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In this work, a fluorometric approach for the selective determination of calcium by using CdTe
nanocrystals as chemosensors, was developed. The quantum dots interacted not with the metal, but
with a ligand that also bonded the metal. The fluorescence response was modulated by the extension of
the competitive metal-ligand binding, and therefore the amount of free ligand. CdTe quantum dots
(QDs) with different capping layers were evaluated, as the QDs surface chemistry and capping nature
affected recognition, thus the magnitude of the ensuing fluorescence quenching. The developed
procedure was automated by using a multipumping flow system.

Upon optimization, thioglycolic acid (TGA) and EDTA were selected as capping and ligand,
respectively, providing a linear working range for calcium concentrations between 0.80-3.20 mg L~ ',
and a detection limit of 0.66 mgL~!. A quenching mechanism relying on nanocrystal destabilization
upon detachment of surface Cd by the ligand was proposed.

Photoluminescence quenching

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Calcium is one of the most common naturally occurring metal
ion in minerals and natural waters, with a decisive contribute to
water total hardness and potability [1]. Although not posing any
health treat, high calcium contents could engage in reactions that
lead to the formation of insoluble mineral deposits, which could
dramatically reduce the efficiency of heat transfer, with a corre-
sponding increase in the industry operational costs, or act as water
flow obstructions that are only solved upon replacement of the
affected parts. For this reason, routine quality control of calcium in
drinking and industrial waters is required.

Most of the analytical methodologies that have been proposed
for calcium determination rely on potentiometry [2-4], atomic
absorption spectroscopy [5], ion chromatography [6,7] and high-
performance liquid chromatography [8]. These methods exhibited
strengths, such as good precision and high sensitivity, but also
some weaknesses as they require expensive equipment, skilled
operators and laborious or specific sample pre-treatments. A few
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colorimetric methods involving the formation of colored calcium
complexes using metallochromic reagents, such as, 4-(2-pyridy-
lazo)resorcinol [9], glyoxal bis(2-hydroxyanil) [10], 3,3’-bis[N,N-bis
(carboximethyl)aminomethyl)]-o-cresolphthalein [11], arsenazo
(11 [12], methylthymol blue [13] and alizarin red sulphonate
(ARS) [14], have also been reported. Nevertheless, most of these
chromogenic reagents present some shortcomings with respect to
selectivity, sensitivity and reaction pH.

Notwithstanding the numerous methodologies already devel-
oped for calcium determination in waters, a significant number of
routine laboratories resorts to complexometric methods employ-
ing EDTA as complexant and murexide or Eriochrome Black T
as indicator [1]. Although providing cost-effective results, com-
plexometric determinations are time-consuming and subject to
operational errors due to the difficulties associated to end-point
detection.

Fluorometric methods can be used as suitable alternatives for
the detection of metal ions because of their attractive advantages,
such as, high sensitivity, selectivity and simplicity. In general, a
fluorescent chemosensor for metal species interacts directly the
metal ion in solution signalling the recognition event by a change
in the fluorescence properties such as the emission wavelength or
intensity. Herein, the chemosensor interacts not with the metal,
but with a ligand that also binds the metal. The fluorescence
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response is modulated by the extension of the competitive metal-
ligand binding, and therefore the amount of free ligand.

Concerning the development of new fluorometric chemosen-
sors, quantum dots (QDs) have acquired in recent years a note-
worthy relevance as valuable alternatives to the traditional organic
fluorophores. QDs are colloidal semiconductor nanocrystals with
remarkable optical and chemical properties that include broad
absorption profiles, size-tunable narrow photoluminescence, high
quantum yields and long-term photostability [15], etc. QDs analy-
tical potential is undoubtedly related with their photolumines-
cence (PL) and reactivity, which could be exploited through the
manipulation of their surface chemistry by controlling the nano-
crystal size, morphology and surface capping ligands [16]. The
selection of a suitable capping is of primordial importance because
it determines not only the adequate solubility of quantum dots in
the dispersion media but also dictates the selectivity and the
sensitivity of the nanoparticles for a target analyte [17]. Effectively,
depending on the analyte-targeting strategy some characteristics
such as capping reactivity, capping thickness and surface charges
should be taking into consideration.

A few works have evaluated the interaction of quantum dots
surface with different chelating agents, such as, phenanthroline
(Phen) [18,19], ammonium pyrrolidine dithiocarbamate (APDC)
[20] and ethylenediaminetetraacetic acid (EDTA) [21,22], which
generally induced inhibition of the nanocrystals photolumines-
cence. In these works QDs PL quenching was ascribed to a
photoinduced hole transfer (PHT) process from QDs to Phen
[18,19] and to a ligand-depletion process in which APDC and EDTA
were used as chemical etching reagents [20-22].

Herein, and for the first time, a thorough study of the surface
interactions between EDTA and CdTe nanocrystals capped with five
different thiol-ligands, namely, thioglycolic acid (TGA), 3-merca-
ptopropionic acid (MPA), glutathione (GSH), cysteine (CYS) and
2-mercaptoethanesulfonate (MES) was carried out. In simultaneous,
a chemosensor based on the EDTA-induced fluorescent quenching of
QDs was developed for calcium determination in drinking waters.
The proposed analytical methodology relied on the preventing effect
of Ca®* on the PL quenching of QDs induced by EDTA, and was
automated by exploiting the resourceful operational characteristics
of multipumping flow systems (MPFS) [23]. Reproducible and
individual control of each reagent solution in combination with
the fluid dynamics of the pulsed streams generated by each micro-
pump actuation promoted a fast and efficient mixture of sample and
reagents, and consequently an adequate reaction development with
stable readouts even without reaching equilibrium conditions. This
feature allows circumventing the main drawback of the commonly
used batch procedures, which, by demanding the attainment of
long-lasting chemical equilibrium conditions for the obtaining of
stable photoluminescence readouts are frequently affected by nano-
particles solution stability problems [15] that totally impair detec-
tion and measurements.

2. Experimental
2.1. Apparatus

In the flow manifold designed for this work, four 120SP solenoid
micro-pumps (Bio-Chem Valve Inc. Boonton, NJ, USA) delivering
10 uL per stroke were used as the only active devices for the
insertion and propulsion of the solutions. These solenoid devices
were controlled through a homemade power drive based on the
ULN2003 chip linked to the microcomputer parallel port. To this
end, the software was developed in Microsoft Visual Basic 6.0%.

The different components of the flow system were connected
with 0.8 mm i.d. polytetrafluoroethylene PTFE tubing (Omnifit,

Cambridge, UK), lab-made end-fittings, connectors and acrylic
confluence points.

The detector was a spectrofluorometer, Jasco (Easton, MD,
USA), model FP-2020/2025, equipped with a flow cell with an
internal volume of 16 uL. The analytical signals were recorded on a
strip chart recorder, model Linseis L 250E (Robbinsville, NJ, USA).

The nanoparticles were characterized through a UV-vis Jasco
V-660 spectrophotometer (Easton, MD, USA) and a LS-50B Perkin
Elmer spectrofluorometer (Waltham, MA, USA) for obtaining the
QDs absorption and emission spectra, respectively.

For the separation of the precipitated nanocrystals, a Thermo-
Electron Jouan BR4I refrigerated centrifuge (Waltham MA, USA)
was used.

X-ray powder diffraction (XRD) studies of the synthesized
nanocrystals were performed using a Philips X'Pert X-ray MPD
diffractometer (Cu Ko radiation). A scan rate of 40.0 s for step at
step intervals of 0.04° was used for XRD data collection.

2.2. Samples, standards and reagents

All solutions used in this work were prepared using water
purified from a Milli-Q system (conductivity <0.1pScm™!).
Chemicals were all of analytical reagent grade without any treat-
ment process or further purification.

Several QDs and EDTA solutions were tested in different pH
media by using KH,PO4/NaOH (pH=7), H3BO3/KCl/NaOH (pH=9)
and Na,HPO4/NaOH (pH=11 and 12) buffers, which were prepared
according to Perrin et al. [24]. Sodium hydroxide ( > 98%), potas-
sium chloride (>99.0%), boric acid (>99.5%), potassium phos-
phate monobasic (>99.0%) and sodium phosphate dibasic
anhydrous (>99.0%) were all purchased from Sigma-Aldrich
(St. Louis, MO, USA).

For Ca®>* determination assays, a stock solution containing
1.00 umol L~ of TGA-capped CdTe QDs was prepared by dissol-
ving 4.00 mg of the synthesized and purified nanoparticle, with a
size of 2.32 nm, in 25 mL of boric acid/KCl/NaOH buffer pH=9.
Then, a solution of 0.025 pmol L' of TGA-CdTe QDs were daily
prepared by proper dilution of the above stock solution into a
25.00 mL volumetric flask and the volume was completed to the
mark with boric acid/KCI/NaOH buffer pH=9.

A ethylenediaminetetraacetic acid stock solution of 1.0 x
10~>mol L~! was prepared by dissolving 18.61 mg of EDTA
(Sigma-Aldrich, St. Louis, MO, USA) in 50 mL of boric acid/KCl/
NaOH buffer pH=9. For the assays, a EDTA solution with a
concentration of 4.0 x 107> mol L~! was daily prepared by appro-
priate dilution of the stock solution in 100 mL volumetric flask
with boric acid/KCl/NaOH buffer solution at pH=09.

A 400 mg L' calcium stock solution was prepared by dissol-
ving 73.5 mg of CaCl, - 2H,0 (Sigma-Aldrich, > 98%, St. Louis, MO,
USA) in 50 mL of boric acid/KCI/NaOH buffer solution at pH=9.

The working calcium standard solutions (0.80-3.20 mg L~ 1)
were daily prepared by appropriate dilution of the CaCl,-2H,0
stock solution by transferring aliquots (50-200 pL) into a series of
25 mL volumetric flasks and the volume was made up to the mark
with boric acid/KCl/NaOH buffer solution at pH=9.

Six mineral water samples commercially available in Spain, were
analyzed according to the proposed method without any pre-
treatment. All samples were prepared by diluting with boric acid/
KCI/NaOH buffer solution at pH=9, in 25 mL volumetric flasks, an
appropriate volume of the mineral water aiming to obtain a calcium
content within the working range of the analytical procedure.

2.3. Reagents and synthesis of CdTe quantum dots

For the synthesis of the CdTe quantum dots, cadmium chloride
hemi(pentahydrate) (CdCl, - 2.5H,0, 99%), sodium telluride (100 mesh,
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99%), tellurium powder (200 mesh, 99.8%), sodium borohydride
(NaBHg4, 99%), r-glutathione reduced (>98%), L-cysteine (>97%),
sodium 2-mercaptoethanesulfonate (>98.0%) and thioglycolic acid
(>98%) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Trisodium citrate dehydrate and 3-mercaptopropionic acid (99%) were
obtained from Fluka (St. Louis MO, USA). Absolute ethanol (99.5%) was
purchased by Panreac (Barcelona, Spain).

CdTe nanocrystals were synthesized using L-glutathione reduced
(GSH), 3-mercaptopropionic acid (MPA), L-cysteine (CYS), sodium
2-mercaptoethanesulfonate (MES) and thioglycolic acid (TGA) as
stabilizing agents in aqueous solution. GSH-capped CdTe QDs were
prepared in a one-step route by modified Qian’s procedure [25].
Briefly, CdCl,, Na,TeOs and GSH (Cd:Te:GSH molar ratio 1:0.2:1.2)
were added into a single reaction pot with NaBH,, trisodium citrate
and water. The solution pH was adjusted to 10.5 by the addition of
1.0mol L~' NaOH and the resulting solution was heated with
vigorous stirring at 100 °C under reflux for QDs growth. MPA [26],
CYS, TGA [27] and MES-capped QDs [unpublished results] were
synthesized by using CdCl, and NaHTe as precursors. Briefly, the first
stage consists on the reduction of tellurium with NaBH,; in N,
saturated water to produce NaHTe [28]. For MPA-coated QDs, after
all tellurium has been completely consumed the resulting solution
was transferred to another flask containing 4.0 x 10~ mol of CdCl,
and 6.8 x 103 mol of MPA in 100 mL N, saturated solution. The pH
of the solution was adjusted to 11.5 by the addition of 1.0 mol L~'
NaOH solution. The molar ratio of Cd:Te:MPA was fixed at 1:0.1:1.7.
The size of CdTe QDs was tuned by changing the refluxing time. CYS,
TGA and MES-coated QDs were synthesized by using the same
procedure, at pH 10.5, 11.0 and 11.7, respectively and Cd:Te:CYS/TGA/
MES molar ratios of 1:0.1:4.6 for TGA and 1:0.05:2.4 for CYS and
MES-capped nanocrystals.

To purify the prepared QDs crude solutions were precipitated
in absolute ethanol [29] to remove the excess of reactants and the
precipitates was subsequently separated by centrifugation,
vacuum dried, kept in amber flasks and protected from light, for
posterior use. QDs solutions were daily prepared by dissolving a
certain amount of the dried nanocrystals in ultrapure water or
different buffers solutions at the desired concentration for the
surface conjugation.

2.4. MPFS manifold and analytical procedure

Concerning the reaction scheme involved in the fluorometric
determination of calcium, the flow manifold was configured (Fig. 1)
to allow the merging of the sample (Ca?>*) and the EDTA streams
creating a first reaction zone. Subsequently, the developing reaction
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Fig. 1. Flow diagram for the determination of calcium. EDTA, ethylenediaminete-
traacetic acid prepared in boric acid/KCI/NaOH buffer solution at pH=9; S, sample
solution prepared in boric acid/KCl/NaOH buffer pH=9; QDs, TGA-capped CdTe
quantum dots prepared in boric acid/KCI/NaOH buffer solution at pH=9; C, carrier
solution, boric acid/KCI/NaOH buffer solution at pH=9; W, waste; P;-P4, solenoid
micro-pumps (internal volume 10 puL); X;-X,, confluence points; RC;, 50-cm
reactor; RC,;, 100-cm reactor; D, fluorometer detector (lex=400nm and
Jdem=>534 nm).

mixture was merged with QDs stream creating a second reaction
zone. This way, only the excess of free EDTA will react with QDs
avoiding the possible interference of Ca?* in the photolumines-
cence properties of the nanoparticles.

Before the beginning of each analytical cycle, all flow tubing
were filled with the corresponding solution by actuating the
respective micro-pump. The first stage of the analytical procedure
involved the insertion of sample and EDTA solutions by exploiting
the merging zones approach, through the simultaneous actuation
of micro-pumps P; and P,. The number of P; and P, pulses was
enough to guarantee that the first reaction zone completely filled
the 50-cm reactor coil (RC;) positioned between the confluence
points X; and X,. Afterward, the micro-pump P4 was activated and
the carrier solution (boric acid/KCI/NaOH buffer solution at pH=9)
was inserted into the flow system at confluence point X,, propel-
ling the exceeding volumes of the first reaction zone to waste. At
the same time baseline was established.

The second stage of the analytical procedure consisted in the
sampling stage wherein a pre-set number of 10 pL aliquots of QDs
solution were intercalated with plugs of the first reaction zone
(pre-mixed sample/EDTA solution). More specifically, through the
alternated activation of the micro-pumps P;, Ps and P, in this
order, one pulse of QDs solution was inserted between two pulses
of the first reaction zone, which was repeated for a pre-selected
number of times defining thus the volumes of reagents and
sample solutions inserted in the flow system. Then, the micro-
pumps Py, P, and P; were switched off and by only the repeated
actuation of P4, the second reaction zone was transported towards
detection for monitoring of the fluorescence emission at 534 nm
(Aex=400 nm). In the analytical procedure all micro-pumps were
activated at a fixed pulse time of 0.2’ s (which is equivalent to
0.350 s, sum of pump on/pump off time intervals) corresponding
to a pulse frequency of 171 min~', establishing a flow rate of

1.71 mL min— .

2.5. Characterization of quantum dots

The optical properties of the synthesized CdTe QDs capped
with different organic ligands were evaluated and characterized
through the UV-vis absorption and photoluminescence spectra
showed in Fig. 2. The absorbance spectra showed that the different
QDs have wide absorption bands with well resolved absorption
maxima for the first excitonic transition wherein the correspond-
ing wavelengths values ranging from 496 to 510 nm (results are
summarized in Table 1). Therefore, by using the obtained wave-
lengths of maximum absorption corresponding to the first transi-
tion (A1), the particle sizes of the QDs (D) were determined
according to the empirical formula (Eq. (1)) proposed by Yu
et al. [30].

D= (9.8127 x 10-7),13_ (1.7147 x 10—3)12+(1.0064),1—(194.34)
(D

The diameters values of the different synthesized nanocrystals
are presented in Table 1 ranging from 2.23 to 2.60 nm. It was also
observed that the different nanocrystals exhibited narrow and
symmetric emission spectra with maximum emission wavelengths
comprised between 534 and 546 nm (Table 1). In order to evaluate
size dispersion the full width at half maximum (FWHM) values of
the QDs emission bands were determined. The obtained values,
presented in Table 1, showed that all prepared QDs are homo-
geneous and nearly monodisperse.

X-ray powder diffraction was also used to obtain information
about the crystal structure and to confirm the size of the QDs. Fig. 3
represents the X-ray diffraction pattern obtained for TGA-capped
CdTe QDs, which showed the characteristic broad peaks of the zinc
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Fig. 2. (I) Normalized absorbance and (II) photoluminescence spectra of the synthesized CdTe QDs capped with different organic ligands: (A) cysteine; (B) glutathione;

(C) mercaptopropionic acid; (D) thioglycolic acid; (E) mercaptoethanesulfonic acid.

blend crystalline structure that are attributed to the (11 1), (2 2 0),
and (31 1) planes. Nanocrystals size was also confirmed by XRD,
according to Scherrer equation (Eq. (2)):

kA
D= [ cos O @
wherein A is the wavelength of the X-ray source (1.5405 A), k is an
empirical constant equivalent to 0.9, f# is the full width at half
maximum of the diffraction peak, and @ is the angular position. The

sizes of all synthesized nanoparticles analysed by XRD were in
accordance with those estimated by using Eq. (1).

The molar concentration of the different nanocrystals needed
to be calculated in order to standardize the preparation of the QDs
solutions. This was accomplished through the estimation of the
molar absorptivity values (&) by using the formula (Eq. (3)) of Yu
et al. [30], which takes into consideration the UV-vis spectra of the
QDs, and by using the Lambert-Beer law:

£=3450AE(D)** 3)
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Table 1

First excitonic transition (4;st exci) and emission (4em) wavelengths, full width at half
maximum (FWHM) and diameter of the synthesized CdTe QDs capped with
different organic ligands.

QD capping  list exci (NM)  Jem (nm)  FWHM (nm)  Diameter (nm)
CYS 510 539 45.6 2.60
GSH 509 539 40.3 2.57
MPA 505 546 432 2.48
TGA 499 534 42.6 2.32
MES 496 542 495 2.23

=

=3

o

2

w

c

2

£

15 25 35 45 55
20 (°)

Fig. 3. p-XRD of 2.32 nm TGA capped CdTe QDs.

AE is the transition energy corresponding to the first absorption
peak and the unit is eV.

3. Results and discussion

Quantum dots are extremely reactive nanomaterials. Never-
theless, this reactivity is to some extent susceptible of control by
combining the optimum selection of the capping ligand and the
nanocrystals size. The outer stabilizing capping layer surrounding
the nanocrystals influences their reactivity and the stability in the
solution. The use of different terminal groups of the capping
ligands pointing to the outside environment provides the neces-
sary chemical accessibility for the QDs to interact with target
analytes, thus determining the selectivity and sensitivity of the
reaction [15,31].

This way, taking into consideration the main goal of the
developed work, some assays involving the study of the influence
of different QDs capping materials were conducted. These assays
were carried out by resorting to an automatic flow methodology
that allowed to achieve, for all measurements, a good compromise
between the QDs stability (dependent on the capping) and the
target-analyte interaction process (affecting the photoluminescent
properties of the nanoparticle). Considering that the QDs surface
interactions with the analyte not only change the photolumines-
cence response but also the QDs solution stability, and since this
latter issue is imperative to attain stable analytical readouts,
continuous flow methodologies are attractive analytical tools for
carrying out the assays. In effect, automatic flow methodologies
have the advantage of allowing a reproducible solutions insertion
and timed reaction development without the need for reaching
chemical equilibrium conditions. Moreover, the methodology
based on a multipumping approach enabled the individual control
of each of the involved solutions facilitating not only the mixing of
reagents and the establishment of the reaction zone but also the
optimization of all the chemical and physical conditions.

3.1. Preliminary assays

The fluorescence properties of CdTe QDs capped with different
ligands (MPA, TGA, GSH, CYS and MES) were evaluated upon
interaction with EDTA, at different pH values. The media pH had a
strong influence in both the quantum dots stability and in the
extent of the reaction with EDTA. With the purpose of conducting
the preliminary assays in a reproducible way a flow-based system
relying on the multipumping concept was implemented, which
was able to monitor the fluorescence quenching effect (AF (%))
resulting from the interaction between EDTA, at several concen-
trations (up to 1.0x 10~>mol L~ '), and QDs with 5 different
capping ligands. In simultaneous, different pH values (7.0, 9.0,
11.0 and 12.0), were also evaluated.

This MPFS manifold comprised three solenoid actuated micro-
pumps, with a stroke volume of 10 pL, a 50 cm reactor coil and a
fluorescence detector. Two of the micro-pumps were responsible
for the insertion of QDs and EDTA solutions, respectively, while the
third one was used to propel the carrier solution (a buffer solution
at each of the pH value tested). To assure that the reaction
between QDs and EDTA was completed at the time of measure-
ment of the fluorescence signal the flowing stream was halted for
a stopped-flow period of 90 s prior to detection. This time value
was selected upon an assay aimed at the study of the influence of
increased halting periods (with 15 s increment) on the analytical
signal. Despite the fact that the exploitation of an automatic flow
system for analytical purposes do not imposes the completeness of
the chemical reactions, in this preliminary assays it was important
to assure that all possible interactions of EDTA with the MPA, TGA,
GSH, CYS and MES-QDs occurred and not to be focused exclusively
in the reaction kinetics.

In the global assay five solutions of CdTe-QDs with a concen-
tration fixed at 0.1 pmol L~ were used, each one corresponding to
a different capping: MPA-CdTe QDs (@ =2.48 nm), TGA-CdTe QDs
(»=2.32nm), GSH-CdTe QDs (@=2.57nm), CYS-CdTe QDs
(=2.60 nm) and MES-CdTe QDs (@¢=2.23 nm). The listed cap-
ping ligands, used in the QDs synthesis (Table 2), were selected
according to the structure of the respective molecules, which took
into account the functional groups that were present and the
length of the hydrocarbon chain. Among the structural differences
that are visible in the used capping ligands one can briefly
mention that upon binding to the semiconductor core (through
the thiol group) MPA and TGA remained with only one free
functional group, in this case a carboxylic acid group, whilst CYS
and GSH, showed both carboxylic and amine groups. MES mole-
cule displayed a sulfonic acid functional group. The length of the
hydrocarbon chain also varies appreciably, as can be observed
in Table 2.

The preliminary studies were performed aiming at the highest
photoluminescence quenching of the QDs, considered in terms of
the percentage variation (AF (%)) of the analytical signal between
the blank reading (QDs native fluorescence) and QDs fluorescence
after reaction with EDTA. The results, compiled in Fig. 4 and
(Table S1 Supplementary material), revealed that QDs capped with
MPA and MES required higher concentrations of EDTA to attain
high AF (%). This indicates that the sensitivity provided by these
quantum dots would be relatively low, considering the high
amounts of analyte that would be necessary for detection. For
QDs capped with GSH it was observed that when using pH=9.0,
11.0 and 12.0, the AF (%) was never superior to 85%, even with
high EDTA concentrations. However, for pH=7.0 a AF (%) of
approximately 100% was obtained for a concentration of EDTA of
1.0 x 10~*mol L~ . More revealing were the results obtained for
QDs capped with CYS and TGA, which provided the highest AF (%)
values (about 100%), even when using low EDTA concentrations.
This could be an indication that, in the assayed conditions, these
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Table 2
Molecular structures of the capping ligands cysteine (CYS), glutathione (GSH), mercaptopropionic acid (MPA), thioglycolic acid (TGA) and mercaptoethanesulfonic
acid (MES).

Name Molecular structure Functional group*

Mercaptopropionic acid (MPA)

HS OH

3

Thioglycolic acid (TGA)

Glutathione (GSH)

Cysteine (CYS)

Mercaptoethanesulfonic acid (MES)

A

Carboxylic acid (-COOH)

Carboxylic acid (-COOH)

Carboxylic acid (-COOH) Primary amine (-NH,)

OH

NH,
Carboxylic acid (-COOH) Primary amine (-NH;)

Sulfonic acid (-SO,0H)

2 Available functional groups, upon binding of the ligand thiol group to the surface of QDs.

capping ligands allowed to obtaining more reactive QDs. More
specifically, the highest analytical signal was obtained when using
a pH=7.0, CYS-CdTe QDs and a solution of EDTA with a concen-
tration of 5.0 x 107> mol L~ . Also, for the TGA ligand, at pH=9.0
and 11.0, and a concentration of EDTA of 7.5x 107> and
6.0 x 107> mol L~ ! respectively, the AF (%) was superior to 97%.

It should be emphasized that at pH=7.0 all of the assayed
nanomaterials exhibited a poor solution stability that was clearly
perceptible through the formation of a precipitate in the QDs
solutions. This phenomenon was independent of the capping
ligand being more accentuated and occurring faster for GSH and
CYS. This could mean that, for some of the assays, the high AF (%)
values obtained did not result from EDTA interaction with the QDs
but were instead a consequence of a photoluminescence decrease
due to QDs precipitation. In order to check if the precipitation was
related with the chemical composition of the buffer solution, a
TRIS buffer solution at pH=7.0 was used to repeat the interaction
assays between CYS-CdTe QDs and EDTA. The formation of a
precipitate confirmed that both these were independent of the
buffer being used and the impracticality of using a pH equal or
lower than 7.0. A possible explanation is that at a pH lower than
7.0 occurs the protonation of the thiol groups of the capping
ligands that consequently dissociate from the surface of the
nanocrystals that become unstable and precipitate.

In line with the results obtained in the preliminary assays, the
developed approach showed a noteworthy analytical potential for
the determination of metallic species that could compete with the
QDs for EDTA, thus preventing the QDs fluorescence quenching
effect of the later.

Consequently, the succeeding assays were aimed at the opti-
mization of the analytical system performance, seeking the high-
est sensitivity, for application in the determination of metallic ions
in drinking water samples. Due to its relevance and predominance,
and since it constitutes a very important characterization para-
meter of water in any laboratory analysis report, calcium was
selected as model cation. Moreover, to our knowledge, this is the

first work dealing with the utilization of quantum dots for the
determination of calcium. The assays were based on the reaction
between TGA-CdTe QDs and EDTA, at pH=9.0 and 11.0.

3.2. Optimization of the MPFS

The proposed methodology was developed aiming at the
monitoring of calcium ion in water samples with very low levels
of contaminant ions. To assure enhanced versatility in terms of
sample handling and processing, the methodology was automated
by taking advantage of the pulsed multipumping flow system used
in the preliminary assays, which was easily reconfigured by adding
a supplementary micro-pump accountable for sample insertion
(Fig. 1). Since the reaction medium had a strong influence on
quantum dots reactivity with EDTA, the chemical and physical
reaction parameters were fine-tuned using the reconfigured flow
system. Nevertheless, the determination of calcium could not be
accomplished by the present methodology at pH=11.0 because
calcium ions precipitate in the presence of phosphate ions of the
buffer solution, making the method unfeasible.

3.2.1. Optimization of the chemical parameters

Taking into consideration preliminary results, the quenching of
QDs fluorescence was highly influenced by the concentration of EDTA,
which was itself, as expected, dependent on the QDs concentration.
This way, the optimization of the chemical conditions at pH 9.0 was
carried out by using a fixed nanoparticles concentration and by
evaluating the measurable quenching effect of increasing concentra-
tions of EDTA, up to 175x 10" °>molL~'. This procedure was
repeated for distinct concentrations of TGA-CdTe QDs: 0.025, 0.05,
01 and 025pumolL~'. Maximum relative quenching (AF (%))
was obtained when using EDTA solutions with concentrations of
40x107°molL~!, 60x107°molL™!, 1.0x 10 *molL~! and
1.75 x 10~*mol L™}, for QDs solutions with concentrations of 0.025,
0.05, 0.1 and 0.25 umol L~ !, respectively.
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Fig. 4. Evaluation of the fluorescence quenching effect upon the interaction of EDTA, at different concentrations levels, to the synthesized QDs capped with different organic
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Aiming at attaining high sensitivity and low detection limit the
best combination of QDs and EDTA concentrations was selected by
assaying increasing calcium concentrations of up to 4.0 mgL~!
and by plotting the respective calibration curves. 4.0 mgL~! was
chosen as the upper limit for the calcium concentration in order to
ensure that the proposed methodology would allow obtaining a
wide working concentrations range. Evaluation of the obtained
results demonstrated that the calibration curve with the highest
slope, thus guaranteeing higher sensitivity, was obtained when
using a TGA-CdTe QDs concentration of 0.025 umol L~! and an
EDTA concentration of 4.0 x 107> mol L~'. Furthermore, slope
values rapidly diminished for increasing QDs concentrations,
tending subsequently for stabilization. This could be explained
by an excess of nanocrystals, which, although affected by the
quencher presence, exhibited a surplus of nanoparticles that
guaranteed a fluorescence intensity that is only limited by inner
filter effects (for too high concentrations). At low QDs concentra-
tions, any slight variation in the quencher’s concentration imme-
diately results in a marked variation in the fluorescence response.

3.2.2. Optimization of the physical parameters

Since EDTA is mixed with the sample before reacting with the
QDs solution, the extent of this reaction is clearly influenced by EDTA
concentration, which is dependent of the dispersion undergone by
the initial sample zone. The latter is determined by the operational
flow parameters, namely the assayed volumes of QDs, EDTA and

) MPA; ( ‘ ) MES, at different pH values: (A) pH 7; (B) pH 9; (C) pH 11; (D) pH 12.

sample solutions, reactor length and reaction time. The optimization
of these parameters was carried out with the aim of attaining a
compromise between reaction development and sample dispersion,
maximizing the sensitivity of the developed method.

The influence of both the volumes of QDs solution and reactor
length was simultaneously conducted. For each of the reactor’s
length studied, specifically 40, 50, 75 and 100 cm, the QDs
volumes were varied between 30 and 90 pL, which corresponded
to the insertion of a number of pulses between 3 and 9 (the stroke
volume of each micro-pump was 10 uL). As it happened pre-
viously, the analytical signals were appraised through the slope of
the calibration curves (sensitivity) obtained with Ca%* solutions of
up to 4.0mg L~ 1.

The results (Fig. 5) showed that the sensitivity of the metho-
dology was enhanced with larger reactors, as the highest analy-
tical signal was obtained with a 100-cm reactor, and with
increasing volumes of sample, EDTA and QDs solutions. However,
since for the 100-cm reactor the analytical signal approached
stabilization at 7 pulses, or 70 pL, of each solution, these were the
conditions that were selected for the subsequent assays.

The reaction time played a major role in terms of analytical
signal magnitude, as it was already confirmed in the preliminary
results. Since the residence time of the reaction zone within the
analytical system prior to detection is determined by flow rate and
reactor length it is possible to control the reaction time by
adjustment of these parameters. Another possibility is to use a
stopped flow strategy to increase residence time without affecting
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Fig. 5. Influence of the reactor’s length and reagents and sample volumes (number
of pulses of the corresponding micro-pump) on the sensitivity of the methodology.
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sample dispersion. In this work the flow rate was fixed at
1.71 mL min~!, which corresponded to the maximum working
frequency of the micro-pumps (pulse time of 200 ms). In a MPFS
the use of high flow rates combined with a pulsed flow results in
an improved mixing of the solutions inside the flow tubing. Since
the length of the reactor RC, (Fig. 1) was already optimized and
fixed at 100 cm, the influence of the time of reaction was studied
by exploiting a stopped flow approach [32]. This was achieved by
stopping the flowing stream, therefore the sample zone (after the
mixing of sample, EDTA and QDs solutions), in reactor RC, (Fig. 1)
for 0, 30, 60, 90 and 120 s. The influence on the analytical signal
was assessed by establishing calibration curves for Ca?* concen-
trations of up to 4.0 mg L~

The obtained results revealed that the sensitivity diminished
with increasing stopped flow intervals. These results are in
accordance with those observed in previous optimizations, namely
the one concerning the reactor’s length, confirming that a stopped
flow approach did not favor reaction development. It could
anticipated that during the stopped flow interval the QDs depas-
sivation process induced by EDTA led to a significant decrease in
the nanocrystals stability that results in a pronounced fluores-
cence decrease.

3.3. Analytical features and application

By using the optimized physical and chemical conditions the
developed methodology was evaluated in terms of the linear
working range, limit of detection, determination rate, precision
and accuracy. Additionally, the influence of some possible inter-
fering species was tested before application to drinking waters.

3.3.1. Figures of merit

The study of the linear concentrations range was carried out
through the evaluation of the increase in the fluorescence signal
versus blank signal (established from the simple interaction
between QDs and EDTA) observed with increasing concentrations
of calcium ions of up to 8.0 mg L~ . A linear relationship between
the fluorescence signal and the logarithmic of Ca?* concentration
was verified for concentration values ranging from 0.80 to
3.20 mg L~ . The typical analytical curve was represented by the
equation (Eq. (4)):

F=43(+2) x log C+9.9(+0.5) (4)

in which F was the difference in fluorescence signal between
sample and blank and C was the Ca?* concentration, with a
correlation coefficient of 0.9969 (n=7). The detection limit

calculated from the equation of the calibration curve [33] was
about 0.66 mg L~ !. The developed methodology allowed a deter-
mination rate of about 62h~! and the analysis of about 20
samples per hour, considering the time required for the sample
replacement and preparation of the automatic system.

3.3.2. Application to drinking waters

In order to apply the developed methodology to the determi-
nation of calcium ions in natural mineral waters, the influence of
some cations that are usually present in the sample, namely
magnesium, sodium and potassium, was assessed. Different sam-
ple solutions containing a fixed amount of Ca?* (2.0 mgL~') and
different quantities of the possible interferents under evaluation
were analyzed by the developed methodology. A cation was
considered as non-interfering if the analytical signal variation
was inferior to 5% when compared to the analytical signal
obtained in its absence. The results revealed that sodium and
potassium did not interfere up to a 100-fold mass ratio regarding
calcium concentration. Mg?* can interfere if present at a mass
concentration higher than 4-fold the Ca%*. Since the amount of
Mg?* present in water samples did not exceed 4 fold the Ca?*
concentration, it was not considered interfering specie. On the
other hand, heavy metals could be considered potential interfer-
ents. However, the regulatory legislation established strict limits in
terms of drinking water quality forbidding the occurrence of these
species. Therefore, the study of these cations in the referred
samples was considered dispensable.

Aiming at the validation of the proposed methodology, six
samples consisting of mineral drinking waters and obtained in the
Spanish commercial market, were analyzed by the QDs-based
automatic methodology and the obtained results were compared
with those provided by a widely recognized reference procedure
[1], recommended by the Standard Methods Committee which is
usually employed in routine analysis. This procedure involved a
titration of calcium with EDTA using eriochrome blue black R as
indicator under alkaline conditions.

Results obtained by both procedures are compiled in Table 3 and
showed a good agreement, with relative deviations between —4.13
and 3.20%. A statistical analysis was also used for comparing the
results in terms of precision and accuracy and was performed by
application of a variance ratio F-test and a paired Student’s t-test
[33], respectively. The paired Student’s t-test confirmed that there
were no statistical differences between both methods, since the
calculated value of t (0.45) was lower than the critical tabulated
value (t=2.57) taking into account 2 degrees of freedom, for a
confidence level of 95% (n=6). In relation to the evaluation of the
precision through the application of the variance ratio F-test, it was

Table 3

Comparison of the analytical results obtained in the determination of calcium in
commercial mineral waters samples by the proposed flow methodology and the
reference method.

Sample Declared Amount Amount found (mgL~') R.D %"
(mgL™")
MPFS Reference
methodology’ method
Perrier™ 160 158 +3 162 +2 —2.67
Veri® 713 72+2 72.8+0.8 —-0.78
Aquabona” 90.4 91+3 88.9+0.9 218
Solares™ 75.2 73+2 75.7+0.8 —-4.13
Fontvella® 86.1 87+2 87+2 0.13
Fontecabras® 90.1 92 +3 89+1 3.20

2 Mean + t0.05 (Student’s ¢ test) x (S/v/n).
b Relative deviation of the developed method regarding the reference proce-
dure.
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observed that there were no significant differences between the
results obtained by both procedures (Fcaculated=1.09, Fiabulated=
5.05), for a confidence level of 95%. Thus, the null hypothesis was
verified and there was no significant difference between the
proposed and the reference methodologies with respect to accuracy
and precision, for a confidence level of 95%.

Finally, the evaluation of the intramethod precision through the
repeated analysis of sample solutions (three consecutive determi-
nations for each sample), revealed a good repeatability, taking into
account the calculated concentration ranges for a confidence level
of 95% (Table 3).

3.4. Quenching mechanism of TGA-CdTe QDs upon interaction
with EDTA

Aiming at better understanding what occurs on the interaction
between the TGA capped CdTe QDs and EDTA, some batch assays
involving steady state fluorescence and UV-vis absorbance spectro-
scopy measurements were performed. These batch assays involved
the preparation of several solutions containing 0.1 pmolL~" of
TGA-QDs and increasing concentrations of EDTA, ranging from
0.0 to 50x 10> mol L~". The fluorescence emission and absor-
bance spectra of the different solutions were monitored between
420 nm and 670 nm.

The results showed (Fig. 6(B)), as expected, that the fluores-
cence intensity of CdTe QDs was significantly quenched by the
addition of increasing concentration of EDTA. Additionally, both
absorption and fluorescence emission spectra revealed no shift of
the wavelengths of maximum absorbance and emission (Fig. 6
(A) and (B)).

The fluorescence quenching intensity data were also analysed
by the Stern-Volmer equation in order to identify if the photo-
luminescence of QDs was quenched by EDTA through dynamic or
static process. The characteristic feature of the Stern-Volmer plot
obtained in this study was an upward curvature, concave towards
the y-axis. This modified form of the Stern-Volmer equation is
third order (R=0.9996) which was described as following:

F—FO =9.0 x 10"[EDTAJ® +4.0 x 10'°[EDTAJ?

+3.9 x 10°[EDTA]+0.57 (5)

in which Fy and F are the fluorescence intensity in the absence and
presence of the quencher EDTA, respectively. Under these circum-
stances it can be concluded that the fluorescence of TGA-CdTe QDs
can be quenched by different mechanisms that rely mostly on
collision phenomena and complex formation. However, for lower
quencher concentrations the dependence of Fo/F on [EDTA]| was
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linear, evidencing that for EDTA concentrations up to 2.5 x
10~> mol L~ ! only one type of quenching occurs. In that case the
Stern-Volmer equation was described by:

Fo _49 x 10*EDTA]+0.98,

- (R=0.9965) (6)

Thus, in order to discriminate what type of quenching occur,
some assays were performed to evaluate the temperature depen-
dence of the Stern-Volmer quenching constant. The obtained
results (Fig. S2 Supplementary material) demonstrated that the
Stern-Volmer quenching constant (slope) decreased as the tem-
perature increased. Indeed, higher temperatures favoured the
dissociation of weakly bound complexes which are no longer
prone to react and result, consequently, in lower quenching
efficiency [34]. Based on these results it can be concluded that
the static quenching mechanism played a major role in the
interaction between the QDs and EDTA with concentration of up
t0 2.5x 10> mol L~ 1.

The conclusions drawn from these assays corroborate the
quenching mechanism proposed by Wu et al. [21] for the interac-
tion between CdTe QD and EDTA. It is referred that the chelating
reagent breaks the complex layer (Cd-capping ligand) and sepa-
rates the Cd?* from the QDs surface which is complexed by EDTA
yielding a new complex Cd-EDTA. This ligand-detaching process
induces the destabilization of the nanoparticles causing a signifi-
cant fluorescence quenching of QDs.

3.5. Mechanism of the determination of free calcium ions

The determination of free calcium ions was based on the
monitoring of the enhancement of the QDs fluorescence pre-
viously quenched upon the interaction with EDTA in aqueous
solution. As aforementioned, the EDTA was used as a ligand-
detaching agent that induced the surface depassivation of the
TGA-capped CdTe QDs thus yielding nanoparticles with quenched
photoluminescence properties. Thus, in the absence of free Ca®*
all EDTA was available for surface depassivation of the QDs and the
obtained signal was minimum (blank signal, almost zero). On the
contrary, in the presence of Ca?* most EDTA formed a complex
with free calcium ions (Ca-EDTA) and the number of EDTA
molecules available to complex Cd®* at the QDs surface decreased.
The surface depassivation of the QDs is therefore reduced and the
fluorescence quenching effect is restrained (enhancing of analy-
tical signal). The observed fluorescence enhancing signal com-
pared to the blank reading was used to quantify the amount of free
calcium ions in mineral waters.
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Fig. 6. (A) Normalized UV-vis absorption and (B) fluorescence emission spectra of 0.1 pmol L~! TGA-CdTe in the presence of different EDTA concentrations.
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4. Conclusions

In this work, and for the first time, the interaction between EDTA
and CdTe QDs capped with different organic ligands was evaluated
and it was observed that the fluorescence quenching effect of EDTA
on the nanoparticles was noticeably affected by the nature of the
capping ligand and also by the pH of the reaction media. The CdTe
QDs capped with TGA as organic ligand showed the highest
reactivity (at pH=9.0). It was also observed that the fluorescence
quenching of QDs could be explained by both dynamic and static
mechanisms wherein for lower EDTA concentrations only the
static process was verified. This observation confirmed the ligand-
depletion mechanism in which EDTA promotes the breakage of the
Cd-TGA binding at the surface of QDs yielding a new Cd-EDTA
complex in solution. The EDTA-induced photoluminescent quench-
ing of TGA-CdTe QDs was successfully used as a fluorescence
sensing scheme for the calcium determination in drinking waters.
This analytical procedure was automated in a micro-flow system
exploiting the multipumping concept thus allowing an efficient and
reliable determination of calcium. In comparison to the EDTA
titrimetric method recommended by Standard Methods Committee,
the proposed methodology allowed obtaining higher sample thro-
ughput and a noteworthy reduction in reagents consumption with
consequent minimization of waste generation, circumventing, at
same time, the main drawback related to the operational errors
regarding the detection of the titration end-point.
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