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A concept of fluorescent metal ion sensing with an easily tunable emission wavelength is presented and its principle
demonstrated by detection of Cu2+. A fluorescein dye was chemically modified with a metal chelating group and
then attached to the terminus of ss-DNA. This was combined with a complementary ss-DNA modified with another
fluorescent dye (ATTO 590), emitting at a longer wavelength. In the assembled duplex, fluorescence resonance
energy transfer (FRET) between the fluorescein donor (excited at 470 nm) and the ATTO 590 acceptor (emitting
at 624 nm) is observed. Proper positioning within the rigid DNA double helix prevents intramolecular contact quenching
of the two dyes. Coordination of paramagnetic Cu2+ ions by the chelating unit of the sensor results in direct
fluorescence quenching of the fluorescein dye and indirect (by loss of FRET) quenching of the ATTO 590 emission
at 624 nm. As a result, emission of the acceptor dye can be used for monitoring of the concentration of Cu2+, with
a 20 nM detection limit. The emission wavelength is readily tuned by replacement of ATTO−DNA by other
commercially available DNA−acceptor dye conjugates. Fluorescent metal ion sensors emitting at >600 nm are very
rare. The possibility of tuning the emission wavelength is important with respect to the optimization of this sensor
type for application to biological samples, which usually show broad autofluorescence at <550 nm.

Introduction

Fluorescent molecular metal ion sensors become increas-
ingly important as tools for the quantitative real-time
monitoring of metal ion concentration in biological samples.1

In such sensors, a metal chelating site is usually linked to
fluorophore, and metal binding affects the fluorescence
intensity of the compound. The majority of existing sensors
are based on fluorophores such as fluorescein,2 dansyl,3 and

anthracene,1a,f,4 which emit at wavelengths of<550 nm.
While such sensors are useful in various biological applica-
tions including live cell monitoring of more abundant metal
ions (Ca2+, Zn2+, and Mg2+), the broad emission at<550
nm of biological samples (autofluorescence5) limits the
sensitivity of analysis. Therefore, the development of sensors
that emit above 600 nm, where autofluorescence is minimal,
is desirable. Fluorescent metal ion sensors emitting at>600
nm are very rare.6

A number of such red-emitting dyes are commercially
available, but they are usually expensive, and the chemistry
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of their directed functionalization for metal ion complexation
is not well developed. We describe here a modular approach
of sensor development, which relies on the assembly of
complementary DNA strands and allows facile variation of
the emitter dye wavelength by simply using commercially
available fluorophore-DNA conjugates. The metal-binding
module is a DNA conjugate of chelator-modified fluorescein.
The signaling module is a red-emitting dye attached to a
complementary DNA strand. In the duplex between these
DNA conjugates, efficient fluorescence resonance energy
transfer (FRET7) will take place upon excitation of the
fluorescein chromophore and result in red light emission of
the signaling chromophore. At the same time, the rigid
structure of the DNA double helix will prevent contact
quenching of fluorescein and the red-emitting dye (Figure
1). This complication would lead to a loss of sensor fluores-
cence with (instead of ds-DNA) a simple covalent linker,
which allows close proximity of the two chromophores.

The strength of our approach is in its versatility. Variation
of the chelating unit at the metal-binding fluorescein module
allows tuning of the binding affinity and metal ion selectivity;
a number of chelating fluorescein derivatives have been
described.1h,i,2,8The second module, DNA conjugates of red-
emitting dyes such as Cy3, Cy5, TMR, and ATTO series, is
commercially available. Consequently, tuning of the emission
wavelength for optimal application-dependent requirements
is straightforward.

We demonstrate the described principle by detection of
Cu2+ ions. Cu2+ is a less abundant but important trace metal
ion in biological samples. For example, in blood serum,
copper is bound in the 2+ state by ceruloplasmin and
albumin,9 and detection of serum copper levels is relevant
to monitoring of various disease states. In Alzheimer’s
disease, Cu2+ is enriched in brain tissues containingâ-
amyloid plaques.10 Although in the cytoplasm Cu is mostly
present in the 1+ state and tightly bound to proteins, some
intracellular enzymes in their resting state contain Cu2+.11

Experimental Section

The best commercially available chemicals from Aldrich/Sigma/
Fluka (Deisenhofen, Germany) were obtained and used without
purification. The reagents for DNA synthesis were obtained from
Proligo (Hamburg, Germany) and Glen Research (Eurogentec,
Belgium). Unmodified HPLC-purified DNAs were obtained from
Metabion (Martinsried, Germany). MALDI-TOF mass spectra were
recorded on a Bruker BIFLEX III spectrometer. The mixture of a
CH3CN-saturated solution of azathiothymine (ATT) and a 0.1 M
aqueous diammonium citrate solution (2:1) was used as a matrix
for MALDI-TOF analysis of DNA conjugates. Samples for mass
spectrometry were prepared on a Bruker MAP II probe preparation
station using a dried droplet method with a 1:2 probe/matrix ratio.
The mass accuracy with external calibration was 0.1% of the peak
mass, i.e.,(6.0, atm/z6000. Preparative and analytical HPLC was
performed at 22°C on a Shimadzu liquid chromatograph equipped
with a UV-vis detector, a column oven, and an Advantec SF-
2100W fraction collector. A Macherey-Nagel Nucleosil C4 250×
4.6 mm column with gradients of CH3CN (solvent B) in water (50
mM triethylammonium acetate, pH 7, solvent A) was used.1H NMR
spectra were recorded on a 400 MHz Varian NMR spectrometer.
A Varian Cary 100 Bio UV-vis spectrophotometer was used for
UV-melting experiments and measurements of UV-visible spectra.
Black wall semimicrocuvettes (1 cm) with a sample volume of 0.7
mL, which contained DNA strands (0.2µM of each) in a MOPS
buffer (10 mM, pH 7) and NaCl (50 mM) with or without metal
ions M2+ (0.6 µM), were used. Cooling and heating rates in UV-
melting experiments were 0.5°C/min. Melting points were averages
of the extrema of the first derivative of the 61-point smoothed curves
from at least two cooling and two heating curves. Fluorescent
spectra were acquired on a Varian Cary Eclipse fluorescence
spectrometer.

Synthesis. F1 (Scheme 1, Step 1).Paraformaldehyde (0.48 g,
16 mmol) and diethyliminodiacetate (1.51 g, 8 mmol) were added
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Figure 1. Concept of a fluorescent Cu2+ sensor with a tunable emission
wavelength. Amino-C6 is a H2N-(CH2)6-OP(O)(OH)- linker. The donor
dye (D) is shown in green, and the acceptor dye (A) is in red.A is attached
to a modified T-nucleobase, T*. DNA1 is a metal ion binding module,
and DNA 2 is a sensing module.
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to acetonitrile (50 mL), and the suspension obtained was heated to
reflux for 90 min. 2′,7′-Dichlorofluorescein-5(6)-carboxylate (0.71
g, 1.6 mmol) in acetonitrile/water (1:1, 50 mL) was added, and the
resulting solution was left stirring for 24 h. After cooling, CH3CN
was removed by evaporation and the aqueous solution was acidified
with acetic acid to pH 4, cooled to 4°C, and left at this temperature
for 2 h. The precipitate formed was filtered, washed with cold water,
and dried at 0.01 mbar. The product was purified by silica gel
chromatography using a CHCl3/EtOH (9:1) mixture containing 0.1%
AcOH. The resulting bright orange solid is a mixture of two isomers
in a ∼4:1 molar ratio (6:5 isomers). Yield: 0.62 g, 42%.Rf: 0.6
in a CHCl3/EtOH (1:5) mixture containing 0.1% AcOH.1H NMR
(δ, ppm, relative to TMS): 9.59 (br s), 8.75 (s, 0.3H), 8.42 (dd,
0.3H, 3J ) 8.2 Hz,4J ) 1.4 Hz), 8.37 (dd, 1H,3J ) 8.0 Hz,4J )
1.2 Hz), 7.90 (s, 1H), 8.13 (dd, 1H,3J ) 8.0 Hz,5J ) 0.6 Hz), 7.3
(dd, 0.3H,3J ) 8.0 Hz,5J ) 0.8 Hz), 6.62 (s, 0.6H), 6.60 (s, 2H),
4.42 (d, 2H,2J ) 14.3 Hz), 4.44 (d, 0.6H,2J ) 14.3), 4.28 (m,
2.6H), 4.20 and 4.21 (two q, 10.4H,3J ) 7.2 Hz), 3.60, 3.61 (two
s, 10.4H), 2.11 (s, 3.9H), 1.27 (t, 15.6H,3J ) 7.2 Hz). HR-ESI-
MS, positive mode: calcd for C39H41Cl2N2O15 ([M + H]+),
847.1883; found, 847.1862. CHN anal. Calcd for C41H48Cl2N2O19

([F1‚CH3CO2H‚(H2O)2]): C, 52.2; H, 5.1; N, 3.0. Found: C, 52.03;
H, 4.91; N, 3.36.

DNA 1 (Scheme 1, Steps 2 and 3).A mixture of F1 (80 mg,
86 µmol), N-hydroxysuccinimide (12 mg, 100µmol), and 1-ethyl-
3-[3-(dimethylamino)propyl]carbodiimide hydrochloride (EDAC‚
HCl; 19 mg, 100µmol) was dried at 0.01 mbar for 24 h, dissolved
in DMF (1 mL), and allowed to react at 22°C for 8 h. Water (9
mL) was added, and the product was extracted with ethyl acetate
(3 × 10 mL). Combined organic extracts were dried over Na2SO4

and solvent, all volatiles were removed, and the remaining oil was

dissolved in CHCl3. The solution was filtered through silica gel,
and the solvent was removed to obtainF2 (74 mg, bright orange
solid, yield 91%). HR-ESI-MS: calcd for C43H44Cl2N3O17 ([M +
H]+), 944.2047; found, 944.2031.F2 (47 mg, 50 µmol) was
dissolved in DMF (200µL), and diisopropylethylamine (DIEA; 19
mg, 150µmol) was added. The solution obtained was added to
controlled pore glass (CPG)-bound protected DNA, which contained
a terminal-free amino group (C6-amino-DNA-CPG; 0.4µmol of
free amino groups). The mixture was agitated for 12 h using an
automatic shaker. Then the solution was filtered, the CPG was
washed with DMF (3× 2 mL) and CH3CN (3 × 2 mL) and dried
at 0.01 mbar, and the DNA conjugate was cleaved from the polymer
and deprotected using aqueous ammonia (25%) at 22°C for 24 h.
The solution was filtered, the CPG was washed with water (300
µL), and the obtained aqueous solutions were combined, diluted
with 9 volumes of water, and lyophilized. The product was dissolved
in water and purified by HPLC. HPLC: 0% B for 1.5 min, within
20 min to 30% B, within 6 min to 90% B, 90% B for 10 min.Rt:
22 min. Yield: 17 nmol, 4.3%. MALDI-TOF MS: calcd for
C232H285N79O129P20Cl2 ([M - H+]-), 6931.2; found, 6937.5.

FRET Measurement. For the determination of the Fo¨rster
distanceR0 betweenD1 and ATTO 590, eq 1 has been used (R0 )
5.63 nm). The overlap integralJ(λ) has been determined from
emission and absorption spectra ofD1 and ATTO 590, respectively.
We assumed free rotation of the dyes (κ2 ) 2/3). The relative
quantum efficiency ofD1 has been determined to beQD ) 0.7 (
2.

Equation 2 gives the prediction for the FRET efficiency versus
distance. For the measurement of FRET efficiencies, the emission
of DNA 1 has been compared with the emission of the duplex DNA
1/DNA 2. The FRET efficiency has been determined to be 19(
5%, which corresponds to 74+ 4 Å between the dyes. Provided
that the duplex DNA1/DNA 2 has a B-form structure and linkers
between the dyes and DNA adopt extended conformations, the
distance between the dyes is expected to be∼75 Å, which is in
agreement with the experimental value.

Results and Discussion

Synthesis and Metal-Binding Properties of DNA 1.
Fluorescein derivativeF1 was synthesized from 2′,7′-
dichlorofluorescein-5(6)-carboxylate and diethyliminodi-
acetate in a Mannich reaction in accordance with the
modified method reported for synthesis of analogous
compounds.8d The 5(6)-carboxylic acid group ofF1 was
activated using a mixture of carbodiimide reagent (EDAC)
andN-hydroxysuccinimide and then reacted with the amino
group of bound to solid-phase 5′-amino-modified DNA,
which was fully protected except the terminal amino group.
Finally, DNA 1 was obtained after its cleavage from the solid
phase and deprotection of nucleobases and DNA backbone
functional groups in concentrated aqueous ammonia and
HPLC purification.

The Cu2+ binding fragment in DNA1 is a structural
analogue of Calcein. The latter is a sensitive but unspecific

Scheme 1. Synthesis of DNA1a

a 1: HN(CH2CO2Et)2, CH2O. 2: DIEA, C6-amino-DNA-CPG. 3:
aqueous NH3, 25%.

R0
6 ) (9000(ln 10)QDκ

2

128π5Nn )J(λ) (1)

E )
R0

6

R0
6 + r6

(2)
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fluorescent sensor for transition-metal ions.2b We have
introduced a carboxylic group at the 5(6) position of Calcein
for its conjugation with DNA and replaced carboxylic acid
groups of iminodiacetate fragments with amide groups to
improve selectivity of Cu2+ detection (dyeD, Figure 1).
Although Calcein itself discriminates poorly between Cu2+,
Ni2+, and Co2+ ions, fluorescence of DNA1 is quenched by
Cu2+ measurably better than by Ni2+ and Co2+ (Figure 2).
Improved discrimination between Cu2+ and Ni2+ can be
achieved because of their different kinetics of interaction with
the sensor. In particular, Cu2+ binding (1 equiv) to DNA1
(1 µM) is practically instantaneous, while Ni2+ binding at
similar conditions is completed only∼5 min after mixing
the reagents. Other metal ions practically do not affect the
fluorescence emission of DNA1 (Figure 2). Analogous to
parent Calcein, dyeD has two sites for binding of metal
ions. Therefore, DNA1 may potentially form binuclear
complexes along with mononuclear ones. Titrations of DNA
1 by Cu2+ (up to 5 equiv) monitored by changes in the
fluorescence emission of dyeD can be well fitted using a
model containing free ligand, Cu2+ ions, and their 1:1
complex (Figure 3). This indicates that only one copper ion
binds to DNA1 at our experimental conditions. The stability
of this 1:1 complex is rather high, logK ) 7.4 ( 0.2.
Complexes of Cu2+ with 5′-fluorescein-modified DNA have
at least 2 orders of magnitude lower stabilities, logK < 5,12

which indicates that in the 1:1 complex Cu2+ is bound to

the chelating groups of dyeD rather than to nucleobases or
backbone donor groups of DNA1. A peak corresponding to
a 1:1 Cu2+/DNA 1 complex is observed in the MALDI-TOF
mass spectrum of the probe prepared from solutions of DNA
1 and CuSO4 (both 0.18 mM) adjusted to pH 7 by NEt3. At
these conditions (higher concentration of the components),
a peak corresponding to a 1:2 complex is also present. Mass
spectra of DNA 1/Cu2+ mixtures at conditions used in
fluorescence experiments could not be obtained. In the
presence of excess Cu2+, fluorescence of DNA1 is practi-
cally fully quenched, which indicates that a 1:1 Cu2+/D
complex is not fluorescent (Figure 3).

Assembly of Metal-Binding Module DNA 1 and Signal-
ing Module DNA 2. Some chemical modifications decrease
the binding affinity of DNA conjugates to their complemen-
tary strands.13 Fortunately, the residueD only slightly
destabilizes the duplex structure (Figure 4). In the presence
of Cu2+, Zn2+, and Ni2+ (3 equiv), melting points of the
mentioned duplexes remain unchanged (Table 1). These
experiments indicate that at 22°C the duplex form is the
only species in mixtures of DNA1 and DNA2 in both the
presence and absence of the metal ions. It should be noted
that in the presence of excess mentioned metal ions (3 equiv)
no products of DNA decomposition could be detected by
HPLC analysis even after 48 h at 22°C. This indicates that
at these conditions metal-promoted oxidative DNA cleavage
is not relevant. Cu2+-promoted cleavage of DNA has been
reported but usually requires specific ligands and reducing

(12) Brunner, J.; Kraemer, R.J. Am. Chem. Soc.2004, 126 (42), 13626-
13627.

(13) (a) Mokhir, A.; Tetzlaff, C. N.; Herzberger, S.; Mosbacher, A.; Richert,
C. J. Comb. Chem.2001, 3 (4), 374-386. (b) Kryatova, O. P.;
Connors, W. H.; Bleczinski, C. F.; Mokhir, A.; Richert, C.Org. Lett.
2001, 3 (7), 987-990.

Figure 2. Effect of different metal ions on the fluorescence of DNA1:
DNA 1 (1 µM), M2+ (1 µM white bars; 10µM black bars), MOPS (10
mM, pH 7), NaCl (50 mM), excitation at 514 nm, emission at 534 nm.

Figure 3. Titration of DNA 1 (filled diamonds) and the DNA1/DNA 2
duplex (open squares) with Cu2+: each strand (0.2µM), MOPS (10 mM,
pH 7), NaCl (50 mM), excitation at 514 nm, emission at 534 nm. Dotted
lines represent theoretical titration curves calculated based on the model
containing the unbound dyeD, Cu2+, and a 1:1 Cu2+/D complex.K ) [Cu-
D]/([Cu2+][D]); log K(Cu/DNA 1) ) 7.4, and logK[Cu/(DNA 1/DNA 2)]
) 7.2.

Figure 4. Melting profiles of DNA 1/DNA 2 (filled diamonds), DNA
1a/DNA 2 (filled triangles), and DNA1b/DNA 2 (open circles) duplexes:
each strand (0.2µM), MOPS (10 mM, pH 7), NaCl (50 mM).

Table 1. Melting Temperatures of1/2, 1a/2, and1b/2 Duplexes in the
Presence of Cu2+, Ni2+, and Zn2+ a

Tm (°C)

DNA duplex no metal ion + Cu2+ + Ni2+ + Zn2+

1/2 47.9( 0.6 47.4( 1.0 47.7( 1.3 47.8( 0.4
1a/2 49.5( 0.1 49.7( 0.5 49.7( 1.3 49.5( 0.3
1b/2 49.2( 0.1 49.2( 0.3 49.5( 1.5 49.3( 0.4

a Each strand (0.2µM), MOPS (10 mM, pH 7), NaCl (50 mM), M2+

(0.6 µM).
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agents (ascorbate and thiolates) or H2O2 in large excess.14

The kinetics of DNA1/DNA 2 duplex formation has been
studied by fluorescence spectroscopy using FRET between
dye D of DNA 1 and ATTO 590 of DNA2. The FRET
efficiency is increased upon association of DNA strands. At
22 °C, the duplex is fully formed 20 min after mixing DNA
1 with DNA 2. This preequilibration time has been used in
all further experiments. Association of DNA1 with its
complementary DNA2 does not affect the kinetics of dye
D/Cu2+ complex formation and only slightly decreases the
stability of the latter (logK ) 7.2 ( 0.1). Along with the
fact that the stability of the duplex DNA1/DNA 2 is
practically independent from the concentration of M2+, these
experiments suggest the absence of strong interactions
between the dyeD and DNA strands in the duplex.

Detection of Cu2+ by the DNA 1/DNA 2 Sensor.
Absorption bands of DNA1 and DNA 2 in the visible
spectral region (chromophores of dyeD and ATTO 59015

correspondingly) are rather broad and partly overlap with
each other. Selective excitation of dyeD of DNA 1 in the
presence of DNA2 can be achieved usinge470-nm
excitation wavelengths. For example, extinction at 470 nm
(ε470) of dyeD (DNA 1) is still 39% of the extinction at its
absorption maximum (514 nm), whereasε470 of ATTO 590
(DNA 2) is less than 2% of the extinction at its absorption
maximum (594 nm). Therefore, direct excitation of ATTO
590 at 470-nm wavelength is negligible in the duplex DNA
1a/DNA 2 lacking dyeD. In contrast, excitation of ATTO
590 at 470-nm wavelength in the duplex DNA1/DNA 2
occurs because of FRET from dyeD (Figure 5). In the
presence of Cu2+ ions, the stable nonfluorescent 1:1 Cu2+/
dye D complex is formed in a solution of DNA1/DNA 2.
Because of the loss of a suitable FRET donor, fluorescence

of ATTO 590 is also quenched by Cu2+ in an indirect
manner. Consequently, the ATTO 590 quenching efficiency
correlates with the amount of copper ions bound to DNA
1/DNA 2 and therefore can be used for monitoring the Cu2+

concentration (Figure 5). The DNA duplex loses its Cu2+-
sensing properties when dyeD is substituted for a fluorescein
derivative, which does not contain a strong Cu2+ binding
motif. In particular, fluorescence of the corresponding duplex
DNA 1b/DNA 2 is practically not dependent on the Cu2+

concentration (ate10 equiv of Cu2+). The lowest Cu2+

concentration detectable by DNA1/DNA 2 (0.2 µM) was
found to be 20 nM. A similar detection limit can be achieved
by the usual fluorescence sensors for Cu2+ emitting at<550
nm (Fura-2,16 Phen Green2a, and Calcein2b). Cu2+ affinity
and sensitivity of our sensor can be improved by substitution
of dyeD of DNA 1 for a stronger Cu2+ binder. Fluorescein
derivatives containing potentially efficient Cu2+ binding
ligands have been reported.8

The emission wavelength of the acceptor ATTO 590 in
the DNA1/DNA 2 duplex is easily tuned by its replacement
with other dyes. For example, conjugates of DNA with
tetramethylrhodamine (TMR; emission at 580 nm) and
6-carboxy-4′,5′-dichloro-2′,7′-dimethoxyfluorescein (JOE;
emission at 550 nm) have been tested. Analogous quenching
effects of Cu2+ could be reproduced in these systems at
optimal conditions.

Nucleases present in biological samples can potentially
cleave the DNA-based sensor, producing dissociated frag-
ments containing the donor and acceptor dyes. However,
because biological buffers contain mostly single-strand
specific nucleases, cleavage of sensors based on stable
double-stranded DNAs is not expected to be a serious
problem. We and others have confirmed that DNA duplexes
are several times more stable than single-stranded DNA in
the presence of typical 3′- and 5′-exonucleases and -endo-
nucleases at physiological conditions.13a,17

DNA 1/DNA 2 Duplex as a Ratiometric Cu2+ Sensor.
The ratio of fluorescent intensities of two emission bands
of the DNA 1/DNA 2 duplex (Figure 5),F534/F624, is only
slightly dependent on the Cu2+ concentration upon excitation
at 470-nm wavelength. In particular, in the presence of excess

(14) Selected reviews on oxidative DNA cleavage: (a) Burrows, C. J.;
Muller, J. G.Chem. ReV. 1998, 98 (3), 1109-1151. (b) Pogozelski,
W. K.; Tullius, T. D. Chem. ReV. 1998, 98 (3), 1089-1108.

(15) http://www.atto-tec.de/.

(16) McCall, K. A.; Fierke, C. A.Anal. Biochem.2000, 284, 307-315.
(17) (a) Sarracino, D.; Richert, C.Bioorg. Med. Chem. Lett.1996, 6, 2543-
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Figure 5. Fluorescence spectra (excitation at 470 nm) of a DNA1/DNA
2 duplex (0.2µM), MOPS (pH 7, 10 mM), and NaCl (50 mM) solution in
the presence of different Cu2+ concentrations. Inset: dependence ofF/F0

at 534 nm (open squares) and 624 nm (filled triangles) on the Cu2+

concentration.

Figure 6. Dependence of the ratio of fluorescence intensities at 534 and
624 nm wavelengths (F534/F624) of a DNA 1/DNA 2 duplex on the Cu2+

concentration: (filled squares) excitation at 470 nm; (open squares)
excitation at 514 nm; duplex (0.2µM), MOPS (10 mM, pH 7), NaCl (50
mM).
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Cu2+ (5 equiv),F534/F624 ) 1.0, and in the absence of Cu2+,
F534/F624 ) 2.2 (Figure 6). Upon excitation of the duplex
DNA 1/DNA 2 at 514 nm (absorption maximum ofD),
ATTO 590 is excited not only through FRET from dyeD
but also directly. Because Cu2+ quenches only the FRET
component of ATTO 590 fluorescence, in the presence of
saturating Cu2+ concentrations (5 equiv), considerable re-
sidual fluorescence of ATTO 590 is still present (∼40%,
Figure 7). Correspondingly,F534/F624 is more strongly

dependent on the Cu2+ concentration (Figure 6) and the
duplex DNA 1/DNA 2 can be used as a ratiometric sensor
for Cu2+. Several sensors of this type have been reported
for Zn2+;18 however, to our knowledge, this is the first such
sensor for Cu2+.19 The advantage of ratiometric sensors is
that the ratio of fluorescence intensities is easier to quantify
than absolute fluorescence intensities.

Conclusions

We describe a modular approach for tuning of the emission
wavelength of metal ion sensors. The principle of this
approach has been demonstrated by sensing of Cu2+ ions.
The intensity of sensor emission at 624 nm is strongly
dependent on the Cu2+ concentration, with a 20 nM detection
limit.
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(18) For example, commercially available ratiometric Zn2+ indicators are
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Figure 7. Fluorescence spectra (excitation at 514 nm) of DNA2 (green
line), a DNA 1/DNA 2 duplex (black line), and DNA1/DNA 2 with 3
equiv of Cu2+ (red line): DNA (0.2µM), MOPS (10 mM, pH 7), NaCl
(50 mM).
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