst.
2007, 3, 816. (c) Que, E. L.; Domaille, D. W.; Chang, C. J. Chem. Rev.
2008, 108, 1517. (d) McRae, R.; Bagchi, P.; Sumalekshmy, S.; Fahrni,
C. J. Chem. Rev. 2009, 109, 4780.
(4) Lippard, S. J.; Berg, J. M. Principles of Bioinorganic Chemistry;
University Science Books: Mill Valley, CA, 1994.
(5) (a) Merian, E. Metals and Their Compounds in the Environment;
VCH: Weinheim, Germany, 1991. (b) Domaille, D. W.; Que, E. L.;
Chang, C. J. Nat. Chem. Biol. 2008, 4, 168.
(6) (a) Davis, V.; O’Halloran, T. V. Nat. Chem. Biol. 2008, 4, 148.
(b) Seth, R.; Yang, S.; Choi, S.; Sabean, M.; Roberts, E. A. Toxicol. In
Vitro 2004, 18, 501. (c) Millhauser, G. L. Acc. Chem. Res. 2004, 37, 79.
(d) Løvstad, R. A. BioMetals 2004, 17, 111.
(7) (a) Kaur, N.; Kumar, S. Dalton Trans. 2006, 3766. (b) Khatua, S.;
Choi, S. H.; Lee, J.; Huh, J. O.; Do, Y.; Churchill, D. G. Inorg. Chem.
2009, 48, 1799. (c) Weng, Z.-C.; Yang, R.; He, H.; Jiang, Y.-B. Chem.
Commun. 2006, 106. (d) Qi, X.; Jun, E. J.; Xu, L.; Kim, S.-J.; Hong, J.
S. J.; Yoon, Y. J.; Yoon, J. J. Org. Chem. 2006, 71, 2881. (e) Suresh, M.;
Ghosh, A.; Das, A. Chem. Commun. 2008, 3906. (f) Kim, H. J.; Hong,
J.; Hong, A.; Ham, S.; Lee, J. H.; Kim, J. S. Org. Lett. 2008, 10, 1963.
(g) Yan, S.; Leen, V.; Snick, S. V.; Boens, N.; Dehaen, W. Chem.
Commun. 2010, 46, 6329. (h) Jung, H. S.; Park, M.; Han, D. Y.; Kim,
E.; Lee, C.; Ham, S.; Kim, J. S. Org. Lett. 2009, 11, 3378. (i) Xu, Z.; Yi,
X.; Qian, X.; Cui, J.; Cui, D. Org. Lett. 2005, 5, 889. (j) Royzen, M.;
Dai, Z.; Canary, J. W. J. Am. Chem. Soc. 2005, 127, 1612. (k) Liu, Z.-
C.; Yang, Z.-Y.; Li, T.-R.; Wang, B.-D.; Li, Y.; Qin, D.-D.; Wang, M.-F.;
Yan, M.-H. Dalton Trans. 2011, 40, 9370. (l) Kim, S. H.; Kim, J. S.;
Park, S. M.; Chang, S. K. Org. Lett. 2006, 8, 371. (m) Jung, H. S.;
Kwon, P. S.; Lee, J. W.; Kim, J. I.; Hong, C. S.; Kim, J. W.; Yan, S. H.;
Lee, J. Y.; Lee, J. H.; Joo, T. H.; Kim, J. S. J. Am. Chem. Soc. 2009, 131,
2008.
(8) (a) Goswami, S.; Sen, D.; Das, N. K. Org. Lett. 2010, 12, 856.
(b) Xiang, Y.; Tong, A. J.; Ju, Y. Org. Lett. 2006, 8, 2863. (c) Ciesienski,
K. L.; Hyman, L. M.; Derisavifard, S.; Franz, K. J. Inorg. Chem. 2010,
49, 6808. (d) Singhal, N. K.; Mitra, A.; Rajsekhar, G.; Shaikh, M. M.;
Kumar, S.; Guionneau, P.; Rao, C. P. Dalton Trans. 2009, 8432.
(e) Ballesteros, E.; Moreno, D.; Goḿez, T.; Rodrıǵuez, T.; Rojo, J.;
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Figure 4. Live-cell imaging of COS-7 cells treated with LH7 before (A)
and after (B) incubation with CuII. The right panel represents the
bright-field transmission images, and the left panel represents the
fluorescence images. Fluorescence imaging was done with the same
exposure time. Scale, 20 μm.

Inorganic Chemistry Communication

dx.doi.org/10.1021/ic301399a | Inorg. Chem. 2012, 51, 8664−86668666

http://pubs.acs.org
mailto:vc@iitk.ac.in
mailto:psen@iitk.ac.in

