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ARTICLE INFO ABSTRACT

Semiconductor quantum dots (QDs) have demonstrated a great potential as fluorescent probes for heavy metals
monitoring. However, their great reactivity, whose tunability could be difficult to attain, could impair selectivity
yielding analytical results with poor accuracy. In this work, the combination in the same analysis of multiple
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Mhultiplexing QDs, each with a particular ability to interact with the analyte, assured a multi-point detection that was not only
gllleg;?:;;cs exploited for a more precise analyte discrimination but also for the simultaneous discrimination of multiple

mutually interfering species, in the same sample. Three different MPA-CdTe QDs (2.5, 3.0 and 3.8 nm) with a
good size distribution, confirmed by the FWHM values of 48.6, 55.4 and 80.8 nm, respectively, were used.
Principal component analysis (PCA) and partial least squares regression (PLS) were used for fluorescence data
analysis. Mixtures of two MPA-CdTe QDs, emitting at different wavelength namely 549/566, 549/634 and 566/
634 nm were assayed. The 549/634 nm emitting QDs mixture provided the best results for the discrimination of
distinct ions on binary and ternary mixtures. The obtained RMSECV and R2CV values for the binary mixture
were good, namely, from 0.01 to 0.08 mg L™" and from 0.74 to 0.89, respectively. Regarding the ternary mixture
the RMSECV and R®CV values were good for Hg(II) (0.06 and 0.73 mg L', respectively) and Pb(II) (0.08 and
0.87 mg L%, respectively) and acceptable for Cu(II) (0.02 and 0.51 mg L', respectively). In conclusion, the
obtained results showed that the developed approach is capable of resolve binary and ternary mixtures of Pb
(I), Hg (II) and Cu (II), providing accurate information about lead (II) and mercury (II) concentration and
signaling the occurrence of Cu (II).

Multiparametric analysis

1. Introduction

One of the most challenging fields of nanotechnology contemplates
the development of nanomaterials to be applied as efficient and reliable
(bio)chemosensors for a multiplicity of organic and inorganic species in
distinct analytical endeavors [1]. Quantum dots (QDs) are a class of
nanoparticles that besides the features associated with their small size,
such as high surface-to-volume ratio and reactivity, they also exhibit
remarkable properties that outshine those of conventional materials.
Among these, the high size-tunable photoluminescence (PL) and long-
term photostability, broad excitation and narrow emission spectra, and
the great operational and instrumental simplicity associated with their
utilization with analytical purposes, should be highlighted [2].

On the opposite side, when devoid of specific analyte recognition
mechanisms, QDs proneness to participate in a variety of reactional
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schemes limits their applicability when the sample matrix is complex
and/or interfering species are present. In this context QDs are capable
of assuring sensitivity, high sample throughput and broad analytical
concentration working ranges, but selectivity is usually severely
restrained. Basically, their photoluminescence could be modulated by
a variety of factors, including pH, ionic strength, the presence of
adsorbates and chelating molecules, the occurrence of oxidizing or
reducing agents, heavy metals, etc, not directly related with the specie
under analysis. These are capable of interacting with the QDs affecting
the measured PL either in terms of intensity, emission maxima or
lifetime. QDs selectivity could be more or less amended by using
specific capping ligands more likely to interact with the analyte, by
adjustment of QDs size, by using dopants or by exploring indirect
measurements relying on competing molecules, etc. Nonetheless, the
success of these measures is usually limited, in particular in the case of
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typical QD-based (bio)chemosensors relying on the monitoring of a
single interaction between the analyte and the probe.

An expeditious strategy to overcome this limitation involves the
simultaneous utilization of multiple QDs, with distinct properties and
reactivity and capable of establishing multiple variable magnitude
interactions with the analyte. This is achieved by combining, in the
same analysis, several QDs with dissimilar composition and size,
emitting at distinct wavelength and with varied surface ligands, thus
enabling a multi-wavelength detection of all analyte-triggered changes
on the QDs photoluminescence. Although all QDs might react with the
analyte, the combination of the individual responses gives rise to a
multi-point detection which could provide additional and more reliable
information concerning the analyte occurrence. Moreover, if the QDs
interaction are adequately discriminate, and by using chemometrics for
data processing and analysis, it would be possible to simultaneously
analyze more than one analyte with the same set of QDs.

In this work we have studied how the combination of QDs with
distinct reactivity, which resulted merely from distinct size, could be
exploited for multi-analyte monitoring. Cadmium telluride (CdTe) QDs
were used due to the great simplicity of preparation by hydrothermal
method [3], which allowed the obtaining of nanocrystals with narrow
size distribution, narrow and symmetric emission spectra, high quan-
tum yield and long-term water stability. Moreover, in recent years CdTe
QDs have been extensively used in chemical analysis confirming to be
excellent fluorescent probes for the monitoring of a wide variety of
species [4—10]. The CdTe QDs were synthesized by using a short chain
thiol molecule, 3-mercaptopropionic acid (MPA), as capping ligand and
distinct heating times in order to attain sizes ranging from 2.48 to
3.81 nm.

As target analytes three distinct heavy metals Hg(II), Cu(II) and
Pb(II) were assayed. Mercuric ion (Hg2+) is one of the most hazardous
heavy metals in the environment. Due to its high bioavailability
through biological membranes it could cause serious damage to the
central nervous and endocrine systems [11]. Copper is an essential
element for many living organisms, but it becomes toxic at high
concentrations [12]. Pb?* has received a great attention as a conse-
quence of the adverse environmental and health problems resulting
from lead poisoning [13].

Many works have demonstrated that these heavy metals showed a
great reactivity towards CdTe QDs, yielding pronounced PL quenching
effects, and acting as interfering species among each other in individual
assays [14,15]. In this work, distinct combinations of the referred
heavy metals at low level concentrations were assayed, in two or three
components sets, confirming that the developed approach was capable
of satisfactorily discriminate the occurring species and the respective
concentration.

2. Experimental
2.1. Reagents and solutions

Chemicals used in this work were all of analytical reagent grade
without any treatment process. All solutions and standards were
prepared using water purified from a Milli-Q system (conductivity <
0.1 pScem™).

The reagents for the synthesis of the CdTe QDs, namely, cadmium
chloride hemi(pentahydrate) (CdCl,-2.5H,0, 99%), sodium tellurite
(Na,TeO3, 100 mesh, 99%), sodium borohydride (NaBH4, 99%), 3-
mercaptopropionic acid (MPA, 99%) and sodium citrate tribasic
dehydrate (CgHsNa30--2H-50, 99%) were all purchased from Sigma-
Aldrich (St. Louis, MO, USA) and used without further treatment.
Sodium hydroxide (NaOH, 98%) was purchased from Panreac
(Barcelona, Spain).

To adjust pH a NaOH solution 1.0 mol L™! was used. QDs were
used as prepared only by appropriate dilutions of crude solutions
without any purification process.
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Copper, lead and mercury intermediate solutions of 10 mg L™ were
prepared by proper dilutions from their stock standard solutions
(Merck’, Darmstadt, Germany) with concentration of 1000 mg L.

2.2. Apparatus

The synthesis of quantum dots was performed in a CEM Discover
SP° Microwave Synthesizer which was operated by a computer using
Synergy™ software (Matthews, NC, US). The microwave was equipped
with an integrated infrared (IR) sensor, an automated pressure
control/sensing system (ActiVent™) and an active cooling system
(PowerMAX™). QDs absorption and emission spectra were obtained
by using a Jasco V-660 spectrophotometer and a Jasco FP-6500
spectrofluorometer (Easton, MD, USA), respectively. The quantum
yield (QY) at room temperature was measured using a Quantaurus-
QY Absolute PL Quantum Yield Spectrometer C11347-11
(Hamamatsu, Japan) equipped with an integration sphere and a
150 W xenon light source. The pH measurements were made with a
pH-meter GLP 22 (CRISON).

2.3. Synthesis of MPA capped CdTe QDs assisted by microwave
irradiation

Three different diameters of MPA capped CdTe QDs were synthe-
sized by resorting to the one-pot MW-assisted aqueous synthetic route
as proposed by Ribeiro et al. [16]. Briefly, an equimolar quantity of
CdCl, and MPA (1.25 x 1072 mol) was mixed in 125 mL of deionized
water. The resultant mixture were then added to a second beaker where
2.5 x 107*mol of Na,TeOs, 4 x 102 mol of NaBH,, and 1.25 x
1072 mol of citrate were separately placed. The pH of the final solution
was adjusted to 11 with a 1.0 mol L™! NaOH solution. So, the molar
ratio of Cd:Te:MPA was fixed at 1.0:0.2:1.0. By fixing the MW
irradiation time at 10 min, the size of CdTe QDs was tuned by changing
the temperature namely, 95, 105 and 125 °C.

The QDs were used in the assays as prepared without any
purification treatment because the high level dilutions (of the original
colloidal solution) that was employed during the analyses were enough
to guarantee the minimization of potential interferents.

2.4. Procedure for the fluorometric measurements

The combined CdTe QDs fluorometric probe for the detection of
different metals ions consisted in a mixture of two different sized MPA-
capped CdTe QDs. Thus, into a 2 mL Eppendorf tube, 1200 pL of a
green emitting QDs (549 nm) and 800 uL of a red emitting QDs
(634 nm) were mixed originating a fluorometric probe with two well-
defined emission peaks.

Subsequently, into different Eppendorf tubes, 10 pL of the fluoro-
metric probe and required amounts of metal ion, individually or in
mixture, were sequentially added and the final volume (2 mL) was
completed with deionized water. Immediately after mixing, the solution
was transferred into a 1 cm quartz cell and the emission spectra (490—
740 nm) were recorded with the excitation wavelength fixed at 400 nm.
The slit widths of excitation and emission were 5.0 nm.

2.5. Experimental design

The concentration of the mixtures prepared with two and three
metal ions (Table 1) was established according to an experimental
design. For the mixtures containing two metal ions, six levels plus 3
additional center points were used, in a total of 39 experiments. The
used concentration levels were: 0.01, 0.03, 0.04, 0.05, 0.06 and
0.08 mg L' for Cu(I); 0.1, 0.15, 0.2, 0.3, 0.35 and 0.4 mg L™ for
Hg(ID); 0.05, 0.2, 0.3, 0.4, 0.5 and 0.6 mg L™! for Pb(II). Regarding the
mixture containing three metal ions, four levels plus 3 additional center
points were used, making a total of 67 experiments. Consequently, two
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Table 1
Concentrations of the metal ions used in the mixtures.

Concentrations (mg L")

Mixture of three metal
ions

Mixture of two metal ions Center points

Cu(Il) 0.01; 0.03; 0.04; 0.05; 0.06;  0.01; 0.03; 0.05; 0.08 0.045
0.08

Hg(Il) 0.1; 0.15; 0.2; 0.3; 0.35; 0.4  0.1; 0.2; 0.3; 0.4 0.25

Pb(II) 0.05; 0.2; 0.3; 0.4; 0.5; 0.6 0.05; 0.2; 0.4; 0.6 0.325

concentration levels of each metal ion were not prepared. The solutions
containing 0.04, 0.06 mg L™* of Cu(II), 0.15, 0.35 mg L™ of Hg(II) and
0.3, 0.5 mg L™! of Pb(II) were not used. The center points used for
Cu(II), Hg(II) and Pb(II) were 0.045, 0.25 and 0.325 mg Lt

2.6. Data analysis

The fluorescence data were analyzed through principal component
analysis (PCA) [17] and partial least squares regression (PLS) [18]. The
PCA was used for outlier's detection through the analysis of Hotelling's
T2 and squared residuals statistics [17]. PLS-1 algorithm was used to
obtain a multivariate calibration for each analyte Pb(II), Hg(II), Cu(II),
individually [18]. All the PLS models were optimized in terms of the
best number of latent variables, by using the leave-one-out procedure
cross validation method, to prevent model over-fitting and to ensure
robustness. The best number of latent variables was chosen through a
commitment between the lowest root mean square error of cross-
validation (RMSECV) and the lowest number of latent variables (LV).
The root mean square error of calibration and cross-validation
(RMSEC and RMSECYV, respectively) were calculated according to the
following equation:

O EL G- w2
N o

In Eq. (1), N is the number of samples, y; is the experimental result
for sample i and j, is the value obtained for the calibration set (RMSEC)
and the cross-validation (RMSECV). The Pearson's correlation coeffi-
cient was also calculated to compare experimental values with the
estimations for the prediction set.

To assess the models predictive capacity the RMSECV and the
coefficient of determination of cross-validation (R2y) were used.

All calculations were carried out using Matlab version R2009b
(MathWorks, Natick, MA, USA) and the PLS Toolbox version 5.5.1
(Eigenvector Research, Inc., WA, USA).

3. Results and discussion
3.1. Characterization of the as-prepared CdTe QDs capped with MPA

The characterization of the different sized MPA-capped CdTe QDs
in terms of optical properties was performed by absorption and
fluorescent spectroscopy (Fig. 1). The obtained results are presented
in Table 2 and include the wavelengths of maximum absorbance
corresponding to the first excitonic transition, wavelengths of max-
imum emission, Full Width at Half Maximum values of the emission
peak (FWHM) and the corresponding sizes and molar concentrations.

The size of the nanoparticles (D) was determined taking into
account the obtained wavelengths of maximum absorption (A) using
the equation proposed by Yu et al. [19]:

D = (9.8127.10.7)% — (1.7147.10.3) + (1.0064)A — 194.84.

Based on the value of D, the molar absorptivity (¢) was determined
through the equation & = 3450 x AE x (D)**, where AE represents the
transition energy corresponding to the first absorption peak expressed
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in eV. The molar concentration (C) expressed in mol L' is then
calculated using the Lambert—Beer law [19].

The three different sized QDs exhibited wide absorption bands with
well-defined absorption maxima for the first excitonic transition and
narrow and symmetric emission bands, evidencing adequate nanopar-
ticles monodispersity and homogeneity. However, it is important to
mention that the FWHM increases with increasing MW synthesis
temperatures and consequently the size uniformity decreases. The
excessive temperatures can lead to a broad size distribution which
impairs the QDs spectral properties.

Additionally, according to the results shown in Table 2, by raising
the temperature from 95 to 125, the wavelength of maximum
absorbance corresponding to the first excitonic transition, the wave-
length of maximum emission and the corresponding nanoparticles
sizes also increased. The obtained results are in agreement with those
obtained by Ribeiro et al. [16] thus confirming that by fixing the time of
synthesis, the temperature increment promotes an increasing growth
rate. Additionally, the quantum yields (QY) of the nanoparticles
synthesized at 95, 105 and 125 °C were 13.3%, 27.2% and 63.6%,
respectively. This QY enhancement is attributed to the improvement of
QDs crystallinity and surface passivation.

In this work two different sized MPA-capped CdTe QDs were
conjugated in a nanohybrid 549/634 nm MPA-capped CdTe QDs
system to be used as fluorometric probe for the detection and
differentiation of distinct ions. The green and red emitting MPA-
CdTe QDs were mixed in a proportion of 60:40, respectively, originat-
ing a combined CdTe QDs fluorometric probe with two well-defined
emission peaks as shown in Fig. 2. The two wavelengths of maximum
emission were 549 and 634 nm and the QY of the resultant fluoro-
metric probe was about 60%.

3.2. Preliminary assays

The PL properties of MPA-CdTe QDs with different sizes (2.48, 3.03
and 3.81 nm) were assessed upon the interaction with three different
metal ions, Cu (II), Pb (II) and Hg (II), at different concentration
ranges. For each size of QDs, these concentration ranges were of 0—0.7,
0-2.0 and 0-1.5 mg L ™! for Cu (II), Pb (II) and Hg (II), respectively.
The QDs concentrations used in these assays were 1.5 x 1072 3.5 x
1073, 1.8 x 1072 umol L™! for nanoparticle size of 2.48, 3.03 and
3.81 nm, respectively. Using these conditions, the fluorescence inten-
sity of each QDs size in the absence of the metal ion was similar.

The obtained results demonstrated that for all the synthesized QDs
sizes the fluorescence intensity decreased by adding increasing con-
centrations of each of the assessed metal ions. Along with the PL
quenching both Pb (II) and Hg (II) ions caused a redshift of the
wavelength of maximum emission in all QDs sizes, a phenomenon that
not occurred in the case of the QDs interaction with Cu (II) ions.

According to the literature [10], the PL quenching of CdTe QDs
upon the interaction with Pb(II), Hg(II) and Cu(II) is ascribed to
effective electron transfer between donor and acceptor sites of the
fluorophore/quencher system which induce the disruption of radiative
electron-hole recombination. The observed red-shift caused by Pb(II)
and Hg(II) was also reported in literature [20], and was attributed to
the formation of new radiative centers.

Under an analytical perspective, the detection, quantification and
discrimination of Hg(II), Pb(II) and Cu(II) ions in the same sample,
based simply on their quenching effect on a single quantum dot PL is
impracticable, due to the occurrence of interfering effects among each
other. Nevertheless, each metal ion/QDs interaction has a specific
magnitude that depends on many aspects, namely on the ion concen-
tration and QDs size. Consequently, if any of the referred heavy metals
is made to react with a mixture of MPA-CdTe QDs of different sizes,
and emitting at complementary wavelengths, it would yield a distinc-
tive emission spectrum profile that would combine all QDs responses.
If the different emission spectra profiles are processed by multivariate
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Fig. 1. Normalized absorption (A) photoluminescence (B) spectra of the different sized MPA-CdTe- QDs. Photograph of the QDs solutions under ambient light (C) and irradiated with

UV light at 365 nm (D).

Table 2
CdTe-MPA QDs characterization.

Temperature 95°C 105 °C 125 °C

A Absorption (nm) 505 533 615

A Emission (nm) 549 566 634

FWHM 48.56 55.39 80.82

D (nm) 2.48 3.03 3.81

C (mol L™) 5.11 x 107° 1.38 x 107° 8.90 x 1077

chemometrics methods, they could provide both the discrimination of
each individual metal ion and of the whole mixtures of ions.

Mixtures of two MPA-CdTe QDs, with different A.p,, namely 549/
566, 549/634 and 566/634 nm were prepared and tested as fluoro-
metric probes for Hg(IT), Pb(II) and Cu(II) determination. Among the
studied combinations the 549/634 nm arrangement demonstrated to
be the most effective for the evaluated metal ions. In effect, along with
the high sensitivity demonstrated for each of the ions, the emission
spectrum of the 549/634 nm mixture presented two well-defined bands
which allowed improved resolution in the discrimination of the
occurring ions.

The stability of the PL intensity of the 549/634 nm MPA-CdTe QDs
was evaluated every day by approximately forty days. The obtained
results revealed that PL intensity remains constant for approximately 1
month demonstrating the high stability of the 549/634 nm system as
fluorometric probe.

3.3. Interaction between the 549/634 nm MPA-CdTe QDs
fluorometric probe and Hg(II), Pb(II) and Cu(II), individually

The PL response of the 549/634 nm probe was evaluated upon
interaction with Cu (II), Pb (IT) and Hg (IT) at a concentration range of

575

0-0.7, 0-2.0 and 0-1.5 mg L™}, respectively. The emission spectra of
all solutions were recorded from 490 to 740 nm (Aey = 400 nm). The
obtained results depicted in Fig. 3 showed that, although all metals
caused a PL quenching, the reactivity of the probe towards Cu(II),
Pb(II) and Hg(II) ions is very distinctive. In the case of Hg(II)
(Fig. 3C)), a more pronounced PL inhibition was observed at the
549 nm band for concentrations up to 0.6 mg L™, which was also
accompanied by a red-shift of 10 nm (from 549 to 559 nm). For higher
concentrations it was also observed a PL quenching at the 634 nm band
accompanied by a red-shift of 29 nm (from 634 to 663 nm). With this
QDs combination the Hg(II) ions revealed a higher affinity for the
smaller QDs relatively to the bigger ones.

Concerning the interaction with Pb(II) ions (Fig. 3B)), a higher
affinity for the smaller QDs was also verified but this was much less
pronounced than the one noticed with Hg(II). It was as well observed a
red-shift of 5 nm of the 549 nm maximum, for Pb(II) concentration up
to 0.800 mg L. The 634 nm emission band exhibited a red shift of
32 nm (to 666 nm).

These results confirmed that the size of QDs can modulate the
electron transfer efficiency, as described by Zhong et al. [20]. The
highest affinity of the metal ions towards the smaller QDs was
attributed to the fact that the quencher can reach the nanoparticle
core whilst for the larger ones the interaction with the excitons is
restrained at the surface.

Finally, concerning the interaction of the fluorometric probe with
Cu(Il) ions (Fig. 3A)), the PL inhibition observed for both 549 and
634 nm emission bands was similar indicating that the affinity of Cu(II)
in relation to the two different sized QDs was analogous, in contrast to
what was verified with Pb and Hg ions. In addition, no significant shift
of the wavelength of maximum emission was observed in both 549 and
634 nm bands.

As the fluorometric probe consisted in a mixture of two different
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Fig. 2. Normalized photoluminescence (A) spectrum of the nanohybrid 549/634 nm MPA-capped CdTe QDs system. Photograph of the fluorometric probe solutions under ambient

light (B) and irradiated with UV light at 365 nm (C).
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Fig. 3. Photoluminescence emission spectra of 549/634 nm MPA-CdTe QDs fluorometric probe in the presence of A) Cu(II), B) Pb(II) and C) Hg(II) at different concentrations.

sized QDs, the fluorometric response was based on the PL inhibition of
both 549 and 634 nm emission bands. Therefore, the application of the
Stern-Volmer equation to describe the PL quenching at both wave-
lengths was not adequate. For this reason, a chemometric approach
consisting on a PLS-1 algorithm allowing the correlation between the
obtained fluorometric response (X data) and the quencher concentra-
tion (Y data) using the whole emission spectra, was developed and
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assessed for each of the individual metal ions. The obtained results
confirmed that it was possible to establish a linear relationship between
the quencher concentrations and the fluorometric response of the
nanohybrid system, which are depicted in Table 3 and Fig. 4. For Cu(IT)
concentrations up to 0.15 mg L™}, a linear response was obtained with
a R2y and a RMSECV of 0.98 and 0.006 mg L1, respectively. In the
case of Pb(II) and Hg(II) ions, a linear response was observed for
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Table 3
PLS model results for each analyte.
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Table 4
PLS model results for each analyte in the three mixtures containing two analytes.

Cu (II) Pb (ID) Hg (ID) Hg (ID)-Pb (II) Hg (II)-Cu (1I) Pb (I1)-Cu (II)
Range (mg L) 0-0.15 0-1.25 0-1.0 Range (mg L™%) 0.1-0.4 Hg(I1) 0.1-0.4 Hg(ID) 0.05-0.6 Pb(II)
LV 2 2 2 0.05-0.6 Pb(II) 0.01-0.08 Cu(II)  0.01-0.08 Cu(ID)
RMSECV (mg L) 0.006 0.05 0.05 Pre-processing log 10 mnen Hg(II)  mnen for Hg(1T) mnen for Pb(II)
R2y 0.98 0.98 0.97 mnen for Pb(II) mnen for Cu(II) mnen for Cu(Il)

concentrations of up to 1.25 and 1.0 mg L™}, respectively. The obtained
R2cy and a RMSECV values were 0.98 and 0.05 mg L™, for Pb(II) and
0.97 and 0.05 mg L™}, for the Hg(II) ions.

The possibility of detecting and quantifying Cu(II), Pb(II) and
Hg(II) ions in binary and/or ternary mixtures relies in the specific
features of the fluorometric response of each analyte. Additionally, the
obtained results allowed setting the concentration ranges of each of the
analytes for the following assays involving the interaction of the
nanohybrid probe with a mixture of two and three of the ions under
study.

3.4. Interaction between the 549/634 nm MPA-CdTe QDs
Sfluorometric probe and a mixture of two metal ions namely, Hg(II)-
Pb(11), Hg(ID-Cu(II) and Pb(ID)-Cu(II)

Since the previous results showed that different metals ions could
produce distinct patterns on the PL quenching of the nanohybrid
probe, the subsequent assays were aimed at investigating the possibi-
lity of discriminating distinct ions in a binary mixture by using the
fluorometric response in combination with chemometrics methods.
Thus, a mixture experimental design was used to obtain 39 samples for
the calibration set at 6 concentration levels of each ion in a binary
mixture. The concentration ranges used in the experimental design

LV 5 for Hg(II)

4 for Pb(II)

0.08 for Pb(II)

0.06 for Hg(II)

Rgy 0.81 for Pb(II)
0.74 for Hg(II)

2 for Hg(II)
2 for Cu(II)
0.04 for Hg(II)
0.01 for Cu(II)
0.86 for Hg(II)
0.81 for Cu(II)

4 for Pb(II)
4 for Cu(II)
0.06 for Pb(II)
0.01 for Cu(II)
0.89 for Pb(II)
0.76 for Cu(II)

RMSECV (mg L)

(Table 1) were as follows: 0.01-0.08, 0.1-0.4 and 0.05-0.6 mg L™! for
Cu(II), Hg(II) and Pb(II), respectively. As abovementioned, a PLS
model was developed for each metal ion in each binary mixture,
therefore a total of six PLS models were obtained. The obtained results
(Table 4) revealed that it is possible to determine the concentration of
each analyte in a binary mixture, since a good R%y was obtained for
each ion. Moreover, the results pointed out that Pb(II) is the analyte
that better correlates with the fluorometric response, followed by
Hg(II) and Cu(II), respectively.

With the objective of understanding which regions in the fluoro-
metric data (Supplementary material S1) are more important for the
developed PLS models, the square of the regression coefficient vectors
were depicted (Fig. 5). All these figures revealed that most of the
fluorometric data were used in the PLS models. From Fig. 5(A) it can
be seen that the most important regions for modelling the Cu(II) and
Hg(II) concentrations were around 630 and 545 nm, respectively. In
other words, the obtained fluorometric response of the smallest QDs
was more important for the Hg(II) PLS model while the largest
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Fig. 4. Linear regression model by projecting the predicted and the real ion concentrations using the PLS 1 algorithm.
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quantum dot fluorometric response was more important for the Cu(II)
PLS model. This may justify why the Ry is good for both models.
These results are in accordance with those obtained upon the interac-
tion of the nanohybrid system probe with Cu(II) and Hg(II), individu-
ally. As can be seen in Fig. 3(C), Hg(II) ions showed a higher reactivity
for the smaller QDs since a more noticeable PL quenching effect was
observed on the 549 nm emission band for lower Hg(II) concentrations
levels. On the other hand, the reactivity of Cu(II) ion with both sized
QDs were similar (Fig. 3(A)).

Regarding Fig. 5(B), the regions around 520, 565, 600, 640 and
690 nm were the most important for modelling both Cu(II) and Pb(II).
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There are no specific regions for each of these metal ions. The
regression coefficient vectors obtained for the Pb(II) and Hg (II) PLS
models (Fig. 5(C)) revealed that the most important regions were
located around 525, 565, 625, 680 and 515, 555, 630, 725 nm. Thus,
the fluorometric data included in each PLS models were slightly
different.

These assays allowed concluding that the combination of the
multiple responses in a unique multi-QDs analytical signal can be
useful to discriminate distinct analytes in a particular sample composi-
tion which affords enhanced selectivity in chemical analysis.

3.5. Interaction between the 549/634 nm MPA-CdTe QDs
fluorometric probe and a mixture of three metal ions Hg(II)-Pb(II)-
Cu(II)

Having proved the suitability of the developed approach for the
discrimination of two distinct ions in a binary mixture, the following
assays were intended to evaluate if three different ions could be
discriminated and simultaneously determined in a ternary mixture.
Therefore, a mixture experimental design involving a set of 67
calibration samples for 4 concentration levels of Hg(II), Pb(II) and
Cu(II) was used to obtain the regression models. The concentration
ranges were similar to those tested in the mixtures containing two
analytes but using only four different values (Table 1). A total of three
PLS models, one for each metal ion, were obtained. The obtained
results are shown in Table 5. A very good correlation was obtained for
Pb(II) with a R2y of 0.87 and a good correlation for Hg(II) (R%cy 0.73).
In the case of Cu(Il), the PLS model results revealed that this analyte
can be detected in a mixture, however its quantification with accuracy
is not feasible (R%cy of 0.51). An interesting possibility to solve this
problem and guarantee the accurate discrimination of all metals could
contemplate the inclusion on the fluorometric probe of a third QDs,
with a dissimilar size and emitting at an alternative and complemen-
tary wavelength. This way, and assuming that this third QDs would
have its specific reactivity towards the three metal ions, it would be
possible to gather additional information that would facilitate sample
resolution.

The square of the regression coefficient vectors obtained for each
PLS model in this mixture were plotted (Fig. 6) with the objective of
obtaining a better perspective on which wavelengths have a higher
contribution. The wavelengths with the higher contribution for each
PLS model were: 500, 515 and 590 for Cu(II), 510, 540 and 610 for
Hg(II) and 595, 620 and 660 for Pb(II). With the exception of the last
wavelength region used for the Pb(II) PLS model, the other wave-
lengths regions with important contributions for each PLS model are
very similar between them. This may justify why the obtained R2y
values were lower for this three ions mixture than in the two ions
mixtures. This multivariate approach showed some difficulties to
separate the fluorometric response (Supplementary material S2) of
each metal ion in the mixture, namely for Cu(II). However, the
obtained results revealed that it is possible to build predictive models
to estimate the concentrations of Pb(IT) and Hg(II) with an acceptable
accuracy in a ternary mixture.

The interaction of Pb(II) and Hg(II) with the nanohybrid system

Table 5
PLS model results for each analyte in the mixture containing three analytes.

Hg (ID-Pb (ID-Cu (II)

Hg (1) Pb (ID) Cu (II)
Range (mg L) 0.1-0.4 0.05-0.6 0.01-0.08
Pre-processing Log 10 and mncn Mean center Log 10 and mnen
LV 4 6 4
RMSECV 0.06 mg L™* 0.08 mg ™! 0.02mg L*
Ry 0.73 0.87 0.51
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revealed some specificity in the fluorometric response which was not
observed in the interaction with Cu(II) ions. Namely, both Pb(II) and
Hg(I1) showed a higher reactivity with the smaller QDs wherein a more
pronounced PL inhibition was observed in the 549 nm emission band.
Moreover, a marked red shift of the 634 nm emission band was
verified. This specificity in the fluorometric response can justify the
achievement of better PLS models. For example, the regression
coefficient vectors of Pb(II) revealed a higher contribution in the
660 nm region which may be connected with the observed red shift
of the 634 nm emission band. This could justify the better PLS model
results obtained for Pb(II), and consequently its quantification with a
higher accuracy. Concerning Hg(II), some particularities can be high-
lighted as well. The regression coefficient vector of Hg(II) demon-
strated a relevant contribution in the region around 540 nm which can
be ascribed to the higher reactivity of these metal ion to the smaller QD
in the nanohybrid system probe. This specific feature can explain the
good PLS model results obtained for Hg(II). Regarding Cu(II), as there
was no relevant feature observed in the respective emission spectra and
the most important wavelength regions were very similar to those of
the other two metal ions, this could justify why the PLS model results
for Cu(II) were not so good.

4. Conclusion

This work demonstrated that the combination of the multiple
responses of a fluorometric probe comprising two different sized
MPA-CdTe QDs can be useful to pattern-based discrimination of
different metal ions in a given mixture. Indeed, the application of
multivariate calibration methods for the detection and quantification of
distinct metal ions in a binary mixture based on the whole fluorescence
response of a nanohybrid system was successfully achieved. In the case
of the ternary mixtures, Pb(II) and Hg(II) can be detected and
quantified with a good accuracy while Cu(II) ions can only be detected
in the ternary mixture being its quantification unfeasible.

Although the results were extremely encouraging, they were not
fully satisfactory in particular with regard to the accurate quantification
of all three distinct metal ions in ternary mixtures. However, it could be
reasonably anticipated that a combination of three QDs of different size
and reactivity could provide the additional data required to fulfill this
task.

It is important to refer that this study was not intended to replace
any analytical methods already proposed to determine these analytes.
However, the obtained results provide new insights on the potential
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application of QDs as fluorometric probes and on the strategies that
could be implemented to circumvent the problems of selectivity
associated with their use in chemical analysis.

Further studies are needed to better understand the interaction of
more metal ions and other quantum dot systems, if possible using more
complex QDs mixtures.
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