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Abstract Selective quenching of luminescence of quantum
dots (QDs) by Cu2+ ions vis-à-vis other physiologically
relevant cations has been reexamined. In view of the
contradiction regarding the mechanism, we have attempted
to show why Cu2+ ions quench QD-luminescence by taking
CdS and CdTe QDs with varying surface groups. A detailed
study of the solvent effect and also size dependence on the
observed luminescence has been carried out. For a 13%
decrease in particle diameter (4.3 nm →3.7 nm), the
quenching constant increased by a factor of 20. It is
established that instead of surface ligands of QDs,
conduction band potential of the core facilitates the photo-
induced reduction of Cu (II) to Cu (I) thereby quenching
the photoluminescence. Taking the advantage of biocom-
patibility of dendrimer and its high affinity towards Cu2+

ions, we have followed interaction of Cu2+-PAMAM and
also dendrimer with the CdTe QDs. Nanomolar concentra-
tion of PAMAM dendrimer was found to quench the
luminescence of CdTe QDs. In contrast, Cu2+-PAMAM
enhanced the fluorescence of CdTe QDs and the effect has
been attributed to the binding of Cu2+-PAMAM complex to
the CdTe particle surface. The linear portion of the
enhancement plot due to Cu2+-PAMAM can be used for
determination of Cu2+ ions with detection limit of 70 nM.

Keywords CdTe . Nanoparticles . Cu2+ions . PAMAM
dendrimer . Photoluminescence (PL)

Introduction

Semiconductor nanoparticles (QDs) have attracted consid-
erable attention as novel luminescent probe in recent years
[1–3]. The widespread interest in these QDs is attributed to
their high photostability and size tunability of lumines-
cence. They also exhibit narrow emission and broad
excitation spectra, allowing excitation of multiple QD with
a single wavelength [4, 5]. These superior optical properties
surmount the constraints of conventional fluorophores,
thereby offering exciting new opportunities for sensing
and bio-imaging. In order to develop a fluorescence-based
nano-sensor for physiologically important cations, these
nanoparticles should have the ability to interact well with
these ions. High selectivity and sensitivity is of prime
concern for the nanosensor to work efficiently, even in the
presence of elevated levels of competing divalent cations.
One of the physiologically important metal ions is Cu2+,
which plays a key role in the synthesis of hemoglobin,
elastin, collagen and cleaning of the organism from the
excesses of free radicals and cholesterol [6]. Maintaining an
appropriate physiological concentration of Cu2+ ions is
crucial to normal functioning of biological machinery. A
slight deficiency or excess could lead to serious ailments
like rheumatoid arthritis, osteoporosis and Wilson disease.
Therefore, determination of copper is quite essential to
detect an early onset of such diseases.

Luminescence of semiconductor QDs are known to be
sensitive to surface states and the binding of analytes onto
the nanoparticle-surface affects these electronic states,
which, in turn, influences the PL emission of QDs [7, 8].
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In our earlier reports, the binding of amino acid and DNA
bases with semiconductor QDs was investigated and a
quantitative correlation established therein [9, 10]. The
interaction of biologically relevant cations with these QDs
has recently been studied [11–13]. However, there are
hardly any reports regarding the mechanistic details of these
interactions. In the present work, interaction of cysteine
capped CdTe QDs with various physiological cations has
been extensively investigated and Cu2+ ions were found to
selectively quench the QD-fluorescence. The insensitivity
of CdTe QDs to other ions, particularly, Zn2+ is of
diagnostic significance since Zn2+ and Cu2+ elicit an
interfering response from fluorescent organic indicator
[14–16]. The quenching of CdTe luminescence by Cu2+

ions could be utilized for specific and accurate determina-
tion of Cu2+ ions in micromolar concentration range. In the
present study, a novel polymeric ligand, polyamidoamine
(PAMAM) dendrimer has been employed in order to further
enhance the sensitivity of detection. Polyamidoamine
(PAMAM) dendrimers are highly branched macromole-
cules and possess the solvent filled interior ethylenediamine
core (nanoscale container) as well as interior amide groups
and exterior surface functionality of amine groups [17, 18].
They are also high capacity chelating agents for metal ions
[19, 20] and especially attractive for binding metal ions in
aqueous solution due to their controlled size. The influence
of PAMAM dendrimer and Cu2+-PAMAM complex on
luminescence of CdTe QDs was also investigated. Cu2+-
PAMAM complex exhibited a unique enhancement effect,
which is in stark contrast to the quenching effect of the two
species constituting the complex, PAMAM dendrimer and
Cu2+ ions. We also show that a lower detection limit for
Cu2+ ions can be achieved by using PAMAM dendrimer
and CdTe QDs together, which is comparable to the one
achieved by employing CdTe nanorods [21]. The mecha-
nistic pathways leading to such differential behaviour of the
three species has been investigated.

Experimental

Reagents

L-Cysteine hydrochloride, cadmium nitrate tetrahydrate,
copper sulfate pentahydrate, zinc sulfate pentahydrate, iron
(III) nitrate nonahydrate, sodium chloride, potassium
chloride, magnesium chloride hexahydtare, manganese (II)
chloride tetrahydrate, calcium chloride dihydrate, glutathi-
one were purchased from Merck, Germany. The starburst
dendrimer (PAMAM) of generation 5.0 was obtained from
Sigma Aldrich, Germany. Telluric acid (H2TeO4, 2H2O)
and sodium borohydrate (NaBH4) were purchased from
BDH. All the chemicals were of analytical grade or highest

purity available and were used as obtained. Milli-Q water
(Millipore) was used as a solvent.

Synthesis of cysteine-capped CdTe quantum dots

CdTe and CdS QDs were synthesized following the method
as reported earlier [22]. In a typical synthesis, an aqueous
solution of Cd2+ ion (4.68×10−2 M) and L-cysteine
(11.70×10−2 M) was prepared and pH was adjusted to
11.2–11.8 (using Jenway 3345 ion meter). Then NaHTe
solution was added under nitrogen atmosphere. The
resultant solution was refluxed at 100 °C and different
aliquot were collected various time interval having different
size of the QDs. The UV-Vis absorption and photo-
luminescence (PL) spectra of each of the aliquots were
recorded on Shimadzu UV-1601PC and Perkin Elmer LS-
55 luminescence spectrometer, respectively.

Synthesis of L-cysteine-capped CdS quantum dots

In a typical synthesis of nanoparticles, an aqueous solution
(50 ml) Cd2+ ions (2.34×10−2 M) and L-cysteine (5.85×
10−2 M) was prepared. pH of the solution was adjusted to
11.2–11.8 by adding NaOH solution (0.1 M) and argon was
bubbled through the solution to remove dissolved oxygen.
A saturated aqueous solution of H2S was added to make the
final molar ratio of Cd+2:cysteine:S2−, 1: 2.5: 0.5.The
resultant solution was refluxed and different aliquots were
collected at various time intervals and its absorption and
luminescence spectra were recorded. Following the same
method, CdS QDs were prepared with other capping agent,
namely, Glutathione.

Synthesis of dendrimer-capped CdS quantum dots

A typical preparation of CdS nanoparticles in Dendrimer
matrix with an initial Cd2+/S2− molar ration of 1:0.5 was as
follows:—5 ml aliquot of Cd2+ stock solution was added to
10 ml of dendrimer stock solution at 50C and vigorously
stirred for 2 min. Then freshly prepared aqueous solution of
H2S of known concentration (estimated iodometrically
using sodium arsenite) was added in stiochiometric amount
to the N2 purged solution mixture of Cd2+ and dendrimer.

Determination of the average particle size

Semiconductor nanoparticles exhibit a blue shift in the
absorption spectra as the size is reduced below the
characteristic Böhr exciton diameter of the bulk material
[1, 2]. The quantitative relationship between absorption
spectra and particle size is now well understood [23]. The
band gap (Eg) was calculated from absorption onset (λonset)
in the UV-Vis absorption spectra of each nanoparticle
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solution using the relation, Eg = hc/λonset, where h is the
Planck’s constant and c the speed of light. The average size
of nanoparticles (d) was obtained using the correlation of
band gap shift (ΔEg = Eg(nanocrystal) −Eg(bulk)), and particle
size deduced by tight-binding approximation [23] (Eq. 1).

ΔEg ¼ a1e
�d=b1 þ a2e

�d=b2 ð1Þ

The values of the parameters for CdTe nanocrystals are
a1=5.77, b1=8.45, a2=1.33 and b2=43.73. The particle size
determined by this optical method was found to be in good
agreement with the size obtained from TEM measurements
[22].

Photoluminescence studies of QDs with Cu2+, PAMAM,
Cu2+-PAMAM

The excitation wavelength chosen was 390 nm and the PL
intensities at 530 nm were recorded. The as-prepared CdTe
QD-solutions were further diluted 10 times with phosphate
buffer (pH-7) and a known volume of Cu2+ ion as well as
other physiological relevant ion was added. Concentration
were chosen so that solution absorbance was kept < 0.1 to
avoid self-absorbance effects. The aqueous solution of
Cu2+, Cu2+-PAMAM with 4.42×10−5 M concentration and
dendrimer with 3.47×10−7 M were prepared and few
micro-litres (10–50 μL) of these solutions were added to
the different sets of 3 ml solution of CdTe QDs. Here
PAMAM dendrimer Generation 5 was used for the
interaction with CdTe QDs. Cu2+-PAMAM complex was
prepared by using afore mentioned PAMAM dendrimer
containing 128 amine end-groups and the comlexation was
accomplished by adding copper sulphate to a dilute solution
of dendrimer in water and metal to ligand ratio was 1:1.
The subsequent changes in optical properties arising out of
the interaction of CdTe QDs with these molecules were
monitored by optical absorption and emission. Fluores-
cence lifetimes of CdTe QDs in buffer solution (pH 7.0),
both in the absence as well as in the presence of Cu2+ ions
were measured using a time-correlated single-photon-
counting (TCSPC) spectrophotometer (Edinburgh) with
FWHM (Full width at half maximum) = 1.2 ns and
repetition rate of 25 kHz. The details of the set up are
described elsewhere [24]. All the CdTe NPs were excited at
390 nm and the decay kinetics were monitored at 530 nm.
Luminescence decay in this system displayed bi-
exponential kinetics. The fluorescence lifetime data were
analyzed by considering reduced chi-square value. The
calculation of average lifetime has been done using the
formula: τav = τ1 f1 +τ2 f2, where τav is the average life
time, τ1, τ2, two lifetime values and f1, f2, the
corresponding fractional contribution of each decay time
to the steady state intensity.

Results and discussion

Cysteine-capped CdTe QDs have been synthesized in
aqueous solution following the method reported earlier [22].
The optical absorption and emission spectra of the as-
prepared QDs are shown in Fig. 1. The FWHM of the PL
spectrum is 36 nm, which suggests narrow size distribution
[25]. The average size of the CdTe QDs was found to be ca.
3.0 nm. The interaction of these biofunctionalized QDs with
various physiological cations and dendrimer were investi-
gated fluorimetrically as discussed in the following section.

Response to copper

In this work the ability of the CdTe QDs to detect metal
ions has been tested in physiological buffer solution (pH 7)
by monitoring the changes in their fluorescence spectra in
presence of various metal ions. The presence of metal ions
in QDs solution is signaled by fluorescence quenching
(FQ). The FQ has been determined from the ratio between
the maximum fluorescence intensity (solution free from
metal ions) and the one after metal ions addition. Figure 2
shows that fluorescence intensity is insensitive to other
cations at a level of 10 mM. Much higher concentrations of
K(I), Na(I), Ca(II), Mg(II), Mn(II), Ni(II), Zn(II) ions had
no effect on the fluorescence and did not significantly
compete with the fluorescence response to Cu(II) ions. In
case of Fe (III) ions, the small degree of quenching could
be attributed to inner filter effect and large absorption
coefficient (~ 400 nm) [11]. This is further corroborated by
our finding that no FQ was observed on changing the
excitation to 450 nm. The highly selective quenching effect
produced by Cu2+ ions may therefore be utilized for the
detection of these cations in the biological as well as in the
environmental samples.

Fig. 1 UV-Vis absorption (——) and photoluminescence (········)
spectra of CdTe QDs (average size 3 nm)
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Figure 3a displays quenching of CdTe luminescence
with increasing concentration of Cu2+ to the QDs solution
at pH 7. The plot of I0/I against Cu

2+ ion concentration is
linear in the range of 0.14–2.9 μM (Fig. 3b) where it
follows Stern-Volmer equation,

I0
�
I ¼ 1þ KSV Cu2þ

� � ð2Þ

The Stern-Volmer quenching constant (KSV) was deter-
mined to be 6.4×105 M−1which is ~54% higher than the
KSV obtained for CdTe nanorods [21]. The higher value of
slope also implies a better sensitivity of Cu2+determination
by CdTe QDs.

To determine the nature of quenching, time-resolved
fluorescence spectroscopy was carried out. Figure 4
illustrates luminescence decay profile of CdTe QDs, which
follows biexponential decay kinetics. The average lifetimes
(τ) were estimated to be 8.56±0.15 ns and 20.23±0.2 ns for
CdTe QDs having average sizes of 2.3 and 3.0 nm,
respectively (Table 1). The addition of Cu2+ ions to the
QDs solution decreases the luminescence intensity, but does
not affect lifetime suggesting the quenching to be static
one.

Solvent effect on the quenching of QD-luminescence

Solvent polarity and local environment could have pro-
found effect on the interaction of fluorophore and quencher
molecules [26]. Hence, quenching of CdTe QDs by Cu2+

ions has been studied by changing the composition of the
solvent. Solvents of different dielectric constants were
prepared by mixing methanol (ɛ=33.0) and water (ɛ=80.1)
in different proportions. If electrostatic binding or some sort

of charge transfer process involved in the interaction, the
quenching constant should be adversely affected by
decreasing polarity of the solvent [27]. As shown in
Fig. 5, with decrease in the polarity of mixed solvent, the
Stern-Volmer quenching constants decrease sharply. Con-
sidering the two extremes of solvents (75% aqueous
methanol vis-à-vis water), the KSV value increases by 47
times for a nearly 80% increase in dielectric constant
(Table 2). The observed trend indicates that charge transfer
might have occurred between CdTe QDs and Cu2+ ions at
the excited state since there is no change in ground state
absorption spectrum of CdTe QDs in presence of Cu2+ ions.
Greater the polarity of the solvent, more stable will be the
product and hence more quenching was observed in
aqueous solution. In solvent of reduced polarity (methanol),

b

a

Fig. 3 a PL spectra of CdTe QDs under the influence of Cu2+ at
various concentrations; b Stern-Volmer plots for the PL quenching of
CdTe QDs, (Here, I0 and I are the PL intensities of the respective
CdTe QDs in the absence and presence of Cu2+, respectively). The
results are presented as mean values with a minimum of n =3 and the
error bars are representing the range

Fig. 2 Effect of various metal ions on the luminescence of CdTe QDs.
Concentration of metal ions: 10 mM
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the charge transfer process gets hampered showing lesser
quenching.

Mechanism of quenching

On having a closer look at the electron transfer involved in
the quenching process, it appears that photo excited CdTe
QDs might give up the electron to Cu2+ ions, thereby by
reducing them Cu+ ions. The absorption of sufficient light

energy causes excitation of electrons from valence band
(highest occupied molecular orbital, HOMO) to the
conduction band (lowest unoccupied molecular orbital,
LUMO).

CdTeþ hv ! CdTe e� þ hþð Þ ð3Þ
Such charge separation leads to formation of reactive

electron-hole pair, which may migrate to the particle
surface and get de-excited, transferring the energy to the
quencher molecules. In quantitative terms, for the electron
transfer to be feasible, the redox potential of the conduction
band edge should be more negative than that of the redox
couple of the quencher species. The redox potential of
Cu2+/Cu+ is 0.1682 V whereas the redox potential of the
conduction band edge in CdTe particles (dav≤3.5 nm) lies
in the range of −1.9 to −2.7 V [28]. Therefore, thermody-
namic data favor the reduction Cu2+ ions by photo-excited
CdTe QDs. These new-formed non-radiative channels for
electron annihilation effectively compete with the radiative
electron-hole recombination within the QDs giving rise to
FQ.

In order to check the presence of Cu (I) ions, another set
of experiment was performed by addition of potassium
iodide and Cu2+ ions to the QD-solution. Upon excitation
of the solution with 3.2 eV photons, a thick brownish white
precipitate of CuI was formed which dissolved in excess
KI. It should also be mentioned that the control sets,
containing potassium iodide and Cu2+ ions, did not produce
any precipitate in the absence of either CdTe QDs or the

Sample Additives Fluorescence lifetime I0/I τ0/τ

τ1 (ns) (f1) τ2 (ns) (f2) τav (ns)
a χ2

CdTe-I (2.3 nm) Nil 2.43 10.25 8.56 1.16 – –
(21.60) (78.4)

Cu2+

a) 1.5 μ M 2.20 9.50 8.05 1.1 1.94 1.06
(19.76) (80.24)

b) 2.5 µ M 2.20 9.48 8.0 1.16 2.62 1.07
(19.41) (80.59)

Dendrimer

a) 3nM 2.2 9.41 7.88 0.96 1.09 1.08
(21.17) (78.83)

b) 5nM 1.90 9.01 7.58 0.97 1.15 1.13
(20.95) (79.05)

Cu-Dendrimer 2.47 10.08 8.39 0.99 – –
Complex (22.20) (77.80)

CdTe-II (3.0 nm) Nil 10.23 27.50 20.03 1.2 – –
(42.02) (57.98)

Cu2+ 9.79 27.60 20.16 1.01 1.94 1.0
1.5 μ M (41.77) (58.23)

Dendrimer 1.81 24.42 17.33 1.08 1.19 1.18
5.7 nM (36.4) (56.59)

Table 1 Effect of additives on
fluorescence lifetime of CdTe
QDs (λex =390 nm;
λem=530 nm)

a τav=τ1f1+τ2f2

Fig. 4 A typical decay profile of CdTe QDs (dav= 2.3 nm) in the
absence and in the presence of dendrimer. Bi-exponential fitting of the
experimental data were shown with solid line (—) for CdTe QDs and
with dotted line (·········) for CdTe QDs in the presence of dendrimer
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photons of required energy. This observation confirms that
the quenching of CdTe luminescence involves photoin-
duced reduction of Cu2+ to Cu+.

In such semiconductor-catalyzed photo-reduction, redox
potential of the conduction band edge is crucial in
determining the feasibility of the process. On considering
the band edge positions of other cadmium chalcogenide, it
appears that the CdS nanoparticles should also be able to
catalyze the reduction of Cu2+ in a similar manner. To
verify this, cysteine-capped CdS nanoparticles (dav = 3 nm)
were prepared and the effect of Cu2+ ions on the
luminescence of CdS QDs was investigated. As shown in
Fig. 6a, the Cu2+ ion induced FQ was indeed observed.
However, the Stern-Volmer constant (7.8×104 M−1) was
much lower than that of CdTe QDs of similar size (Fig. 6b).
This result is in stark contrast to the earlier report by Chen
et al [9], where no FQ was observed for cysteine-capped
CdS QDs on addition of Cu2+ ions. However, they did
observe the FQ on changing the capping ligand to
thioglycerol, which led them to conclude the reduction of
Cu2+ to be mediated by the surface ligand. We also note
that substantial quenching was observed for polyphosphate
capped CdS QDs in the same work, for which no

explanation was offered. In our view, it is the CdS core
that is responsible for reduction of Cu2+ and the capping
agent might have little role to play.

To further substantiate the proposed mechanism, the
capping agents for CdS QDs were varied in two ways.
Glutathione (GSH), a tripeptide containing cysteine, was
taken for one set and dendrimer, a molecule entirely
different from cysteine or thiols, was taken for another
set. It is worth noticing that quenching of QD-fluorescence
was prominently observed in both the cases in presence of
Cu2+ ions [KSV (CdS-GSH) = 4×104 M−1, KSV (CdS-
Dendrimer) = 1.8×105 M−1]. Further, it is important to note
that, in the absence of semiconductor particles, no reduction
was observed in Cu2+-cysteine solution as well as in other
systems (Cu2+-GSH, Cu2+-Dendrimer). However, on addi-
tion of CdS or CdTe QDs to the above solutions and
excitation with 3.2 eV photons, brownish white precipitate
of CuI was obtained. This finding further lends credence to

a

b

Fig. 6 a PL spectra of CdS QDs under the influence of Cu2+ at
various concentrations; b Stern-Volmer plots for the PL quenching of
CdS QDs, (Here, I0 and I are the PL intensities of the respective CdS
QDs in absence and presence of Cu2+, respectively)

Table 2 Effect of solvent polarity on Stern-Volmer (Ksv) constant for
Cu2+ ions

Solvent Dielectric Constant Ksv 104 (M-1)

Water 80.1 32.8±0.01

50% aq. methanol 57.1 1.7±0.04

75% aq. methanol 44.9 0.7±0.06

Fig. 5 Effect of solvent polarity on the PL quenching of CdTe QDs
by Cu2+ ions (methanol-water mixture with following methanol
content (v/v): 0%,(■), 50% (●),75% (▲)
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the hypothesis that the Cu2+/Cu+ reduction is photo-
catalyzed by semiconductor particles.

Size dependence of CdTe quenching

To study the size dependence of quenching, CdTe QDs of
different sizes were prepared by varying the reflux time as
reported earlier [22], the average sizes being in the range of
3.0–4.3 nm. Interestingly, the interaction of CdTe QDs with
Cu2+ ions exhibited strong size dependence. As shown in
Fig. 7, Stern-Volmer constants were found to decrease with
increasing particle size. For a 13% decrease in particle
diameter (4.3 nm →3.7 nm), the quenching constant
increased by a factor of 20. As the size of the nanoparticles
decreases, the energy of the conduction band shifts to

higher energy due to the quantum confinement effect.
Redox potentials of the conduction band become more
negative [29, 30] thereby enhancing the reducing power
with a decrease in particle size. Due to higher surface to
volume ratio in smaller nanoparticles, most of the constit-
uent atoms reside on the surface of the particles [31] and
can have more efficient transfer of electrons to the suitable
species adsorbed on the surface, reducing the chances of
radiative recombination of (e− + h+) pairs. So, enhanced
reducing power and higher ratio of surface to core atoms
could account for the observed increase in the value of
Stern-Volmer constants with decreasing particle size.

Effect of PAMAM dendrimer

In similar manner fluorescence quenching of CdTe QDs by
PAMAM dendrimer was also studied. The fluorescence
intensity of the QDs was found to be quenched by even
nanomolar concentrations of dendrimer at pH 7.As shown

Fig. 8 Stern-Volmer plots for the PL quenching of CdTe QDs by
PAMAM dendrimer (Here, I0 and I are the PL intensities of the CdTe
QDs in the absence and presence of dendrimer, respectively)

Fig. 7 Size dependence of PL quenching of CdTe QDs by Cu2+ ions,
dav: 3.7 nm (■), 3.9 nm (●), 4.3 nm (▲). Inset: A plot of Stern-Volmer
constants (KSV values) against average particle size

b

a

Fig. 9 a Effect of Cu2+-PAMAM on the luminescence of CdTe QDs
showing increasing PL intensity with increasing complex concentra-
tion; b Langmuir binding isotherm
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in the Fig. 8 the plot of I0/I against dendrimer concentration
in the range of 0–6 nM follows Stern-Volmer equation and
the quenching constant (KSV) was determined to be 3.3×
107 M−1. To establish the nature of quenching, the fluo-
rescence lifetime measurement was carried out on a single
photon counting set up. It is quite evident from Fig. 4 that
the luminescence decay kinetics of the QDs undergoes a
change in the presence of dendrimer. The average lifetime
(τ) of CdTe QDs decreased on addition of dendrimer and
the ratio of lifetimes (τ0/τ) equaled that of PL intensities
(I0/I) (Table 1). This confirms the quenching to be dynamic
in nature. Therefore, the quenching process involves the
energy dissipation through collisions between two dimen-
sionally similar species, CdTe QDs (ca.3.0 nm) and
dendrimer (5.4 nm).

Effect of Cu-PAMAM dendrimer complex

In contrast to the effects of Cu (II) and PAMAM dendrimer,
Cu2+-PAMAM complex caused a PL enhancement of CdTe
QDs. As displayed in Fig. 9a, there is consistent rise in PL
intensity up to the Cu2+-PAMAM concentration of 880 nM.
For further increase in concentration of the complex, the
emission of CdTe QDs remained constant. This enhance-
ment could be attributed to the passivation of trap states on
the nanoparticle surface due to binding of Cu2+-PAMAM
molecules. As more of such molecules are added, more of
surface traps get passivated. But at a certain concentration
(880 nM), the surface gets saturated and no more Cu2+-
PAMAM molecules could be accommodated. Therefore,
further addition does not cause any PL enhancement.

To get an idea about the nature of the interaction of CdTe
QDs with Cu2+-PAMAM complex, the effect of ionic
strength on the enhancement of luminescence was investi-
gated. If the interaction between QDs and Cu2+-PAMAM is
mainly due to electrostatic forces, the ionic strength should
have some effect on the interaction [32]. The fluorescence
intensity remained unchanged with a gradual increase in
KCl concentration, which suggests that the nature of
interaction is covalent in nature. Furthermore, the average
lifetime (τ) of CdTe QDs in the presence of Cu2+-PAMAM
remained unaffected (Table 1).

The concentration dependence of the luminescence
intensity follows the binding of Cu2+-PAMAM complex
to the surface of the CdTe QDs and is effectively described
by a Langmuir-type binding isotherm [33]. According to
the theories, the equation could be established as following:

C=I ¼ 1=BImaxð Þ þ 1=Imaxð ÞC ð4Þ

Where B is the binding constant, I and Imax represent
luminescence intensity of CdTe QDs at Cu2+-PAMAM
concentration of C and the observed maximum intensity,

respectively. Accordingly, if the Langmuir description of
the binding of Cu2+-PAMAM on the surface of the CdTe
QDs is correct, a plot of C/I as a function of C should be
linear. Figure 9b show that a good linearity between C/I and
C is observed throughout the entire range of Cu2+-PAMAM
concentrations. Interestingly, Zn2+-PAMAM complex did
not influence the fluorescence of CdTe QDs suggesting the
specificity of Cu2+-PAMAM complex. The linear range of
the enhancement plot can be used for the determination of
Cu2+ ions, making it possible to detect Cu2+ ions as low as
70 nM.

Conclusion

The present study has demonstrated that CdS and CdTe
QDs irrespective of surface ligands exhibit quenching effect
by Cu2+ ions. The observed results suggest that quenching
is primarily caused by the electron transfer from the
semiconductor core to the metal ions. The PL enhancement
caused by Cu2+-PAMAM complex was found to be quite in
contrast to the individual response of its constituents, Cu2+

and PAMAM dendrimer. The mechanistic insights into all
these interactions have also been obtained and the three
species seem to follow different pathways. Cu2+ ions
undergo QD-mediated photoreduction, whereas collisional
quenching mechanism operates in the case of dendrimer.
The PL enhancement effect of Cu2+-PAMAM complex
appears to be caused by adsorption of the complex onto the
particle surface. The linear range of enhancement plot could
be utilized for determination Cu2+ ions. Thus, the detection
limit can be achieved as low as 70 nM, simply by adding
PAMAM into the analytes. It underscores the role of
PAMAM in enhancing efficiency of nanoparticle-based
ion probes.

Acknoledgments The authors wish to thank Chemical Science
Division, Saha Institute of Nuclear Physics, Kolkata for help in
fluorescence lifetime measurement. One of the authors (A.P.) is
thankful to University Grants Commission, Govt. of India, for the
award of Senior Research Fellowship.

References

1. Chan WCW, Nie SM (1998) Quantum dot bioconjugates for
ultrasensitive nonisotopic detection. Science 281:2016–2018
doi:10.1126/science.281.5385.2016

2. Bruchez M Jr, Moronne M, Gin P, Weiss S, Alivisators AP (1998)
Nanocrystals as fluorescent biological labels. Science 281:2013–
2016 doi:10.1126/science.281.5385.2013

3. Goldman ER, Clapp AR, Anderson GP, Uyeda HT, Mauro JM,
Medintz IL, Mattoussi H (2004) Multiplexed toxin analysis using
four colors of quantum dot fluororeagents. Anal. Chem. 76:684–
688 doi:10.1021/ac035083r

730 J Fluoresc (2009) 19:723–731

http://dx.doi.org/10.1126/science.281.5385.2016
http://dx.doi.org/10.1126/science.281.5385.2013
http://dx.doi.org/10.1021/ac035083r


4. Sutherland AJ (2002) Quantum dots as luminescent probes in
biological systems. Curr. Opin. Solid State Mater. Sci 6:365–370
doi:10.1016/S1359-0286(02)00081-5

5. Msttoussi H, Mauro JM, Goldman ER, Anderson GP, Sundar VC,
Mikulec FV, Bawendi MG (2000) Self-Assembly of CdSe-ZnS
Quantum Dot bioconjugate using an engineered recombinant
protein. J. Am. Chem. Soc. 122:12142–12150 doi:10.1021/
ja002535y

6. Wachnik A (2006) The physiological role of copper and the
problems of copper nutritional deficiency. Food 32:755–765

7. Issarov A, Chrysochoos J (1997) Surface effects on regularities of
electron transfer in CdS and CdS/CuxS colloids as studied by
photoluminescence quenching. Langmuir 13:3142–3149
doi:10.1021/la960985r

8. Moore DE, Patel K (2001) Q-CdS photoluminescence activation
on Zn2+ and Cd2+ salt introduction. Langmuir 17:2541–2544
doi:10.1021/la001416t

9. Chatterjee A, Priyam A, Bhattacharya SC, Saha A (2007) pH
dependent interaction of biofunctionalized CdS nanoparticles with
nucleotides and nucleobases. J. Lumin. 126:764–770 doi:10.1016/
j.jlumin.2006.11.010

10. Priyam A, Chatterjee A, Das SK, Saha A (2005) Size dependent
interaction of biofunctionalized CdS nanoparticles with tyrosine at
different pH. Chem. Commun. (Camb.) 32:4122–4124
doi:10.1039/b505960g

11. Chen YF, Rosenzweig Z (2002) Luminescence CdS quantum dots
as selective ion probes. Anal. Chem. 74:5132–5138 doi:10.1021/
ac0258251

12. Liang JG, Ai XP, He ZK, Pang DW (2004) Functionalized CdSe
quantum dots as selective silver ion chemodosimeter. Analyst
(Lond.) 129:619–622 doi:10.1039/b317044f

13. Li J, Bao D, Hong X, Li D, Li J, Bao Y, Li T (2005) Luminescent
CdTe quantum dots and nanorods as metal ion probes. Colloid
Surf A Physicochemical Eng Aspects. 257–258:267–271
doi:10.1016/j.colsurfa.2004.10.034

14. Torrado A, Walkup GK, Imperiali B (1998) Exploiting polypep-
tide motifs for the design of selective Cu (II) ion chemosensors. J.
Am. Chem. Soc. 120:609–617 doi:10.1021/ja973357k

15. Klein G, Kaufman D, Schuch S, Raymond IL (2001) A
fluorescent metal sensor based on macrocyclic chelation. Chem.
Commun. (Camb.). 561–562 doi:10.1039/b100535i

16. Prodi L, Bollrtta F, Montalti M, Zaccheroni N (2001) Dansylated
polyamines as fluorescent sensors for metal ions: photophysical
properties and stability of Copper(II) complexes in solution. Helv.
Chim. Acta 84:608–706 doi:10.1002/1522-2675(20010321)
84:3<690::AID-HLCA690>3.0.CO;2-L

17. Tomalia DA, Becker H, Dewald J, Hall M, Kallos G, Martin S,
Roeck J, Ryder J, Smith P (1985) A new class of polymers—
starburst-dendritic macromolecules Polymer. Polym. J. 17:117–
132 doi:10.1295/polymj.17.117

18. Tomalia DA, Naylor AN, Goddard WA III (1990) Starburst
Dendrimers: Molecular-Level Control of Size, Shape, Surface
Chemistry, Topology, and Flexibility from Atoms to Macroscopic
Matter. Angew. Chem. Int. Ed. Engl. 29:138–175 doi:10.1002/
anie.199001381

19. Diallo MS, Balogh L, Shafagati A, Johnson JH Jr, Wadder WA III,
Tomalia DA (1999) Poly (amidoamine) Dendrimers: a new class
of high capacity chelating agents for Cu(II) Ions. Environ. Sci.
Technol. 33:820–828 doi:10.1021/es980521a

20. Pellechia PJ, Gao J, Gu Y, Ploehn J, Murphy CJ (2004) Platinum
ion uptake by dendrimers: an NMR and AFM study. Inorg. Chem.
43:1421–4124 doi:10.1021/ic035127e

21. Tang B, Nui J, Yu C, Zhuo L, Ge J (2005) Highly luminescent
water-soluble CdTe nanowires as fluorescent probe to detect
copper (II). Chem. Commun. (Camb.) 4184–4186 doi:10.1039/
b502978c

22. Priyam A, Chaterjee A, Bhattacharya SC, Saha A (2007)
Surface-functionalized Cadmium chalcogenide nanocrystals: a
spectroscopic investigation of growth and photoluminescence.
J. Cryst. Growth 304:416–426 doi:10.1016/j.jcrysgro.
2007.02.026

23. Sapra S, Sarma DD (2004) Evolution of the electronic structure
with size in II-VI semiconductor nanocrystals. Phys. Rev. B
69:125304–125310 doi:10.1103/PhysRevB.69.125304

24. Aich S, Raha C, Basu S (1997) Characterization of the triplet
charge-transfer state of 4-amino-N-methylphthalimide in aprotic
and protic media by laser flash photolysis. J. Chem. Soc., Faraday
Trans. 93:2991–2996 doi:10.1039/a701291h

25. Talapin DV, Rogach AL, Shevchenko EV, Kornowski A, Haase
M, Weller H (2002) Dynamic distribution of growth rates
within the ensembles of colloidal II-VI and III-V semiconductor
nanocrystals as a factor governing their photoluminescence
efficiency. J. Am. Chem. Soc. 124:5782–5790 doi:10.1021/
ja0123599

26. Lakowicz JR (1999) Principles of Fluorescence Spectroscopy, 2nd
edn. Kluwer Academic/Plenum, New York, pp 52–53

27. Wilkinson F, Abdel-Shafi AA (1999) Mechanism of quenching of
triplet states by molecular oxygen: biphenyl derivatives in
different solvents. J. Phys. Chem. A 103:5425–5435
doi:10.1021/jp9907995

28. Rajh T (1993) Synthesis and characterization of surface-modified
colloidal cadmium telluride quantum dots. J. Phys. Chem.
97:11999–12003 doi:10.1021/j100148a026

29. Matusumoto H, Matsunaga T, Sakata T, Mori H, Yoneyama H
(1995) Size dependent fluorescence quenching of CdS nano-
crystals caused by TiO2 colloids as a potential-variable quencher.
Langmuir 11:4283–4287 doi:10.1021/la00011a019

30. Haram SK, Quinin BM, Bard AJ (2001) Electrochemistry of CdS
nanoparticles:a correlation between optical and electrochemical
band gap. J. Am. Chem. Soc. 123:8860–8888 doi:10.1021/
ja0158206

31. Hengglein A (1981) Small-particle research: physicochemical
properties of extremely small colloidal metal and semiconductor.
Chem. Rev. 89:1861–18 doi:10.1021/cr00098a010

32. Li QF, Liu SH, Zhang HY, Chen XG, Hu ZD (2001) Micro-
determination of proteins by enhanced resonance light scattering
spectroscopy of Acetylchlorophosphonazo. Anal. Lett. 34:1133–
1134 doi:10.1081/AL-100104959

33. Brey W (1978) Physical Chemistry and its Biological Applica-
tions. Academic, New York

J Fluoresc (2009) 19:723–731 731

http://dx.doi.org/10.1016/S1359-0286(02)00081-5
http://dx.doi.org/10.1021/ja002535y
http://dx.doi.org/10.1021/ja002535y
http://dx.doi.org/10.1021/la960985r
http://dx.doi.org/10.1021/la001416t
http://dx.doi.org/10.1016/j.jlumin.2006.11.010
http://dx.doi.org/10.1016/j.jlumin.2006.11.010
http://dx.doi.org/10.1039/b505960g
http://dx.doi.org/10.1021/ac0258251
http://dx.doi.org/10.1021/ac0258251
http://dx.doi.org/10.1039/b317044f
http://dx.doi.org/10.1016/j.colsurfa.2004.10.034
http://dx.doi.org/10.1021/ja973357k
http://dx.doi.org/10.1039/b100535i
http://dx.doi.org/10.1002/1522-2675(20010321)84:3<690::AID-HLCA690>3.0.CO;2-L
http://dx.doi.org/10.1002/1522-2675(20010321)84:3<690::AID-HLCA690>3.0.CO;2-L
http://dx.doi.org/10.1295/polymj.17.117
http://dx.doi.org/10.1002/anie.199001381
http://dx.doi.org/10.1002/anie.199001381
http://dx.doi.org/10.1021/es980521a
http://dx.doi.org/10.1021/ic035127e
http://dx.doi.org/10.1039/b502978c
http://dx.doi.org/10.1039/b502978c
http://dx.doi.org/10.1016/j.jcrysgro.2007.02.026
http://dx.doi.org/10.1016/j.jcrysgro.2007.02.026
http://dx.doi.org/10.1103/PhysRevB.69.125304
http://dx.doi.org/10.1039/a701291h
http://dx.doi.org/10.1021/ja0123599
http://dx.doi.org/10.1021/ja0123599
http://dx.doi.org/10.1021/jp9907995
http://dx.doi.org/10.1021/j100148a026
http://dx.doi.org/10.1021/la00011a019
http://dx.doi.org/10.1021/ja0158206
http://dx.doi.org/10.1021/ja0158206
http://dx.doi.org/10.1021/cr00098a010
http://dx.doi.org/10.1081/AL-100104959

	Mechanistic Aspects of Quantum Dot Based Probing of Cu (II) Ions: Role of Dendrimer in Sensor Efficiency
	Abstract
	Introduction
	Experimental
	Reagents
	Synthesis of cysteine-capped CdTe quantum dots
	Synthesis of L-cysteine-capped CdS quantum dots
	Synthesis of dendrimer-capped CdS quantum dots
	Determination of the average particle size
	Photoluminescence studies of QDs with Cu2+, PAMAM, Cu2+-PAMAM

	Results and discussion
	Response to copper
	Solvent effect on the quenching of QD-luminescence
	Mechanism of quenching
	Size dependence of CdTe quenching
	Effect of PAMAM dendrimer
	Effect of Cu-PAMAM dendrimer complex

	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


