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Abstract 

 

Colloidal semiconductor nanocrystals or quantum dots (QDs) are monodisperse crystalline clusters 

with physical dimensions in the nanometer scale. Due to their unique size-dependent photochemical 

properties, the research on colloidal semiconductor nanocrystals has experienced an enormous 

development in different fields such as in pharmaceutical, biomedical and environmental detection 

and monitoring.  

Several QDs with assorted compositions have been synthesized in recent years, and the diversity of 

capping-ligands that were used enabled the application of these nanomaterials both in aqueous and 

organic medium. In this work, and among the several physical and chemical processes that could be 

employed in the preparation of semiconductor nanocrystallites, the aqueous synthesis of cadmium 

telluride (CdTe) QDs was selected, as it allowed obtaining nanoparticles with narrow size 

distribution, broad absorption, narrow and symmetric emission spectra and long excited-state decay 

lifetimes. In addition, short-chain aqueous thiols were used as passivating agents providing highly 

luminescent QDs with a flexible surface chemistry and diversified reactivity to interact with selected 

target species. 

QDs have been introduced in analytical areas mostly as chemical sensors in fluorescence-based 

methodologies. In this thesis, the analytical potential of nanoparticles was exploited through the 

manipulation of their surface chemistry by changing the nanocrystal size and the nature of the 

passivating agents. Because of the small size and high surface-to-volume ratio of the nanoparticles, 

their surface becomes sensitive to any modification of the surrounding medium or interaction with a 

target analyte, which could dictate important changes on the nanoparticles photoluminescence 

intensity, either via enhancing or quenching processes. 

The first work of the thesis reported an effective and simple quantification method for the 

fluorometric determination of iron in biodiesel, by using CdTe quantum dots capped with MPA. The 

developed methodology was based on the iron capacity to establish surface interactions with the 

nanocrystals that resulted in a quenching of the fluorescence intensity. The study of the interaction 

between the MPA-capped QDs and iron was performed by using a discrete batch approach that 

relied on both manual handling of all involved solutions and manual sample measurements.  

Since the implementation of a sensing scheme, involving the interaction of QDs with a target 

analyte, in a batch method could present noteworthy shortcomings, such as a higher consumption of 

solutions, poorer reproducibility and repeatability, a propensity to inaccuracy setbacks and the need 

for laborious and time-consuming manual operations, the development of more expeditious and 

reliable alternatives becomes an imperative assignment. Moreover, under this perspective it should 

be also taken into consideration that the need for long-lasting chemical equilibrium conditions, 

usually required for obtaining stable photoluminescence readouts, is frequently affected by 
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nanoparticles solution stability problems that could totally impair detection and measurements. 

Therefore, in this work, and with the purpose of solving or minimizing these drawbacks, the 

versatility, sensitivity and applicability afforded by CdTe QDs was successfully combined with the 

high automation level of flow-based methods. This synergy was favourably exploited in the remained 

works which involved the determination of H2O2, S
2- and Ca2+ in different kinds of samples. In all of 

the subsequently developed automatic methods, which resorted to fluorometric detection, were used 

analytical flow system based on the multipumping flow concept. This flow strategy provided 

noteworthy advantages, such as operational simplicity, high compactness and portability, pulsed 

flowing streams with high mixing capacity, reduced sample and reagent consumptions, minimization 

of waste generation, cost-effectiveness, versatility and high analytical efficiency. 

In the second research work, a QDs based automatic flow methodology was developed for H2O2 

determination in lens care solutions. The reaction scheme involved, in a first stage, the 

enhancement of the properties of CdTe nanocrystals by reduced glutathione, which improved the 

surface passivation of the nanoparticles. Afterwards, H2O2 oxidized GSH and, consequently, by 

preventing its surface passivating effect, restrained the enhancing effect. 

In a ensuing research phase of the developed work, a gas-diffusion unit coupled to a multipumping 

flow system was proposed for the selective determination of sulphide in white wines and 

hydrothermal waters. The gas-diffusion unit ensured the selectivity of the methodology since it 

facilitated sulphide isolation from sample matrix interferences while MPA-capped CdTe QDs were 

used as photoluminescent probes. The analytical methodology was based on interaction between 

S2- and QDs which provoked a quenching of the nanoparticles fluorescence.  

Another analytical application of this project involved the automation of the experimental studies 

used to evaluate the interaction between EDTA and TGA-capped CdTe QDs, which was later 

applied in the automated fluorometric determination of calcium ions in drinking waters. The 

determination of Ca2+ was based on the monitoring of the enhancement of the QDs fluorescence 

previously quenched upon interaction with EDTA, in aqueous solution. 

Finally, and again under the objectives that were pursued by this thesis, distinct immobilization 

strategies onto solid support, both by physical and chemical processes, were evaluated. This 

research seeks to reduce the harmful environmental impact associated to the metallic core of the 

nanoparticles. The study comprised solid supports with distinct characteristics and involved the 

evaluation of several chemical and physical parameters, aiming at obtaining the more suitable 

immobilized material for the development of continuous multiuse reactors and re-usable sensors, for 

analytical purposes. 

 

Keywords: CdTe quantum dots, multipumping flow system, chemo-sensors, photoluminescence 

modulation, quenching/enhancing mechanism. 
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Resumo 

 

Os nanocristais semicondutores coloidais ou pontos quânticos (QDs) são aglomerados cristalinos 

monodispersos com dimensões nanométricas. Devido às suas propriedades fotoquímicas únicas e 

dependentes do tamanho, a investigação acerca dos nanocristais coloidais semicondutores apresentou 

um enorme desenvolvimento em diferentes áreas, tais como na indústria farmacêutica e na deteção e 

monitorização biomédica e ambiental. 

Nos últimos anos, diversos QDs, com diferentes composições, têm sido sintetizados e a diversidade de 

ligandos que foram usados permitiu a aplicação destes nanomateriais tanto em meio aquoso como em 

meio orgânico. Neste trabalho, entre os vários processos físicos e químicos que podem ser usados na 

preparação de nanocristais semicondutores, foi selecionada a síntese aquosa de QDs de telureto de 

cádmio (CdTe), uma vez que permitiu a obtenção de nanopartículas com uma distribuição de tamanhos 

estreita, amplas bandas de absorção, espectros de emissão estreitos e simétricos e elevados tempos de 

semi-vida. Além disso, foram utilizados compostos orgânicos aquosos de cadeia curta com grupos tióis, 

como agentes passivantes, proporcionando QDs altamente luminescentes com uma química de superfície 

flexível e reatividade diversificada para interagir com espécies selecionadas. 

Os QDs têm sido introduzidos em áreas analíticas principalmente como sensores químicos em 

metodologias baseadas em fluorescência. Nesta tese, o potencial analítico das nanopartículas foi 

explorado através da manipulação da sua química de superfície, alterando o seu tamanho e a natureza 

dos agentes passivantes. Devido ao seu reduzido tamanho e à elevada razão superfície- volume, a sua 

superfície torna-se sensível a qualquer modificação do meio circundante ou à interação com um 

determinado analito, o que pode provocar alterações significativas na intensidade de fotoluminescência 

das nanopartículas, quer através de processos de aumento ou inibição. 

O primeiro trabalho desta tese relatou um método de quantificação simples e eficaz para a determinação 

fluorométrica de ferro em biodiesel, usando pontos quânticos de CdTe passivados com MPA. A 

metodologia desenvolvida baseou-se na capacidade do ferro interagir com os nanocristais na sua 

superfície, o que resultou numa inibição da intensidade de fluorescência. O estudo da interação entre os 

QDs de MPA e o ferro foi realizado utilizando uma abordagem discreta que implica a manipulação manual 

de todas as soluções envolvidas assim como medições manuais das amostras. Uma vez que a 

implementação de esquemas reacionais num método discreto, envolvendo a interação de QDs com um 

determinado analito, pode apresentar algumas desvantagens, tais como maior consumo de soluções, 

fraca reprodutibilidade e repetibilidade, tendência para imprecisões e necessidade de operações manuais 

laboriosas e morosas, torna-se fundamental desenvolver alternativas mais expeditas e confiáveis. Além 

disso, deve-se também ter em consideração que a necessidade de condições de equilíbrio químico 

duradouras, geralmente necessárias para a obtenção de leituras de fotoluminescência estáveis, é 

frequentemente afetada por problemas de estabilidade das soluções das nanopartículas, o que pode 
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comprometer totalmente a deteção e as medições. Portanto, neste trabalho, e com o propósito de 

solucionar ou minimizar estas desvantagens, a versatilidade, sensibilidade e aplicabilidade proporcionada 

pelos QDs de CdTe foi combinada com o elevado nível de automatização dos métodos baseadas em 

fluxo. Esta sinergia foi explorada favoravelmente nos trabalhos que envolveram a determinação de H2O2, 

S2- e Ca2+ em diferentes tipos de amostras. Em todos os métodos automáticos posteriormente 

desenvolvidos, os quais recorreram à deteção fluorométrica, foram usados sistemas de fluxo baseados no 

conceito de multi-impulsão. Esta estratégia de fluxo apresentou notáveis vantagens, tais como 

simplicidade operacional, elevada compacidade e portabilidade, fluxos pulsados com elevada capacidade 

de mistura, reduzidos consumos de amostra e reagente, minimização da geração de resíduos, relação 

qualidade/preço, versatilidade e alta eficiência analítica. 

No segundo trabalho de investigação, foi desenvolvida uma metodologia de fluxo automático baseada em 

QDs para determinação de H2O2 em soluções para limpeza de lentes de contacto. O esquema reacional 

envolveu, numa primeira fase, o aumento das propriedades fotoluminescentes dos nanocristais de CdTe 

através da glutationa reduzida, a qual melhorou a passivação da superfície das nanopartículas. Em 

seguida, o H2O2 oxidou a GSH e, consequentemente, impediu o efeito de passivação da superfície, 

restringindo o efeito de aumento da fluorescência. 

Numa fase de investigação posterior, foi proposto o acoplamento de uma unidade de difusão gasosa a um 

sistema de fluxo por multi-impulsão para a determinação seletiva do ião sulfureto em vinhos brancos e 

águas hidrotermais. A unidade de difusão gasosa assegurou a seletividade da metodologia uma vez que 

facilitou o isolamento do sulfureto dos interferentes da matriz da amostra, enquanto os QDs estabilizados 

com MPA foram usadas como sondas fotoluminescentes. A metodologia analítica baseou-se na interação 

entre o S2- e os QDs a qual provocou uma inibição da fluorescência das nanopartículas.  

Uma outra aplicação analítica deste projeto envolveu a automatização da interação entre o EDTA e os 

QDs passivados com TGA, a qual foi, numa fase posterior aplicada na determinação fluorométrica de iões 

cálcio em águas minerais. A determinação de Ca2+ baseou-se na monitorização do aumento da 

fluorescência dos QDs previamente inibida após a interação com EDTA, em solução aquosa.  

Finalmente, e mais uma vez no âmbito dos objetivos desta tese, foram avaliadas distintas estratégias de 

imobilização em suportes sólidos, tanto por processos físicos como químicos. Este estudo pretendeu 

reduzir o impacto ambiental nocivo associado ao núcleo metálico das nanopartículas. O estudo 

compreendeu suportes sólidos com características distintas e envolveu a avaliação de diversos 

parâmetros químicos e físicos, visando a obtenção do material imobilizado mais adequado para o 

desenvolvimento de reatores e/ou sensores reutilizáveis, para fins analíticos. 

 

Palavras-chave: pontos quânticos de CdTe, sistemas de fluxo por multi-impulsão, sensores químicos, 

modulação da fotoluminescência, mecanismos de aumento/inibição. 
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1. General introduction 

 

In the last few years we have witnessed the appearance of a plethora of new applications 

involving the use of nanoscale materials and structures for biolabeling, bioimaging, 

sensing and diagnostics (1). 

Nanotechnology is a key word in scientific research, particularly since the early 1990’s, 

being generally assumed as a multidisciplinary science, which allows the manipulation of 

matter on an atomic scale. Indeed, nanotechnology intervenes in various areas and has a 

great impact on both chemical and biological sciences and technology. 

Nanoparticles have received a large attention in modern materials sciences due to their 

unique properties, which make them particularly attractive for different applications. Some 

of the most relevant nanoparticles are the colloidal semiconductor nanocrystals (NC), 

often termed as quantum dots (QDs) which were first discovered in the early 1980’s (2). 

QDs are monodisperse crystalline clusters with physical dimensions close to or smaller 

than the bulk-exciton Bohr radius (3) that are also considered artificial atoms due to the 

similarity between the discrete energy levels of the nanocrystals and of the atoms (1). 

Their diameter, ranging typically from 1 to 10 nm, comprises a couple of hundreds to a 

few thousands of atoms (4), in which the electron motion is confined by potential barriers 

in all dimensions (1).  

Over the past two decades, QDs have attracted a huge interest from the scientific 

community,  which has raised an obvious question: why are these nanomaterials so 

exciting? The answer to this question relies mostly on their unique and superior 

electronical, magnetical, optical or physico-chemical properties (5). These peculiar 

properties are clearly different from those exhibited by bulk semiconductor materials with 

same basic composition, which are not susceptible to quantum confinement effects. The 

size-dependent phenomena (5-7) only occur when the materials size is reduced to a few 

nanometers, which enables the size-tuning of the QDs optical properties by changing the 

nanocrystal growth time. 

The main reasons that are behind the emergence of QDs as the focus of very striking and 

innovative research in biological, analytical and optoelectronic fields (1, 8) lie on the ability 

of these nanoparticles to emit light upon excitation and, additionally, in the fact that their 

photoluminescent properties are sensitive to any modification of surrounding medium or 

interaction with a given chemical species (3). This particular properties make them 

interesting and advantageous alternatives to the traditional organic dye (9). 
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The development of colloidal nanocrystals is no longer simply focused on the adjustment 

of the nanoparticles size but also on the synthesis of new materials and on the 

modification of those already available. The main goal is that, through these features, new 

and diversified fields of applications may be found for the nanocrystals.  

In terms of composition, different QDs have been synthesized, usually comprising 

elements from the periodic groups 12–16, 13–15 or 11–17, such as, CdSe (10), CdTe 

(10), ZnSe (11), CdS (10), CdSe/ZnS (12) and InP (13). The variety of synthesized core 

QDs allows covering almost the complete ultraviolet/visible/infrared (UV/Vis/IR) 

wavelength range and the diversity of used cappings enables the application of these 

nanomaterials either in aqueous or organic medium. In this regard, there are already 

innumerous publications concerning different analytical applications of colloidal 

nanocrystalline semiconductors exploiting new detection strategies and reaction schemes. 

One of the main areas of research is related with the surface chemistry of the 

nanoparticles. Effectively, some of their most relevant properties are markedly determined 

by occurring surface states.  

The main goal of this first chapter is to introduce important theoretical concepts which are 

fundamental to understand QDs properties. The aqueous synthesis of cadmium telluride 

(CdTe) QDs will be briefly described since those were used to perform the work of this 

thesis. Different reaction schemes involving the use of CdTe QDs and the interaction 

mechanisms between the target analytes and the nanoparticles will be also discussed. 

Finally, the synergies arising from combining QDs and flow-based analytical systems will 

be emphasized by describing the principles of the used automatic methodologies with 

main focus on the multipumping flow concept. 

 

2. Semiconductor quantum dots  

 

2.1. Physical properties of quantum dots 

 

Quantum dots are nanostructured materials with intermediate properties between a bulk 

material and a molecular form (14, 15). Due to the physical length scale, equivalent to or 

less than the so-called Bohr exciton radius (16, 17), QDs exhibit exceptional properties 

depending on quantum confinement effect, which arise as a result of the changes in the 

density of electronic states (14). As a consequence of this effect, the properties of QDs lie 

between those of the corresponding bulk material and molecular compounds, as 

previously mentioned, wherein in bulk materials the energy levels are continuous while in 

QDs the energy levels become discrete and more atomic-like (1, 17). As any 

3



 

 
 

semiconductor, QDs are characterized by a band-gap energy (Eg) between the valence 

and the conduction bands. Sometimes, in QDs studies, a description by means of 

molecular orbital theory is more frequent, making use of the terms HOMO (highest 

occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) instead of 

conduction band and valence band, respectively (4). 

To better understand the interest of nanoscaled semiconductor from a quantum 

mechanical point of view, it is necessary to consider what happens when a photon, with 

energy equal or greater to their band-gap, reaches a nanocrystallite (figure 1). Upon 

absorption of the photon, an electron  is promoted from the valence to the conduction 

band, leaving a vacant position known as hole  in the valence band. In this excited state 

electrons and holes can move within the crystal lattice. The electron-hole pair is 

considered bonded via Coulombic attraction, and this quasi-particle is then called exciton 

(18). Taking into account the theory of Brus et al. (19), in a nanocrystal semiconductor the 

exciton follow a mechanism similar to a hydrogen atom and can be explained by a 

hydrogen-like model. Usually, is considered as a single particle moving around a centre 

mass motion, ignoring that, indeed, it is a composite particle. Thus, the existence of this 

centre mass motion allows the attribution of a reduced mass to the exciton: 

 

1

μ
=

1

me
+

1

mh
                                                                                                             (Equation 1) 

 

wherein me and mh are the reduced masses of the electron and hole in the quantum dot, 

respectively. This description is known as effective mass approximation and have been 

widely used to describe electronic motion (17).  

In this part it is important to introduce the Bohr radius concept, often referred in 

discussions about quantum dots.  The Bohr radius, symbolized by a0, is a physical 

constant representing the stable closest orbit to the nucleus in Bohr’s planetary model of 

the atom and is defined by the following equation (17):  

 

a0=
4πεε0

2

mq2                                                                                                          (Equation 2) 

 

wherein ε is the dielectric constant of the semiconductor, ε0 is the permittivity of vacuum, 

m is the mass of the electron, h is Planck’s constant and q is the charge on the electron 

(17, 18). For the case of an exciton in a nanocrystal semiconductor, this concept can be 

used, by replacing the mass of the electron by the effective mass of the exciton (electron-

hole pair), μ, (17). 

4



 

 
 

 

a0=
4πεε0

2

μq2                                                                                                          (Equation 3) 

 
The excitons in nanocrystals semiconductors are well described as Wannier–Mott, 

resulting from weak electron-hole interactions as opposed to strongly bound Frenkel 

excitons with higher Coulomb interactions (20). 

 

 

Figure 1 – Energy-level diagram illustrating promotion of an electron from the valence 

band to the conduction band, to form an electron-hole pair. 

 

The recombination or relaxation of the electron-hole pair can be followed by several 

processes, such as, radiative recombination, recombination by trap states (mid-gap 

energy levels) or annihilation of the exciton or Auger effect (10, 21). When radiative 

recombination occurs (only possible if electron and hole recombine directly with each 

other) it originates the emission of a photon with energy close to the Eg. Due to quantum 

effects the absolute energy disparity between valence and conduction bands is discrete 

and the HOMO-LUMO gap varies in semiconductor QDs as a function of the size. So, the 

emission of semiconductor nanocrystals can be tuned by controlling the size. The 

efficiency of the recombination process and, as a consequence, the perfection of the 

crystal structure can be estimated by measuring its quantum yield (QY). Usually, a high-

luminescence QY results from intrinsic recombination, while a low QY is considered a 

result of the defects states positioned within the band-gap acting as traps for the 

photogenerated carriers. These defect states give alternative pathways for the rapid 

recombination of the exciton, resulting in non-radiative transitions (4).  
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2.2. Quantum confinement effect 

 

When talking about semiconductor nanostructures, two types of quantum confinement are 

possible. If the dimension of the nanostructure is bigger than the exciton Bohr radius, a 

weak confinement regime is valid. Otherwise, when the confinement length is smaller than 

the excitonic Bohr radius, a strong confinement regime is applicable, as is the case of 

quantum dot systems. When a strong confinement occurs, the band structure changes 

and two quantum size effects happen. The first quantum size effect is related with the 

small number of atoms in a nanocrystal, which means that only a finite number of 

molecular orbitals can help in the formation of the band structure and, as a result, the 

energy levels become discrete when the crystal size decrease. The second effect is due 

to confinement energy alteration, wherein the increased confinement energy, with the 

decrease on the particle size, leads to a larger separation of the energy levels and 

consequently the band gap of nanocrystals increases. On the contrary, the band gap 

decreases as more atoms are added to the quantum dot with the lower limit of the band 

gap corresponding to the ordinary bulk material (3).  

A quantum dot is a good example of the particle-in-a-box, a model that can be used to 

comprehend the quantum confinement and to calculate the energy levels based on size. 

In this model, some analogies are made, namely by considering the exciton as the particle 

and the quantum dot as the box, and the energies of the particle in the box depend on the 

size of the box. According to the “effective mass approximation” model proposed by Brus 

et al. (19), band-gap energies and particle sizes can be estimated by the following 

equation: 

 

Eg QD =Eg bulk +
h2

8R2

1

me
+

1

mh
-

1.8e2

4πε0εR
                                                           (Equation 4) 

 

where Eg is the band-gap energy of a quantum dot or bulk semiconductor, R is the 

quantum dots radii, me is the effective mass of the excited electron, mh is the effective 

mass of the excited hole, ε is the semiconductor material dielectric constant and ε0 is the 

permittivity of a vacuum. The confinement term 
1

R2 is a particle-in-a-box-like term for the 

exciton and if this term decreases, an obvious increase of Eg QD  is observable. The 

electron–hole pair Coulombic attraction was also represented in this equation with the 

term  -
1

R
,  which is mediated by the semiconductor (19). So, by increasing R, Eg QD  

changes to lower values. However, since the exciton in the nanocrystals is of the Mott-
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Wannier type, the Coulomb interaction becomes weaker and the confinement energy 

increases (19). 

In this model some approximations have been proposed, which means that this model can 

fail in certain cases. Effectively, implicit in this model is the assumption that the 

nanocrystals are spherical and that the effective masses of the electron and hole and the 

dielectric constant of the semiconductor material are constant as a function of size (18, 

19). Usually, the above calculations are done for nanomaterials in the strong confinement 

regime (18).  

Quantum dots exhibit quantum confinement in all three dimensions. For this reason, the 

literature also calls them zero-dimensional (0-D) systems, differently from quantum wells 

and quantum wires which have 2 and 1 degree of freedom, respectively (figure 2).  

 

 

Figure 2 – Schematic representation of the electronic density of states as a function of the 

dimensional freedom. Adapted from (22). 

 

One important property of quantum dots is their large surface-to-volume ratio, , which 

increases as the dimensions of the nanoparticle become smaller (23). This characteristic 

gives great advantages to quantum dots and explains the frequent use of these 

nanoparticles for analytical purposes since the interactions between the nanoparticles and 

a given target compound takes place only at the surface and not in the interior. Another 

important advantage is evident when these nanocrystals are used as catalyst, since they 

could be more efficient than bulk materials. Quantum dots are very important in all 

applications that require a large surface-to-volume ratio, such as, sensing, catalysis and 

targeted drug delivery. Mathematically is very simple to demonstrate de increase of the 

surface-to-volume ratio for decreasing sizes, considering that quantum dots are spheres. 
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Asphere=4πr2                                                                                                        (Equation 5) 

Vsphere=
4

3
πr3                                                                                                       (Equation 6) 

Rsphere=
4πr3

4
3

πr2=
3

r
                                                                                              (Equation 7) 

 

2.3. Optical properties of quantum dots 

 

Several studies of the physical properties of nanocrystals semiconductors showed that the 

strong confinement of the free charge carriers (electrons and holes), at this nanoscaled 

sizes, led to observation of unique optical properties (7, 8), which are tunable by the 

control of chemical composition, shape and dimensions of the nanomaterials. These 

materials, usually non fluorescents, acquire an intense and long-lasting fluorescence 

when synthesized at nanoscaled sizes (8). 

As previously mentioned, quantum dots can absorb a photon with energy equal or higher 

than the semiconductor band-gap. Figure 3 shows typical absorption spectra of quantum 

dots obtained from a synthesis at different reaction times.  

 

 

Figure 3 - Absorption spectra obtained during the synthesis at different reaction times. 

Adapted from (9). 

 

In all spectra it is possible to see a sharp maximum at the end of the absorption onset and 

as the crystal size increases, the absorption onset shifts to higher wavelengths (red shift), 

since the band-gap energy of the quantum dots decreases. The above referred maximum 
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corresponds to the first excitonic peak, which is the first possible electronic transition. The 

position on the spectrum depends on the band-gap energy and on the size. Therefore, the 

band-gap energy of quantum dots becomes size-dependent (figure 4) (7).  

 

 

Figure 4 – The size-dependent photoluminescence of quantum dots. 

 

Furthermore, the broad absorption bandwidth, owing to the existence of multiple electronic 

states at higher energy levels, enables the simultaneous excitation of multiple colors QDs 

with a single light source (3). 

The absorption spectra can be used to estimate the crystal size as well as the crystal 

concentration, which will be described with more detail in the next chapter (24). 

The wide acceptance of semiconductor nanocrystals in the scientific community, and the 

extensive research around them is justified, undoubtedly, by their photoluminescence. In 

this process, after the absorption of a photon, an electron is excited to the energy levels 

on the excited states. This is followed by a charge carrier non-radiative vibrational 

relaxation to the lowest excited state and, after a certain amount of time (fluorescence 

lifetime), by the recombination of electron-hole, accompanied by the emission of a photon 

with energy corresponding the band-gap, allowing that the system relaxes to the ground 

state (figure 5). 
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Figure 5 – Energy-levels diagram of fluorescence emission process in quantum dots 

Adapted from (25). 

 

Figure 6 shows fluorescence emission spectra of QDs, acquired during a synthesis. It 

presents a characteristic Gaussian shape and results from the recombination of the 

electron-hole pair. Moreover, it can be observed a red shift in the maximum of the 

emission peak in relation to the excitonic peak in the absorption spectra, the so-called 

Stokes-shift, which happens due to the loss of vibrational excitation energy during the 

fluorescence process (26). 

These spectra can be used to analyze the quality and monodispersity of the nanoparticles 

(24). 
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Figure 6 – Fluorescence spectra obtained during the synthesis at different reaction times. 

Adapted from (9). 

 

Morphologically, the occurrence of some imperfections on the nanocrystal, which act as 

charge carriers traps (figure 5), can hinder the efficiency of electron-hole recombination 

promoting deactivation by non-radiative processes (3). “Traps” are incompletely bounded 

Cd or Te ions, producing mid-gap states within the band-gap which are able to capture 

electron and holes, respectively. The presence of these dangling bonds, provides 

additional ways for the relaxation of the electron which result in a non-radiative relaxation 

or a red shifted fluorescence (27). 

These surface imperfections reduce the quantum yield (ϕf), defined as the ratio between 

the number of emitted photons Nem λex  and the number of absorbed photons Nabs λex  

(28). 

 

ϕf=
Nem λex

Nabs λex
                                                                                                           (Equation 8) 

 

Indeed, QY of quantum dots is directly related with the occurrence of radiative (higher QY) 

or non-radiative (lower QY) recombination processes (3). For QDs, the maximum 

theoretical value, 1, was never achieved due to the presence of the defect states on the 

nanoparticle that act as fluorescence quenchers. These drawbacks can be overcome 

through a proper surface passivation, by diminishing the occurrence of surface 

imperfections. For example, when working with water-soluble CdTe QDs the QY can be 

clearly improved through the passivation with thiol-ligands. In all cases, the surface 
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passivation, as well as the stability against photo-oxidation, can be attained by 

overcoating the nanoparticle with a higher band-gap semiconductor creating a surface-

capping shell, in other words, a core/shell quantum dot (3, 18). 

Beyond the band-gap tunability, QDs exhibit other important photoluminescent properties, 

such as broad absorption, narrow and symmetric emission spectra, reduced 

photobleaching and longer emission lifetimes compared to conventional organic dyes. 

 

2.4. Synthesis of CdTe QDs 

 

It is well known that the growth process of colloidal nanocrystals can be explained by the 

nucleation theory. According to this theory, the growth of the nanocrystals in solution 

involves two stages: nucleation and growth. The formation of nanoparticles start with 

nucleation and their control is fundamental because it determines many properties of the 

nanoparticles, namely, the size, size distribution, perfection and polymorph modification 

(29). When nucleation occurs quickly, many crystals are formed almost simultaneously. 

This step depletes solute solution and can interrupt the nucleation at the subsequent 

steps of crystallization. So, in these circumstances one can obtain a monodisperse 

population of nanocrystals (4, 29). After that, the growth process of nanocrystals happens 

which can occur through three different regimes. In the case of a size focusing regime 

occur, the smaller crystals grow faster than the bigger ones thereby reducing size 

dispersion. If a broadening regime is achieved the smaller crystals grow slower than the 

bigger ones. In the worst case, the Ostwald ripening regime can occur wherein the smaller 

nanocrystals dissolve to free monomers and are incorporated into the bigger nanocrystals 

(4), and consequently the size dispersion increases and the total nanoparticles 

concentration decreases. 

Distinct synthetic techniques can be found in the literature for the preparation of 

nanocrystals semiconductors from different materials. The choice of solvent is a very 

important step because apart from determining the synthesis and solubility conditions 

(aqueous or organic environment), the solvent also defines the applicability of the 

nanomaterials (10). Since the work performed under the scope of this thesis involved the 

application of CdTe QDs synthesized in aqueous media, this is the synthetic route 

emphasized in this section. 

Although the first publications about the synthesis of colloidal semiconductors 

nanocrystals  were from 1982 (30, 31), the first paper representing a noteworthy progress 

in QDs synthesis only appeared eleven years later with Murray et al. (10). This paper 

reported the synthesis of high-quality TOP/TOPO (trioctylphosphine/trioctylphosphine 
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oxide)-capped CdE (E=S, Se, Te) nanocrystals in organic media. From that time, some 

researches were focused on the development of new aqueous synthetic routes. In this 

regard, in 1996 arises the work of Rogach (32), describing a procedure for the aqueous 

synthesis of CdTe QDs using thiol molecules as stabilizers or capping agents, which could 

be considered the base for all the future studies in aqueous synthetic route. The polarity of 

the medium used in QDs studies has a strong effect on their photoluminescent properties 

because it determines the stability of capping ligands on the QD surface (33). 

The aqueous synthesis conditions of CdTe semiconductor nanocrystals are widely 

described in many papers. Briefly, in a typical synthesis with a two-stage procedure, after 

dissolving the proper amount of cadmium precursor and thiol stabilizer (R-SH) in water, 

which kinetically protect the growth of the nanoparticles by covalent or ligand-ion 

interactions to create monolayer capped nanoparticles (34), it follows the adjustment of 

the pH up to the desired value. Then Te2-, previously obtained by reduction of tellurium 

powder, is added to the solution to form CdTe monomers. At least, by refluxing the 

reaction mixture at 100 °C, under open-air conditions, the monomers are converted into 

CdTe nanocrystals (35).  

The generation of the reduced Te2- constitutes a critical step in the aqueous synthesis. 

Some available procedures describe the gaseous generation of H2Te from Al2Te3, through 

reaction with H2SO4 (32, 35-39). Then H2Te is transferred into the synthesis flask under a 

N2 stream. Nevertheless, the increasing cost of Al2Te3 led to the search of an alternative 

source of Te. Besides the electrochemical method, which is considered a good alternative 

(36, 40, 41), the most used approach is based on the reduction of Te powder with NaBH4 

in water, first reported by Zhang et al (42). Some authors made some modifications to this 

approach and used KBH4 to form KHTe (43), or resorted to the reaction of Te with NaBH4 

without heating obtaining in the supernatant NaHTe and sodium tetraborate precipitate 

(44-47), or to the reaction of Te and NaBH4 under heating (48, 49). 

Most of the QD-based systems reported in literature, either for analytical, catalytic or bio-

targeting purposes, request aqueous environments as reaction media and suitable QDs 

fluorescence, as above mentioned. So, it is important to improve the photoluminescence 

QY by passivating surface non-radiative recombination sites. Different surface 

modifications strategies have been reported, being the directly synthesis of water-soluble 

QDs one of the most often used. The synthesis with hydrophilic capping ligands, creating 

a thin layer at the nanocrystal surface can improve the QDs luminescence properties and 

stability due to the coordination of cadmium ions. Short-chain aqueous thiols, with other 

functional groups like carboxylic, amino, hydroxilic and so forth, have been successfully 
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used as passivating agents, providing highly luminescent QDs with a flexible surface 

chemistry remaining stable for years (3). 

The molar ratio of R-SH:Cd and Cd:Te, as well as, the pH (49, 50) have shown a 

significant influence on the synthetic process and, consequently, on the quality of the 

produced nanocrystals. However, the optimum values for molar ratios and pH are strictly 

dependent of the nature of the capping ligand. 2-mercaptoethanol (32, 51, 52) and 1-

thioglycerol (32, 50, 53, 54) were the first thiol-ligands used. However, thioglycolic acid 

(TGA) (37, 55-57) and mercaptopropionic acid (MPA) (49, 54, 57-66) are the most studied 

ones because they provide brighter and more stable CdTe QDs. Mercaptosuccinic acid 

(MSA) has been also applied in negatively charged nanoparticles synthesis (67, 68). The 

interest of glutathione (GSH) as capping agent is related both with the biocompatibility of 

this molecule and also with the presence of both carboxylic and amine groups. Usually, 

the synthesis of CdTe GSH-capped QDs is performed in one-pot approach (53, 69-71), 

which consist in the addition of all reagents at the same stage. Nonetheless, some works 

reported the synthesis of high-quality QDs capped with GSH by a typical two steps 

synthesis (54, 72). Another thiol-capping used is cysteine (CYS), a molecule also with 

both carboxylic and amine groups. Some works reported a classical synthetic two steps 

approach (54, 73-76), although a one-pot synthesis has also been used through the 

utilization of hidrazine (53). To obtain positively charged QDs, cysteamine (CA) can be 

used as passivating agent. CdTe cysteamine-capped QDs solutions are stable at pH 

values within the range 5.5-7 (77). CA-capped QDs were synthesized by several 

procedures, including one-pot approach (78, 79), two-steps synthesis (35, 80), 

hydrothermal method (81) and by ultrasonic irradiation (82). Aqueous synthetic routes 

further comprising microwave-assisted (61, 64-66, 83, 84) and photochemical synthesis 

(85, 86) processes, which can efficiently increase the growth of the nanoparticles 

maintaining or improving the optical properties of the synthesized nanoparticles. 

 

3. Sensing mechanisms using CdTe QDs as chemical sensors 

 

As it was previously mentioned, semiconductor nanocrystals have been widely applied as 

luminescent probes in the field of analytical chemistry for the detection of a variety of 

analytes, including organic, inorganic and biological compounds (33). In their applicability, 

the control of size, morphology and surface-ligands is essential because determines the 

optical properties of the QDs, and subsequently the photoluminescence response, and, 

from an analytical point of view, the photoluminescence (PL) is the most important 

characteristic of QDs. Since the photoluminescence of QDs results from the 
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recombination of the excitons, it is acceptable to expect that changes of surrounding 

medium or any chemical or physical interaction between a given chemical species and the 

surface of nanocrystals would affect the QDs quantum yield, by influencing the efficiency 

of the electron-hole recombination. Therefore, the photoluminescent properties would be 

also affected, particularly with regard to emission intensity (8). 

Other features can be also considered depending on the analyte-targeting strategy, such 

as, the occurrence of surface imperfections, surface charges, reactivity and thickness of 

the capping ligands and solution stability. The stabilizing capping layer surrounding the 

nanoparticles can critically influence the sensitivity and the selectivity of QD-based 

systems. 

Considering the aforementioned information, a large variety of sensing mechanisms have 

been developed by using QDs as chemo-sensors. The modulation of QDs 

photoluminescence as a selective response to a given analyte recognition could be 

noticed either via intensity enhancing and quenching (3). In this regard, if an analyte 

promote the enhancing of the photoluminescence intensity of the nanoparticle, a QD with 

lower QY is more adequately, on the other hand, if the analyte provoke the PL quenching, 

a QD with a high QY is more suitable.  

Both behaviors can be used for analytical sensing but the most usual process is, 

undoubtedly, the quenching effect (figure 7), where the interaction between a given 

analyte and the surface or capping of QD attenuates the PL intensity. The quenching 

effect could be either static or dynamic, depending on the quencher-QDs interaction. It is 

possible to distinguish static and dynamic quenching by their different dependence on 

temperature and viscosity. However, the most effective way to distinguish the type of 

quenching is by lifetime measurements: for a dynamic quenching an equivalent decrease 

in fluorescence intensity and lifetime will be observed while for static quenching the 

lifetime of the excited state remains constant (26, 87). 
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Figure 7 – Diagram of quenching process for semiconductor quantum dots. Adapted from 

(3). 

 

Knowing and understanding the mechanism of interaction between analyte and 

nanoparticles, could help in the design of new QDs-based sensors. Indeed, the direct 

interaction of QDs with a target analyte is a complex process and there is a variety of 

interaction pathways that induce the fluorescence decrease.  

Different sensing schemes have been reported wherein some quenching mechanisms 

have been explored, namely, photo-induced electron transfer (PET) and changes on QDs 

surface charge or ligands. Beyond these direct interaction mechanisms between QDs and 

the target analyte, indirect fluorescent sensing schemes have been also researched, such 

as a turn-on detection strategy. Additionally, other interaction mechanisms between QDs 

and different chemicals species, such as, Förster resonance energy transfer (FRET), 

could be considered, however these processes will not be mentioned since they are not 

included in the scope of this thesis.  

As mentioned above, other sensing schemes involve the enhancement of the 

nanoparticles fluorescence upon analyte-QD interaction, due to the passivation of its 

surface states, which reduces the traps states and non-radiative electron/hole 

recombination pathways. 

 

3.1. Quenching mechanisms 

 

3.1.1. Photo-induced electron transfer  

 

A great number of analytical methods based on photo-induced electron transfer have 

been used for sensing and for measuring the speed at which electrons propagate through 
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materials (88). Indeed, PET quenching of QDs is a helpful photophysical mechanism to 

monitor close interactions between electron donor-acceptor sites (89). The relative energy 

levels of electrons in the nanocrystal, on its surface and in the surrounding medium, 

particularly on the capping ligands or nearby target analytes, determine the possible 

photo-induced interactions between a nanocrystal semiconductor and its surroundings 

(90).In the classic case, an excited state of a quantum dot is created by absorbing a 

photon of light. The photoexcitation of the QDs generates an electron–hole pair (exciton) 

in the conduction band and valence band of QDs, bonded by electrostatic Coulomb 

forces. Excitons are both good reductants (electron transfer from a high-energy molecular 

orbital to an electron acceptor) and good oxidants (electron transfer from an electron 

donor to a hole in the originally filled molecular orbital) and are capable of reversible 

electron and hole transfer (88). In the presence of an electron acceptor, with the redox 

potential of the LUMO energy level less negative than the QD conduction band potential, 

takes place the electron transfer to the acceptor specie. In the same way, in the presence 

of an electron donor, with a HOMO level more negative than the QD valence band 

potential, the electron transfer process occurs from the donor to the holes in the QD 

valence band (89, 91) (figure 8). Thus, any of the competitive electron transfer reactions 

conducts to the decrease of the emission intensity of the QDs due to electron-hole 

recombination annihilation on the excited QDs. 

 

 

Figure 8 – Electron transfer quenching pathways of QD particle by electron acceptor (A) 

or electron donor (D) units. Adapted from (89). 

 

The rate constant of electron transfer process between the QDs/donor and electron 

acceptor/QDs could be described as follows (equation 9): 
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4λKbT                                                            (Equation 9) 

 

wherein R0 and R are the van der Walls distance and the real distance separating the 

donor-acceptor pair,  is the electronic coupling constant, G0 is the standard free energy 

change and  is the nuclear reorganizational energy (88, 92). 

Several works have been published wherein PET mechanisms were applied for the 

detection of a variety of analytes using CdTe QDs as fluorescent chemo-sensors. 

Sun et al. (93) reported a fluorescence quenching methodology for the selective 

determination of vitamin B6 in aqueous solution by using CdTe QDs capped with TGA. It 

was observed that the vitamin B6 induced the fluorescence quenching of CdTe 

nanoparticles. In addition, no changes were seen for CdTe QDs absorption and emission 

spectra which excluded inner filter effects or nanoparticles aggregation. As the 

fluorescence of QDs result from the electron-hole recombination, the fluorescence 

quenching caused by vitamin B6 suggested that the pyridine structure of this molecule 

acted as an efficient acceptor for the conduction band electron from the QDs, preventing 

the recombination process and quenching the fluorescence of the nanocrystals. 

Several methods focused on the detection of metal ion Hg2+ have been developed 

involving the electron transfer process (94-96). Xia et al. (94) studied the quenching effect 

observed for TGA-capped CdTe QDs in the presence of Hg(II) and have also proposed 

that the quenching effect was due to non-radiative electron-hole recombination 

annihilation through an effective electron transfer process between capping ligands and 

Hg(II). Four years later, Pei et al. (95) studied the quenching effect of Hg2+ on 

fluorescence intensity of CA-coated CdTe quantum dots. The authors believe that the 

quenching mechanism is related with the strong affinity of Hg2+ to N atom. Indeed, Hg2+, 

can absorb onto the surface of QDs through functional amide groups in CA, promoting the 

electron transfer from QDs to Hg2+. By using a hydrophilic ionic liquid, 1-ethyl-3-

methylimidazolium dicyanamide (EMIDCA), as a medium for the synthesis of highly 

luminescent CdTe QDs capped with TGA, Chao et al. (96) proposed a fluorescence 

quenching method for Hg2+ determination. Once again, a PET process from nanocrystals 

to Hg2+ was demonstrated via quenching of the QDs photoluminescence. 

A quenching effect of 1,4-Benzoquinone (BQ) on MSA-coated CdTe QDs was 

investigated by Yuan et al. (97). The authors suggested that BQ produced from the 

peroxidase-catalyzed oxidation of phenolic compounds and selected as electron acceptor, 

could absorbed on the QDs surface and could transport the electron from the conduction 
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band to the valence band of the excited QD, leading to the quenching of QD 

photoluminescence intensity. 

Cao and co-workers (98) showed that cytochrome c (Cyt. c) efficiently quenches the 

fluorescence of the GSH-CdTe QDs. The quenching mechanism was attributed to a PET 

process. Under photo-irradiation, hemeproteins (III) can be reduced to hemeproteins (II), 

disturbing the radiative recombination of the holes and the excited electrons, causing the 

quenching of the nanoparticles. 

CdTe QDs capped with CYS have been prepared by Wang et al. (99) and tested for Cu2+ 

determination in hair and tea samples. They reported that the PL intensity of nanocrystals 

decreases as the Cu2+ concentration increases. The effective quenching is ascribed to low 

solubility of CuTe particles formed onto QDs surface instead of CdTe. Thus, the electron 

transfer from the CdTe to the CuTe energy levels is much faster than the process of 

fluorescence generation in the CdTe, which affects the efficiency of the electron–hole 

recombination and causes the quenching fluorescence effect. Similar mechanism was 

presented by Lima and co-workers (100) for Cu(II) determination in biodiesel samples. 

Wang et al. (101) described a sensitive method for determination of Ag+ ions based on an 

analogous mechanism of the above mentioned works of Cu2+ determination by using a 

MPA-capped CdTe QDs modified with reduced bovine serum albumin (BSA). Additionally, 

more recently, Jiao et al. (102) reported a similar procedure for the sensitive and selective 

determination of Ag+ using CdTe QDs with different sizes capped with homocysteine. 

Wang and coworkers (103) developed a methodology for the sensitive and selective 

determination of Ag＋ and Cu2＋ based on the fluorescence quenching of MPA-capped 

CdTe QDs in the presence of hydroxyapatite (HAP) nanoribbon spherulites. In this work, 

the interaction mechanism between metal ions and QDs was ascribed to the electron 

transfer process.  

A simple, convenient and sensitive fluorescence emission method for the determination of 

berberine was proposed by Cao and co-workers (104) based on the fluorescence 

quenching of TGA-CdTe quantum dots. The authors suggested that berberine is adsorbed 

onto the QDs surface and a fast electron transfer occurs, affecting the efficiency of the 

electron–hole recombination which resulted in quenching of the QDs fluorescence 

emission.  

In 2010, Hou et al. (105) investigated the use of water-dispersible CdTe QDs coated with 

negatively charged TGA as fluorescence probes for vanadium determination in natural 

waters. They reported that in the presence of V(V) the fluorescence signal of TGA-coated 

CdTe QDs is effectively quenched with increasing V(V) ion concentration. This effect was 

attributed to electron transfer from ligand to V(V) ions. The carboxyl groups present on the 
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nanoparticles surface can coordinate with V(V) ions sites disrupting the radioactive 

recombination process and yielding a repression of photoluminescence. 

In the same year, Ge et al. (106) described a novel fluorescent nanosensor for antimony 

ion determination using TGA-capped CdTe nanoparticles. The authors conjugated BSA to 

QDs through an amide linkage via the carboxylic group of the nanoparticle capping. With 

the addition of Sb3+ the fluorescence of QDs was effectively quenched by a PET process. 

An interesting approach was described by Fan et al. (107) which reported a fluorescence 

reversible tune for coumaric and caffeic acid determination. For this effect, GSH/TGA-

CdTe quantum dots were synthesized in aqueous solution. They observed that coumaric 

acid and caffeic acid are capable to quench the fluorescence of nanoparticles being the 

quenching efficiency of caffeic acid greater than coumaric acid, since caffeic acid 

containing a –OH more than coumaric acid. The quenching mechanism was based on the 

absorption of coumaric acid and caffeic acid on the surface of GSH/TGA-CdTe QDs by 

weak hydrogen bonds, which restrain its capacity to emit light as a result of electron 

transfer process. 

Gan and co-workers (108) showed that the addition of Ag+ to the CdTe QDs capped with 

MPA resulted in fluorescence quenching of nanocrystals. The authors attributed the 

quenching phenomenon to effective electron transfer from MPA to Ag+. 

A platform for ultrasensitive detection of Pb2+ in spinach and citrus leaves was developed 

by Zhong et al. (109), resorting to multicolor water-soluble TGA-capped CdTe QDs as 

fluorescent probes. The assays showed that the better sensitivity of Pb2+ was achieved 

with the smallest nanoparticles, which were selected for Pb2+ detection. This detection 

was based on the quenching of the nanoparticles fluorescence emission. The quenching 

of the luminescence band of QDs was attributed to effective electron transfer process 

from TGA to Pb2+ and the creation of a new radiative center. 

Ai and co-workers (110) constructed a silica-coated QDs (QDs@silica) nanosensor for 

selective and sensitive detection of dopamine in human serum samples. MPA-coated QDs 

were embedded in silica shells by reverse microemulsion method to synthesize 

QDs@silica. Dopamine-quinone, produced by oxidation of dopamine, binds on the surface 

of silica via hydrogen bonding and electrostatic interactions and quenches QDs@silica via 

an electron transfer process.  

MPA-CdTe QDs were prepared by Aucélio et al. (111) and tested for lapachol 

determination in urine samples. Lapachol has a phenol group in its structure, which was 

nonprotonated in the assayed conditions enabling the readily interaction of 

naphthoquinone with QDs. Being naphthoquinones good acceptors of electrons, they may 
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withdraw electrons from the excited QDs, resulting in an effective quenching of 

nanocrystals fluorescence. 

A multi-commutated method for the determination of hydroxytyrosol (HXT) in functional 

foods was proposed by Llorent-Martínez and co-workers (112) by using MPA-capped 

CdTe quantum dots. The assays showed that the interaction of HXT and MPA-capped 

CdTe nanoparticles produced the reduction of their photoluminescence emission. The 

authors explained the quenching effect by an electron transfer process between electron 

donor groups on the HXT molecules and incompletely coordinated Cd2+ on the surface of 

QDs, which result in the establishment of mid-gap energy levels that could act as electron-

trapping states preventing electron-hole recombination. 

Even in 2013, by using water-soluble CdTe QDs coated with MPA, Llorent-Martínez et al. 

(113) reported the development of a flow system for ascorbic acid (AA) determination. The 

system was based on the quenching effect produced by ascorbic acid on the fluorescence 

of QDs. The observed quenching of the fluorescence in the presence of ascorbic acid is 

attributed to an effective PET process between electron-donor groups on the AA 

molecules and incompletely coordinated Cd2+ on the QDs surface which disrupts 

radioactive recombination process and resulting in the repression of nanoparticles 

fluorescence. A similar quenching mechanism was proposed by Lima et al. (114) for the 

fluorometric determination of AA in fruit juices using MPA-CdTe QDs as fluorescent 

probes. Another methodology for AA determination was proposed by Ma et al. (115) 

wherein CdTe QD@silica nanobeads were used as modulated photoluminescence 

sensors. This sensing scheme was based on the different quenching effect of Fe2+ and 

Fe3+ on the PL intensity of QDs. In the absence of AA a slightly PL quenching was 

observed due to the interaction between Fe3+ and the nanoparticles conjugated silica 

nanobeads. However, in the presence of AA, an increase of the PL quenching effect of 

CdTe QD@silica nanobeads was observed due to the reduction of Fe3+ to Fe2+. This 

quenching was attributed to an electron transfer mechanism between metal ions and the 

QD@silica nanobeads. 

Molina-García et al. (116) reported the use of two flow automatic methodologies for the 

analysis of quinolones in pharmaceutical formulations. The observed quenching effect 

caused by the analytes over MPA-coated CdTe quantum dots fluorescence relies on an 

electron transfer process between electron-donor groups on the quinolone molecules and 

incompletely coordinated Cd2+ on the QDs surface which prevent electron-hole 

recombination. 
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In same year, Molina-García and co-workers (117) reported the effect of ketoprofen (KTP) 

on the PL properties of CdTe nanocrystals capped with MPA. The quenching effect 

observed was attributed to a PET process between KTP and MPA-capped CdTe QDs. 

A simple and straightforward flow system was implemented for the fluorescence 

quantitation of ibandronate in pharmaceutical formulations, making use of MPA-capped 

CdTe nanoparticles (118). An electron transfer process was identified as the mechanism 

for quenching of the nanocrystal photoluminescence. 

Shen et al. reported the use of water-soluble GSH-capped CdTe QDs as fluorescent 

probes for ellagic acid (EA) (119). The mechanism of the fluorescence quenching of GSH-

CdTe QDs by EA has been proposed on the basis of electron transfer from QDs to EA. 

A sensitive and simple method for fleroxacin (FLO) determination was developed by Tan 

et al. (120) making use of the changes observed on the dual-wavelength fluorescence 

signals of GSH-coated CdTe quantum dots. They attributed the quenching effect to 

electron transfer from the excited GSH–CdTe QDs to FLO, since this molecule has 

fluorine atoms, carbonyl and carboxylic groups showing that FLO is an excellent electron 

acceptor. 

Kaempferol (KAE) was determined by using the quenching of the fluorescence of TGA-

capped CdTe quantum dots (121). The authors consider that the quenching mechanism is 

related with the electron-hole recombination annihilation, causing decreasing of 

fluorescence intensity of nanocrystals. 

A quenching effect was also observed in the determination of Fe2+ in mineral water and 

synthetic samples (122), by using TGA-capped CdTe QDs as selective Fe2+ probes. The 

inhibition of fluorescence is mostly attributed to electron transfer from QDs to Fe2+ ions. 

Fe2+ ions bind to the surface of the nanoparticles, which disrupts the radioactive electron-

hole recombination process. Also, Wu et al. (123) developed a methodology for 

determination of trace Fe2+ using a GSH-CdTe QDs-Fenton hybrid system. In this work, 

the authors added trace H2O2 to achieve a selective determination of Fe2+ in the presence 

of Fe3+. So, the Fenton reaction between Fe2+ and H2O2 produce hydroxyl radicals which 

quench the QDs fluorescence through an electron transfer from the conduction band of 

the QDs to the single occupied molecular orbit of hydroxyl radicals. 

A fluorescence quenching method was developed for detecting diprophylline (DPP) 

making use of GSH–CdTe QDs (124). The authors concluded that DPP act as an electron 

acceptor for the conduction band electron from the QDs and interrupts the radioactive 

recombination process 

Recently, a fluorescence sensing system was proposed for parathion-methyl (PM) 

detection (125) by using MPA-CdTe QDs/CTAB (cetyltrimethylammonium bromide) as 
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fluorescence probes. PM was hydrolyzed by organophosphorus hydrolase (OPH) to p-

nitrophenol, a commonly electron-acceptor compound. The strong hydrophobic interaction 

between p-nitrophenol and CTAB resulted in the effective quenching of nanocrystals 

fluorescence due to the electron transfer process. 

 

 

Table 1 – Fluorescence quenching of CdTe QDs exploring the photo-induced electron 

transfer (PET) mechanism. 

Analyte 
Capping 

ligand 
Linear range LOD Sample Ref. 

Pyridoxine 

hydrochloride  
TGA 33.22 – 445.9 µg mL-1 0.15 µg mL-1 

pharmaceutical 

formulations 
(93) 

Hg (II) TGA 1.210-8 – 1.510-6 mol L-1 4.010-9 mol L-1 natural waters (94) 

Hg (II) CA 0.08 – 3.33 µmol L-1 0.07 µmol L-1  (95) 

Hg (II) TGA 
3.33–667 nmol L-1 

0.23–53 µmol L-1 

3.33 nmol L-1 

0.23 µmol L-1 
BSA and FBS (96) 

BQ 

H2Q 

H2O2 

dopamine 

phenol 

MSA 

1.0×10-7-1.5×10-3 mol L-1 

5.0×10-7-5.0×10-4 mol L-1 

1.0×10-6-1.0×10-3 mol L-1 

1.0×10-5-8.0×10-5 mol L-1 

5.0×10-7-1.0×10-3 mol L-1 

5.0×10-8 mol L-1 

5.0×10-7 mol L-1 

1.0×10-7 mol L-1 

2.0×10-7 mol L-1 

5.0×10-7 mol L-1 

wastewater (97) 

Cytochrome c GSH 3.2×10-8-2.4×10-6 mol L-1 3.0×10-9 mol L-1 
pharmaceutical 

formulations 
(98) 

Cu(II) CYS 20-300 µg L-1 9.3 µg L-1 hair and tea (99) 

Cu (II) GSH 2.2 – 30.0 µg L-1 0.67 µg L-1 biodiesel (100) 

Ag (I) MPA 0.08 – 10.66 µmol L-1 0.01 µmol L-1 
synthetic 

samples 
(101) 

Ag (I) HCYS 0-90 nmol L-1 8.3 nmol L-1 water (102) 

Ag (I) 

Cu (II) 
MPA 

0.02-50 µmol L-1 

0.056-54 µmol L-1 

20 nmol L-1 

56 nmol L-1 
serum (103) 
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Table 1 – Continued. 

Analyte 
Capping 

ligand 
Linear range LOD Sample Ref. 

Berberine TGA 2.510-8 -8.010-6 mol L-1 6.010-9 mol L-1 
pharmaceutical 

formulations 
(104) 

V(V) TGA 10 – 200 ng mL-1 2.07 ng mL-1 water (105) 

Sb (III) TGA 0.10-22.0 µg L-1 2.9410-8 g L-1 water (106) 

coumaric acid 

caffeic acid 

GSH/ 

TGA 

9.02-120.1 µmol L-1 

3.71-111.8 µmol L-1 

3.07 µmol L-1  

1.20 µmol L-1 
n/a (107) 

Ag(I) MPA 410-7 - 32 10-7 mol L-1 
4.10610-8 mol 

L-1 
 (108) 

Pb (II) TGA 1.96 – 25.9 nmol L-1 4.7 nmol L-1 
spinach and 

citrus leaves 
(109) 

dopamine MPA 0.0005-0.1 mmol L-1  human serum (110) 

lapachol MPA 1.010-5-1.010-4 mol L-1 8.010-6 mol L-1 urine (111) 

Hydroxytyrosol MPA 10-250 ng µL-1 10 ng µL-1 food samples (112) 

Ascorbic acid MPA 12-250 µg mL-1 4 µg mL-1 

pharmaceutical 

formulations 

and fruit juices 

(113) 

Ascorbic acid MPA 10 -100 µg L-1 3 µg L-1 fruit juices (114) 

Ascorbic acid MPA 3.33–400 µmol L-1 1.25 µmol L-1 
pharmaceutical 

formulations 
(115) 

ciprofloxacin 

levofloxacin  

norfloxacin 

ofloxacin 

pipemidic acid  

MPA 

100–1000/86–910 µmol L-1 

105–900/92–780 µmol L-1 

150–1200/130–1000 µmol L-1 

100–770/86–670 µmol L-1 

190–1200/165–1060 µmol L-1 

30/26 µmol L-1 

32/28 µmol L-1 

45/39 µmol L-1 

30/26 µmol L-1 

58/50 µmol L-1 

pharmaceutical 

formulations 
(116) 

Ketoprofen MPA 7.5-100 µg mL-1 2.3 µg mL-1 
pharmaceutical 

formulation 
(117) 
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Table 1 – Continued. 

Analyte 
Capping 

ligand 
Linear range LOD Sample Ref. 

Ibandronate MPA 20-200 µg mL-1 6 µg mL-1 
pharmaceutical 

formulations 
(118) 

Ellagic acid  GSH 0.3118-55.0 µg mL-1 0.0936 µg mL-1 urine (119) 

Fleroxacin GSH 0.0262-35.0 µg mL-1 17.93 ng mL-1 
pharmaceutical 

formulations 
(120) 

Kaempferol TGA 4 – 44 µg mL-1 0.79 µg mL-1 
pharmaceutical 

formulations 
(121) 

Fe (II) TGA 5.010-8-4.010-6 mol L-1 1.210-8 mol L-1 water (122) 

Fe (II) GSH 0.01 – 1 µmol L-1 5 nmol L-1 water (123) 

Diprophylline GSH 1.6710-6-1.3310-5molL-1 
2.2410-7mol L-

1 
human serum (124) 

Parathion-

methyl  
MPA 25 – 3000 ng mL-1 18 ng mL-1 

environmental 

and agricultural 

samples 

(125) 

thioglycolic acid (TGA); cysteamine (CA); mercaptosuccinic acid (MSA); glutathione (GSH); L-Cysteine 

(CYS); homocysteine (HCYS); 3-mercaptopropionic acid (MPA); 1,4-benzoquinone (BQ); Hydroquinone 

(H2Q); bovine serum albumin (BSA); fetal bovine sérum (FBS); not applicable (n/a). 

 

 

3.1.2. Changes on the QDs surface charge or ligands 

 

The short-chained thiol molecules (capping ligands) play an important role in the physico-

chemical properties of the QDs since they determine the chemical functionality and the 

surface charge of the nanoparticle (126). The nanoparticles are charged because of the 

ionization of the functional group of the capping ligand and therefore the surface charge 

condition is dependent on the pH of the medium and the nature of the capping ligand 

(127). 

The surface charge on the nanoparticles is an important parameter which influences the 

electric behavior of the QDs in solution determining its electrophoretic mobility, dispersing 

status and the surface adsorption behavior. Indeed, the stability of QDs dispersion in 
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various media is controlled by the interaction between the nanoparticles (127). This 

means that the higher the stability of QDs dispersion the higher the repulsive forces 

between the nanoparticles, namely the electrostatic force (electrostatic stabilization) or 

steric force (steric stabilization). So, with higher surface charge, the QDs will be better 

dispersed in the medium because of stronger electrostatic repulsion between the 

nanoparticles leading to a homogeneous suspension and consequently the photo-physical 

properties of the nanomaterials are enhanced. On the other hand, with the lower surface 

charge, the electrostatic repulsion between the particles is lower promoting the 

aggregation between the nanoparticles leading to detrimental influences on the photo-

physical properties of the QDs (127). 

Besides influencing the dispersion of particles in a given medium, the QDs surface charge 

can also affect the adsorption of ions and/or organic molecules. In fact the charged layer 

around the nanoparticle can difficult the diffusion of analytes with the same charge into the 

QDs surface, which prevents the establishment of interactions with reactive sites on QDs 

surface (128). 

For all the foregoing reasons, the photoluminescence properties of the QDs could be 

significantly influenced by changes on QDs surface charge or ligands which affect the 

efficiency of the electron–hole recombination. 

A bibliographic survey revealed several scientific works that have been published 

involving the inhibition of photoluminescence properties of the CdTe nanoparticles upon 

the interaction with ions and/or organic compounds wherein the quenching mechanism 

relied on changes on QDs surface charge or ligands. 

In 2007, Diao et al. (129) proposed a fluorescence quenching method for the 

determination of cationic surfactants using CdTe QDs modified with TGA as fluorescent 

probes. As the cationic surfactant is positively charged and the carboxylic group of TGA is 

negatively charged, at the experimental pH, the CTAB molecules bound to the QDs 

surface through electrostatic interactions. Thus, the QDs surface gradually showed 

positive charge properties rendering it more prone to bind other negatively charged QDs 

causing the aggregation of the nanoparticles and consequently the fluorescence 

quenching. 

Ling et al. (130) studied the interaction of TGA-capped QDs with pazufloxacin by 

fluorescence and UV-Vis spectroscopy. In this work, the fluorescence intensity of QDs 

decreased with increasing concentration of pazufloxacin, which was due to changes of the 

surface-bound organic molecules of QDs (-COOH chemical bond) and the Te-oxygen 

complex that was formed at the Cd surface vacancies. 
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Wang et al. (131) developed a methodology for the determination of tiopronin based on 

the fluorescence quenching of MPA-capped CdTe QDs, which were used as proton 

probes. Indeed, upon the addition of tiopronin to the QDs solutions, the amount of H+ 

increase, causing the breakage of the Cd2+-MPA bonding due to the protonation of the 

thiol group. This resulted in the depassivation of the nanoparticles leading to a lower QDs 

surface charge. As a consequence they tended to aggregate provoking a strong 

fluorescence quenching. 

In 2008, Wu et al. (132) described a novel method for the determination of Pb2+ in 

aqueous solution based on quenching of the fluorescence of TGA capped CdTe QDs. The 

quenching mechanism was ascribed to the changes of the QDs surface charges induced 

by the presence of Pb2+. 

Wang et al. (133) reported the effect of adenosine 5` triphosphate (ATP) and folic acid on 

the PL properties of CdTe nanocrystals capped with TGA. The quenching effect observed 

was attributed to the interactions between cadmium atoms at the surface of the QDs and 

the phosphate and carboxylic groups in ATP and folic acid molecules, respectively. The 

interactions between molecules/ions and the surface atoms of the QDs affected the 

efficiency of the recombination of electron-hole pair.  

Zhang et al. (134) developed an fluorometric methodology involving the use of GSH-

capped CdTe QDs as fluorescent probes for the selective determination of Cr(VI) in waste 

waters. The interaction mechanism was explained by the complex reaction between 

Cr(VI) and the surface GSH capping layer of the QDs. Thus, in the presence of Cr(VI), the 

GSH was detached from the nanoparticles surface and consequently the depassivated 

QDs tended to aggregate causing a fluorescence quenching effect. 

Later, Kuang et al. (82) described a simple and rapid technique for the detection of 

bisphenol A based on the inhibition of the photoluminescence intensity of CA-capped 

CdTe QDs. They attributed the quenching effect to the formation of hydrogen bonds 

between the amine groups of CA and bisphenol A which caused the detachment of the 

capping layer from the nanoparticles surface.  

In the same year, Zhao et al. (135) studied the use of CdTe QDs capped with CYS as a 

fluorescence probe for the determination of cardiolipin based on the fluorescence 

quenching. This change of the QDs luminescence properties was explained by the 

electrostatic interaction between the negatively charged lipid head groups of cardiolipin 

and the protonated amine moieties of L-cysteine that was accompanied by deep 

penetration of QDs into the acyl chain region of the phospholipid. 

Du et al. (136) used two-photon excited fluorescence spectroscopic technique to study the 

interaction between TGA-capped CdTe QDs and folic acid. They observed that the amino 
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group of folic acid can conjugate with the carboxyl group of TGA through electrostatic 

interactions, which induced the weakening of the covalent bond between TGA and Cd2+ at 

the QDs surface. This fact affected the nanocrystal energy states promoting the 

occurrence of defect states within the QDs band-gap. 

Liu et al. (137) described a sensitive method for the determination of L-aspartic acid using 

GSH-CdTe QDs as a luminescent probe. The study of the interaction mechanism 

demonstrated that L-aspartic acid can conjugate with the QDs through electrostatic 

attraction and hydrogen bond forming a bigger diameter aggregate, due to the changes on 

the QDs surface, which resulted in the fluorescence quenching of the nanoparticles. 

In 2011, Peng et al. (138) developed a method for the determination of roxithromycin 

based on the fluorescence quenching of MPA-capped CdTe QDs. The authors believed 

that the roxithromycin bound to the QDs inducing changes on the nanoparticle surface 

that led to QDs aggregation with the consequent quenching of QDs fluorescence. 

Wang et al. (139) studied the interaction between As(III) and CdTe QDs capped with 

different ligands and applied the methodology to the detection of arsenic ions in water 

samples. The authors observed that, in the presence of As(III), the fluorescence of GSH-

capped QDs was markedly quenched. This effect was due to the high likeness of As(III) to 

react with reduced-GSH to form As(SG)3. Consequently the GSH capping layer was 

preferentially displaced from the surface of the QDs creating imperfections on the 

nanocrystallite surface. 

Zhang et al. (80) reported the synthesis of CdTe QDs capped with 2-mercaptoethylamine 

in aqueous solution and its use as fluorescence probe for the detection of uric acid in 

human serum. In this study the authors verified that the interaction between the 

tautomeric keto/hydroxyl group of uric acid and the amino group of 2-mercaptoethylamine, 

at the QDs, resulted in pronounced changes of the QDs surface increasing the number of 

occurring defects. This resulted on the aggregation of QDs and then the quenching of the 

QDs fluorescence emission.  

In 2012, Mao et al. (140) used CYS-capped QDs for the determination of 

chloroamphenicol based on the quenching of the nanoparticles fluorescence emission. 

Their quenching mechanism explanation was based on the interaction of the drug with the 

nanoparticle, which promoted the QDs surface modification leading to QDs aggregation. 

In the same year, Li et al. (141) developed a sensitive and simple method for the 

determination of melamine based on the fluorescence quenching of TGA-capped QDs at 

alkaline aqueous solution. They verified that the TGA at the negatively charged TGA-QDs 

surface was replaced by melamine to form positive charged melamine-coated QDs. As a 
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result, the two oppositely charged nanoparticles aggregated through electrostatic 

attraction. 

Rodrigues et al. (142) developed a methodology based on the capacity of iron to establish 

surface interactions with MPA-capped QDs resulting in the quenching of the fluorescence 

intensity of the nanocrystals. The authors referred that several factors could have 

influence on the quenching process. Thus, for low iron concentrations the quenching 

mechanism was ascribed to the binding of the iron ions at the QDs surface, which induced 

recombination centers for electrons and holes. However, at higher concentrations the 

excess of iron ions promoted the aggregation of the nanoparticles due to the loss of the 

stabilizing layer thus leading to a strong fluorescence quenching of the MPA-capped QDs. 

In 2014, Rodrigues et al. (143) reported the development of an automated flow-based 

methodology for the fluorometric determination of sulfide using MPA-capped QDs as 

fluorescence probes. The quenching mechanism was attributed to several factors 

depending on the S2- concentration. For high S2- concentration the quenching was 

provoked by the depassivation of the surface ligands, replaced by S2-, resulting in the 

aggregation of QDs. 

Sorouraddin et al. (144) established a pH-dependent sensitive method for the 

determination of valproic acid using TGA-capped QDs as fluorescence probes. This 

means that when adding valproic acid to the QDs solutions the pH medium changed. 

Thus, by decreasing the pH of QDs solution, the un-ionized form of the thiol group prevails 

and the surface-binding thiolates tend to dissociate from the QDs surface. Moreover, for 

lower pH values occurred the protonation of carboxyl group on the surface of the particles 

resulting in a lower surface charge that causes the aggregation of the nanoparticles and 

consequently the quenching of the QDs photoluminescence properties. 

Li et al. (145) reported the development of a glucose sensor based on multilayer films of 

CdTe semiconductor QDs and glucose oxidase (GOD) obtained by using the layer-by-

layer (LBL) assembly technique. The addition of glucose to the immoblized QD/GOD 

multilayer film triggers the enzymatic reaction wherein GOD catalytically oxidizes glucose 

leading to the production of H2O2. This compound etches the QDs surface promoting the 

quenching of the PL of the nanocrystals which was used for monitoring glucose 

concentration in blood samples.  

Similarly Yuan et al. (146) developed a simple and sensitive system for glucose detection 

using GSH-capped CdTe QDs, but without the complicated enzyme immobilization and 

modification of QDs. Furthermore, GSH-capped CdTe QDs exhibited higher sensitivity to 

H2O2 produced from the oxidation of glucose catalyzed by glucose oxidase. 
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Table 2 – Fluorescence quenching of CdTe QDs exploring the mechanism based on 

changes on the QDs surface charge or ligands. 

Analyte 
Capping 

ligand 
Linear range LOD Sample Ref. 

CTAB TGA 2.010-7 – 7.010-6 mol L-1 5.010-8 mol L-1 waters  (129) 

Pazufloxacin TGA 10.0 – 850 µg mL-1 
3.25410-3µg 

mL-1 

pharmaceutical 

formulations 
(130) 

Tiopronin MPA 0.15 – 20  µg mL-1 0.15 µg mL-1 
pharmaceutical 

formulations 
(131) 

Pb (II) TGA 2.010-6 – 1.010-4 mol L-1 2.710-7 mol L-1 food samples (132) 

ATP 

Folic acid 
TGA 

510-6 -110-3 mol L-1 

510-7 -110-4 mol L-1 

0.98 µmol L-1 

0.095 µmol L-1 
n/a (133) 

Cr(VI) GSH 0.01 – 1.00 µg mL-1 0.008 µg mL-1 wastewater (134) 

Bisphenol A CA 410-9 – 4.510-7 mol L-1 1.010-8 mol L-1 
feeding-bottle 

samples 
(82) 

Cardiolipin CYS 1.3310-7-10.410-7 mol L-1 18.5 nmol L-1 HepG2 cells  (135) 

Folic acid TGA 910-6 – 2.7210-4 mol L-1 0.19 µmol L-1 n/a (136) 

L-Aspartic acid GSH n/a 14.2 ng mL-1 urine (137) 

Roxithromycin MPA 25.0 – 350.0 µg L-1 4.6 µg L-1 
pharmaceutical 

formulations 
(138) 

As(III) GSH 5.010-6–2510-5 mol L-1 210-8 mol L-1 water (139) 

Uric acid MEA 0.4000–3.600 µmol L−1 0.1030 µmol L−1 human serum (80) 

Chloroamphenicol CYS 5 – 40 µg mL-1 50 ng mL-1 
pharmaceutical 

formulations 
(140) 

Melamine TGA 1.010-11-1.010-5 mol L-1 5 10-12 mol L-1 
milk powder and 

pet feeds 
(141) 

Iron MPA 4.16 - 100.0 µg L-1 1.25 µg L-1 biodiesel (142) 
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Table 2 – Continued. 

Analyte 
Capping 

ligand 
Linear range LOD Sample Ref. 

Sulfide MPA 0.25 -5.0 mmol L-1 0.19 nmol L-1 

hydrothermal 

waters and 

wines 

(143) 

Valproic TGA 0.3-7.5 mg L-1 0.24 mg L-1 

pharmaceutical 

formulations, 

human serum 

and urine  

(144) 

Glucose MPA 0.5-16 mmol L-1 0.5 mmol L-1 serum (145) 

Glucose GSH 
1.010-3-0.5 mmol L-1 

1.0 – 20 mmol L-1 
0.1 µmol L-1 serum (146) 

thioglycolic acid (TGA); 3-mercaptopropionic acid (MPA); glutathione (GSH); cysteamine (CA); L-Cysteine 

(CYS); 2-Mercaptoethylamine (MEA); cetyltrimethylammonium bromide (CTAB); adenosine 5´ triphosphate 

(ATP); not applicable (n/a). 

 

 

3.2. Enhancing mechanisms 

 

The CdTe QDs have a well-defined crystal structure wherein a large majority of the atoms 

reside on their surface as it happens, consequently, with most of the defect sites (88). The 

high surface-to-volume ratio is an important characteristic of the QDs which can lead to 

the presence of a large number of surface dangling bonds (partially occupied molecular 

orbitals) forming mid-gap states within the band-gap that can have a strong effect on the 

recombination of the charged carriers (147). 

In fact, these dangling bonds act as electron-hole recombination centers, decreasing the 

lifetime of excitons which has a deleterious effect on the quantum yield of QDs. 

The mid-gap states located within the band-gap serve as traps for the photogenerated 

carriers providing alternative routes for the fast recombination of the exciton which results 

in radiationless transitions (88).  

The anion (Te) vacancy on the QDs surface leads to the formation of mid-gap states 

immediately above the valence band acting as a trap for the photogenerated holes while 
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the cation (Cd) vacancy on the QDs surface originates an electron trap state immediately 

below the conduction band (88).  

In summary, the QDs surface can be regarded as a group of terminal and dangling bonds 

which plays an important role in determining the physical and chemical properties of the 

semiconductor nanoparticles. Specifically, the fluorescence properties of the quantum 

dots can be extremely affected by the surface passivation thereby ensuring the reduction 

of the number of dangling bonds. As a consequence, potential trap sites are removed 

increasing the radiative recombination, which allows achieving higher fluorescence 

quantum yields (90).  

Only a few cases can be found in the scientific literature involving the use of CdTe QDs as 

fluorescent probes for the determination of different substances (ions and organic 

compounds) in which the analyte under study act as enhancers of the fluorescence 

intensity of the nanoparticles. The enhancing mechanisms found in literature can be 

divided in several categories. One of the enhancing mechanisms involves the use of 

supramolecular complexes for the passivation of the QDs surface wherein the target 

analyte acts as guest molecule that is embedded into the host molecule cavity. The 

formed supramolecular complex can be gradually absorbed on the QDs surface inducing 

a uniform arrangement. This ordered orientation allows an enhanced conformational 

rigidity of the surface substituents, which could suppress the quenching path to the 

medium by the effective core protection and consequently the photoluminescent 

properties of the nanoparticles are enhanced. Two different works explored this enhancing 

mechanism for the selective determination of pesticides. In 2007, Li et al. (148) described 

the synthesis of TGA-CdTe nanocrystals in sol-gel-derived composite silica spheres 

coated with 5,11,17,23-tetra-tert-butyl-25,27-diethoxy-26,28-dihydroxycalix[4]arene 

(C[4]/SiO2/CdTe) in aqueous media and their potential application as selective 

luminescent probes for methomyl determination. It was observed that methomyl led to the 

fluorescence enhancement of the synthesized nanocomposites enabling the selective and 

sensitive determination of this pesticide. The authors suggested that the mechanism of 

enhancement might be associated with structural changes of the calixarene-group shell 

nearby the core of nanocrystals due to intercalation. This would either create a new and 

efficient radiative path that included the bound methomyl or/and prevent a nonradiative 

process. 

Later, Qu et al. (149) developed a strategy for recognition and determination of 

acetamiprid (guest molecule) in aqueous solution, via the PL response of TGA-CdTe QDs, 

resorting to p-sulfonatocalix[4]arene (host molecule). In the presence of p-
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sulfonatocalix[4]arene, the PL intensity of CdTe QDs was selectively enhanced to 

acetamiprid.  

In another example found in literature, a supramolecular complex was also used for the 

determination of ions through the enhancement of the photoluminescent properties of the 

CdTe QDs. Indeed, in 2009, Ghosh and co-workers (91) studied the influence of Cu2+-

PAMAM (polyamidoamine dendrimer) complex on photoluminescence (PL) of CYS-coated 

CdTe quantum dots. It was verified that Cu2+-PAMAM complex caused an enhancement 

effect on PL intensity of QDs ascribed to the passivation of trap states on the QD surface 

due to binding of Cu2+-PAMAM molecule. According to the authors, the obtained results 

might be used for the selective determination of Cu2+. 

Others authors explored enhancing mechanisms involving the interaction of CdTe QDs 

with different substances which contain functional groups such as thiol or amines. In these 

cases the incompletely coordinated Cd2+ on the QDs surface formed covalent bonds with 

the donor atom of the target analyte, namely with sulfur or nitrogen atoms. These atoms 

acted as electron-donors and the dangling orbitals acted as electron acceptors. The 

electron donated by the target analyte filled the dangling orbitals, thereby removing the 

mid-gap energy states located within the band-gap, and consequently the occurrence of 

non-radiative relaxation pathways was prevented. Effectively, Wang and co-workers (150) 

established a sensitive method for ovalbumin determination. They modified the surface of 

MPA-coated CdTe QDs with chemically reduced ovalbumin and, as a result, it was 

observed both a blue shift of the first absorption peak and the enhancement of 

photoluminescence intensity also with a blue shift of the fluorescence peak. As the thiol 

group of denatured ovalbumin has strong affinity to Cd atoms, denatured ovalbumin 

conjugate with QDs, improving the nanocrystals surface passivation, which result in both 

photoluminescence intensity enhancement and photoluminescence peak blue shift. 

In 2009, Wang et al. (133) explored a similar mechanism for the cysteine determination. 

The authors observed a large enhancement of the fluorescence properties of TGA-CdTe 

QDs in the presence of L-cysteine. They explained the PL enhancement through the 

coordination of thiol groups with Cd2+ which leads to the adsorption of CYS on the CdTe 

QDs surface and decreases the surface defects. 

An analogous mechanism was proposed by Frigerio et al. (128) for the interaction 

between MPA-capped CdTe quantum dots and N-acetyl-l-cysteine (NAC). The developed 

approach, integrated in a fully automated flow system, was based on NAC ability to 

establish surface interactions that resulted in enhanced QDs fluorescence intensity.  

More recently, Barbosa et al. (151) studied the fluorescence enhancement of MPA-CdTe 

QDs in the presence of chlorhexidine. The authors believe that chlorhexidine is a strong 
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electron-donor containing two biguanide groups which is capable of interacting with the 

defects on the QDs surface improving the surface passivation and, consequently, the 

fluorescence emission. This sensing strategy was implemented in an automated flow 

system for chlorhexidine determination in pharmaceutical formulations. 

Finally, in another enhancing mechanism, it was found  that for small CdTe nanoparticles 

lower concentration of Ag+ leads to a fluorescence enhancement (152). As the small 

nanoparticles have a larger number of surface defects, the presence of small amounts of 

Ag+ could effectively passivate the QDs surface. However after all traps are saturated the 

excess Ag+ quenches the PL properties of QDs because the cation induces non-radiative 

recombination. 

 

 

Table 3 – Fluorescence enhancing of CdTe QDs. 

Analyte 
Capping 

ligand 
Linear range LOD Sample Ref. 

Methomyl TGA 0.1-50 µmol L-1 0.08 µmol L-1 n/a (148) 

Acetamiprid TGA 0 - 110-3 mol L-1 3.410-8 mol L-1 food (149) 

Cu (II) CYS up to 880 nmol L-1 70 nmol L-1 n/a (91) 

Ovalbumin MPA 0.125 – 4 µmol L-1 0.03 µmol L-1 n/a (150) 

CYS TGA 510-6 -210-4 mol L-1 3.4 µmol L-1 n/a (133) 

NAC MPA 50 – 750 µmol L−1 1.6 µmol L−1 
pharmaceutical 

formulations 
(128) 

Chlorhexidine MPA 0.0510-3-0.510-3 mol L-1 n/a 
pharmaceutical 

formulations 
(151) 

Ag (I) MPA 0.05-1.1 µmol L-1 0.002 µmol L-1 n/a (152) 

thioglycolic acid (TGA); L-Cysteine (CYS); 3-mercaptopropionic acid (MPA); N-acetyl-l-cysteine (NAC); not 

applicable (n/a). 

 

 

3.3. Indirect fluorescent detection strategy  

 

As it can be perceived from the aforementioned works, CdTe QDs have been extensively 

used as luminescent probes with the large majority of cases involving sensing scheme 

relying on QDs photoluminescence quenching (PL turn-off). However, this kind of sensing 
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scheme depending on turn-off recognition could be a noteworthy drawback in practical 

applications because of undesired emission quenching provoked by a foreign substance 

that is not the target analyte (153). For this reason, in the last few years a different 

sensing approach has emerged concerning the development of photoluminescence turn-

on CdTe QD-based sensors for increasing the selectivity and sensitivity of the analytical 

methodology. The turn-on systems involve firstly a reversible luminescence quenching of 

QDs  by utilization of selected quenchers and then the reestablishment of QDs 

luminescence by target analyte recognition (153). 

The majority of reversible luminescence quenching of the CdTe QDs has been based on 

electron transfer processes, changes on the QDs surface charges or ligands, and inner 

filter effect. Considering the turn-on sensing schemes in which the electron transfer 

process was explored for the reversible luminescence quenching of the CdTe QDs, 

several works have been reported for the determination of some ions and organic 

compounds. 

In 2009, Shang et al. (154) developed a turn-on sensing approach for the sensitive and 

selective detection of cyanide. This methodology involved, in a first stage, the 

luminescence quenching of the QDs upon the addition of Cu2+ through an electron 

transfer process. Then, upon the addition of cyanide ions, the Cu2+ was desorbed from the 

QDs surface forming a more stable complex with CN- and consequently the quenched QD 

luminescence was effectively recovered. 

Wu et al. (155) reported turn-on photoluminescent sensor for the determination of 

histidine. In this work, the photoluminescence of CdTe QDs capped with homocysteine 

(Hcy) was quenched in the presence of Ni2+ due to electron transfer from the photoexcited 

QDs to Ni2+. When adding histidine, the Ni2+ dissociated from QDs surface because of the 

high affinity between amino acid and cation, thus recovering the photoluminescence of 

Hcy-capped CdTe QDs. A similar work was developed by Shi et al. (156), however they 

used dopamine functionalized–CdTe quantum dots as fluorescence probes for the 

determination of L-histidine. 

Later, Adegoke and co-workers (157) developed a modified nanoprobe sensor based on 

4-amino-2,2,6,6- tetramethylpiperidine-N-oxide (4AT)-functionalized CdTe quantum dots 

(QDs-4AT) for the selective detection of bromide ion. In the first step the GSH-CdTe QDs 

was covalently linked with 4AT free radical resulting in the fluorescence quenching of the 

nanoparticle which was ascribed to electron transfer from the conduction band of the QDs 

to the nitroxyl radical moiety. With the addition of Br-, the luminescence of the 

nanoparticles was reestablished through electron transfer from the bromide ion to QDs-

4AT. 
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A similar sensing scheme was used by Li et al. (158) for the determination of ultra-trace 

norfloxacin. The Co2+ was used for the QD luminescence quenching which was recovered 

after adding norfloxacin.  

Ai et al. (110) developed a fluorescent nanosensor for the simultaneous determination of 

dopamine (DA) and GSH. In this work CdTe quantum dots (QDs) were coated with silica 

and dopamine linked to the silica shell of QDs@silica through hydrogen bonding and 

electrostatic interaction in alkaline solution. The hydroxyl group of dopamine was oxidized, 

which quenched the QDs photoluminescence acting as an electron acceptor. Upon the 

addition of GSH (strong reducing agent), the dopamine-quinone was chemically reduced 

preventing the electron transfer process of QDs@silica and quinone and enabling the 

recovery of the QDs luminescence. 

This sensing scheme was also explored by Liu et al. (159) in the development of a 

biosensor for the rapid determination of double-strand (ds) DNA. With this purpose, 

praseodymium(III)–rutin (Pr3+–rutin) complex was used to produce an effective 

fluorescence quenching of GSH-capped CdTe QDs through a PET process. In the 

presence of dsDNA, the QDs fluorescence was restored because of the strong affinity of 

the target analyte to the Pr3+–rutin complex, thereby breaking the bonding between the 

QDs and the complex. 

Huang et al. (160) used the fluorescence turn-on detection for the sensitive and selective 

determination of calf thymus DNA (ctDNA). Firstly, the authors used ruthenium anticancer 

drugs to quench CdTe QDs fluorescence due to the binding of these drugs on QDs 

surface and the subsequent electron transfer from nanoparticles to anticancer drugs. The 

addition of ctDNA induced the breakage of the ruthenium anticancer drugs from the QDs 

surface, thus restoring the fluorescence intensity. 

Another turn-on  fluorescent biosensor was developed by Shen et al. (161) for the 

determination of herring sperm DNA (hsDNA). Samarium ion (Sm3+) was used as 

quencher of the high fluorescence of GSH-capped CdTe QDs through a PET mechanism, 

which was then recovered in the presence of hsDNA. 

Hu et al. (162) reported the development of CdTe QDs probes using 1,10-phenanthroline 

(Phen) as ligand for the selective and sensitive detection of Cd2+ in aqueous phase. In the 

first phase, the QDs and the ligand formed a complex inducing the inhibition of the 

photoluminescence properties of the nanoparticles by a photo-induced hole transfer (PHT) 

process. The addition of cadmium ion promoted the detachment of the Phen ligands from 

QDs surface, forming a more stable complex and, consequently, the luminescence of QDs 

was switched-on. 
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Other turn-on sensing schemes wherein the reversible luminescence quenching of the 

CdTe QDs was related with changes on the QDs surface charge or ligands can be found 

in scientific literature, such as the following two examples: 

In one of these works, Xu et al. (163) developed a CdTe QDs-based probe for the 

sensitive and selective detection of Zn2+ and Cd2+ in aqueous media. In this work, the 

sulfide ion was initially added inducing a fluorescence quenching of the QDs since S2- bind 

to the QDs surface and modify the surface charges of the nanoparticles. The weak 

luminescence of S2− modified CdTe QDs was then enhanced upon the addition of Zn2+ or 

Cd2+ which was ascribed to the formation of ZnS or CdS that act as a passivation shell. 

The surface passivation of nanoparticles with high band-gap materials improves the 

luminescence efficiency and the nanocrystals stability. 

More recently, a luminescence sensing scheme for lysozyme was developed by Li et al. 

(164) using CA-capped CdTe QDs conjugated with lysozyme binding DNA (LBD) as 

probe. LBD, which have a negative charge at experimental pH, was added to the 

positively charged CA-capped CdTe QDs leading to the formation of QDs–LBD complex 

through electrostatic interactions. Consequently the fluorescence intensity decreased 

because the QDs surface charge was altered. After introduction of lysozyme into the 

CdTe QDs–LBD system, the fluorescence of CdTe QDs was enhanced significantly due to 

the binding of lysozyme with QDs–LBD, forming a ternary complex. 

Regarding the turn-on detection scheme exploiting the inner filter effect as the reversible 

luminescence quenching of the CdTe QDs, only one work was found. In this work, a 

sensitive turn-on fluorescent assay for melamine in milk was developed (165). The first 

step consisted in the quenching of the TGA-capped CdTe QDs by the presence of gold 

nanoparticles (AuNPs) due to inner filter effect. Then the addition of melamine enables the 

recovery of the QDs luminescence because the organic base strongly bond to the surface 

of AuNPs  through the amine groups by ligand exchange with citrate ions inducing the 

aggregation of AuNPs, and leading to a decrease in the absorption of AuNPs. 

Beyond the typical turn-on sensing schemes above mentioned, other indirect fluorescence 

detection strategy, using CdTe as probes, can be found in literature. One example is the 

work developed by Zheng et al. (166) wherein an optical biosensor for the detection of the 

total content of organophosphorus pesticides (OP) mixtures in food stuffs was proposed. 

The optical biosensor was based on a nano-structured film composed of 

acetylcholinesterase (AChE), choline oxidase (ChOx) and CdTe QDs, which was 

constructed by using a LBL assembly technique. The enzymatic activity of AChE and 

ChOx produce hydrogen peroxide which acts as a quencher of the QDs fluorescence. The 

addition of increasing amounts of OPs reduces the enzymatic activity and consequently 
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the production of H2O2 decrease. Thus the fluorescence intensity of QDs increases with 

the addition of increasing OPs concentrations. In the same year an analogous 

methodology (167) was proposed in which an optical transducer of CdTe QDs has been 

integrated with AChE enzyme for detection of OPs in vegetables and fruits based on 

enzyme inhibition mechanism. 

Guo et al. (168) described a fluorescent transducer based on the combination of the 

unique properties of CdTe QDs and enzymatic inhibition assays for the ultrasensitive 

determination of Cu2+. In this work, alcohol oxidase (AO) catalyzed the oxidation of 

methanol producing hydrogen peroxide and consequently induced the QDs fluorescence 

inhibition. After adding Cu2+, the AO activity was inhibited, lowering the amount of H2O2 

which restrained the quenching rate of QDs. 

Rodrigues at al. (169) proposed an analytical methodology based on the preventing effect 

of Ca2+ on the luminescence quenching of QDs induced by EDTA which was implemented 

in an automatic flow system. Briefly, the EDTA was used as a ligand-detaching agent 

inducing the TGA-CdTe QDs surface depassivation thus producing an effective quenching 

of the nanoparticle luminescence. When the Ca2+ was previously added to EDTA, a Ca-

EDTA complex was formed reducing the QDs surface depassivation and therefore the 

fluorescence quenching effect was restrained. 

The same authors (170) proposed a chemo-sensor based on GSH-induced fluorescent 

enhancement of MPA-capped CdTe QDs for H2O2 determination wherein the developed 

approach was employed in an automatic flow methodology. In this work the GSH was 

used as an electron-donor ligand, to significantly increase the luminescence emission of 

QDs. Then, upon addition of H2O2, GSH was oxidized thereby preventing the QDs surface 

passivation and restraining the luminescence enhancing effect.  
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Table 4 – Indirect fluorescent detection strategies. 

Analyte 
Capping 

ligand 
Linear range LOD Sample Ref. 

CN- MSA 3.010-7 -1.210-5 mol L-1 1.510-7 mol L-1 
clinical 

samples 
(154) 

Histidine HCYS 1 – 30 µmol L-1 0.3 µmol L-1 human urine (155) 

L-Histidine MPA 1.010-6-1.010-4 mol L-1 5.010-7 mol L-1 
human 

serum 
(156) 

Br- GSH 0.01 – 0.13 µmol L−1 0.6 nmol L−1 n/a (157) 

Norfloxacin n/a 0.810-8-4.410-7 mol L-1 2.310-9  mol L-1 n/a (158) 

dopamine 

glutathione 
MPA 

0.0005-0.0mmol L-1 

0.1-10 mmol L-1 
n/a 

human 

serum 
(110) 

dsDNA GSH 0.0874- 20 µg mL−1 0.0262 µg mL−1 
synthetic 

samples 
(159) 

ruthenium drug 1 

ruthenium drug 2 

ruthenium drug 3 

ctDNA 

NAC 

3.0×10−7 ‐1.0×10−5 mol L-1 

8.0×10−7 ‐1.3×10−5 mol L-1 

3.0×10−7 ‐5.0×10−6 mol L-1 

1.0×10−8 -3.0×10−7 mol L-1 

5.510-8 mol L-1 

7.010-8 mol L-1 

7.910-8 mol L-1 

1.110-9 mol L-1 

n/a (160) 

hsDNA GSH 0.012 -14.0 µg mL-1 3.61 ng mL-1 
human 

serum  
(161) 

Cd (II) TGA 0.02 nmol L-1-0.6 µmol L-1 0.01 nmol L-1 water (162) 

Zn (II) 

Cd (II) 
MPA 

1.6 – 35 µmol L-1 

1.3 – 25 µmol L-1 

1.2 µmol L-1 

0.5 µmol L-1 
water (163) 

lysozyme CA 8.9 -71.2 nmol L-1 4.3 nmol L-1 
biological 

samples 
(164) 

Melamine TGA 0.1 – 1.1 mg L-1 0.02 mg L-1 raw milk (165) 

paraoxon 

dichlorvos 

parathion 

MPA 10-12-10-6 mol L-1 

2.75 pmol L-1 

2.09 pmol L-1 

4.82 pmol L-1 

fruits (166) 
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Table 4 – Continued. 

Analyte 
Capping 

ligand 
Linear range LOD Sample Ref. 

paraoxon 

parathion 
MPA 10-12-10-6 mol L-1 

1.0510-11mol L-1 

4.4710-12mol L-1 

vegetables 

and fruits 
(167) 

Cu (II) MPA up to 2.4 ng mL-1 0.176 ng mL-1 water (168) 

Ca2+ TGA 0.80–3.20 mg L−1 0.66 mg L-1 
drinking 

waters 
(169) 

H2O2 MPA 0.0025-0.040 % 0.0012 % 
lens care 

solutions 
(170) 

mercaptosuccinic acid (MSA); homocysteine (HCYS); 3-mercaptopropionic acid (MPA); glutathione (GSH); 

N-acetyl-l-cysteine (NAC); cysteamine (CA); thioglycolic acid (TGA); double-strand DNA (dsDNA); calf 

thymus DNA (ctDNA); herring sperm DNA (hsDNA); not applicable (n/a).  

 

 

4. Automation of sensing schemes involving the interaction of the target 

analyte with CdTe QDs 

 

It is well known that the sensitivity of the photo-physical processes involved in the 

generation of the fluorophore-target analyte pair depends on the stability of the surface-

ligands of the nanoparticles. So, it is crucial to maintain, during the measurements, the 

equilibrium between the QDs solution stability (related with the passivating agent) and the 

analyte recognition event that influences the photoluminescent properties of the 

nanocrystals. This constitutes a disadvantage when commonly batch procedures are 

involved which demand the attainment of long-lasting chemical equilibrium conditions for 

the obtaining of stable photoluminescence readouts, frequently affected by nanoparticles 

solution stability problems that totally impair detection and measurements. 

The automation of all processes, such as, the mixture of the samples and reagents, 

reaction development and analytical signal measurement and/or acquisition could 

overcoming this drawbacks through the reproducible solutions insertion and timed 

reaction development without the need for attaining equilibrium conditions (3). In this 

sense, a growing interest on the automation of chemo-sensing schemes involving the 

interaction of the target analyte with CdTe QDs have been noticed in the last two years. In 

fact, some works have reported QDs-based automatic methodologies for the 
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determination of a variety of analytes, such as, acetylcysteíne (128), ketoprofen (117), 

quinolones (116), ascorbic acid (113, 114), hydroxytyrosol (112), chlorhexidine (151), 

H2O2 (170), S2- (143) and Ca2+ (169). 

In conclusion, the use of automatic methods of analysis and, more precisely, 

methodologies based on flow analysis can assume an important role in the development 

of QDs-based fluorometric methods. This was one of the major premises adopted under 

the scope of the research work presented in this thesis. For this reason, their concepts 

and importance will be described and analyzed with more detail in the following section. 

 

5. Automatic methods of analysis 

 

Due to progress in science and technology, during the last decades has increased the 

need to develop and improve automatic methods of analysis to facilitate the carrying out 

of the analytical procedures and to enable processing a large number of determinations, 

in a reduced time and with cost reduction. 

Automation of analytical procedures in chemical analyses allows to answer quickly and 

effectively to the requirements of analysis involving complex sample manipulation or a 

large number of samples in which the analytes are to be determined at increasingly low 

concentration, with diminishing human participation and the reduction or elimination of 

numerous factors that could affects the performance of the analytical procedures. 

The development of the automatic methods of analysis and its implementation in 

analytical laboratories has been justified by several reasons, among which the most 

important are: the partial or complete replacement of human participation in routine or 

dangerous tasks resulting in an increased safety and prevention of errors arising from 

human factors; improved analytical performance, particularly concerning the precision of 

the results; more efficient use of the potential of the analytical instrumentation and better 

management of chemical reagents. Effectively, lowering consumption reagents and 

sample provide an optimization of the analytical costs and the environmental safety is 

improved, owing to the decreased production of wastes and the minimization of laboratory 

staff exposure to toxic chemicals. Beyond the need to reduce costs, there are also 

reasons arising from social demands to improve living standards, involving continuous 

controls of pollution, potable water, food and drink quality, wherein it is common to resort 

to the analyses of a large number of samples (171). 

Consequently, automatic methods of analysis have been used in many areas, including 

clinical and toxicological analysis, industrial process control, routine analysis of air, water 

and soil and quality control of food, pharmaceutical and agricultural products (171). 
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The increasing interest and implementation of such methodologies in diverse fields of 

application has led to the use of new concepts and expressions, requiring an effort by the 

IUPAC (International Union of Pure and Applied Chemistry) in order to standardize 

definitions. The IUPAC Commission for Analytical Nomenclature established a series of 

definitions which distinguish and specify the essential features of automatic methods of 

analysis. One of the main IUPAC recommendations refers the clear distinction between 

automatic and automated devices (172).  

Automatic devices are defined as those that carry out certain required actions to be 

performed at given points in an operation, without human participation. These systems 

have no autonomous capacity to decide, since they have no feedback system, performing 

the same operations sequence always in the same way. 

Contrariwise, automated devices contain a feedback system which allows them to make 

decisions without human participation. The sequence in which operations are performed 

depends on each situation, continuously adapted for each sample. Additionally, these 

systems are self-monitoring and self-adjusting, possessing a higher independence of 

actuation. 

Depending on the sample processing strategy, automatic methods of analysis can be 

divided into different categories, specifically, discrete or batch methods, robotic methods 

and flow methods (171). 

In discrete or batch methods, the samples are mechanically transported toward the 

detector. Each sample preserves its physical integrity in separated vessels throughout 

each unit operation. During the samples transport, the different analytical stages, such as 

dilution, reagent dispensing, mixing, heating, among others, can be executed in a 

sequential way. 

The robotic methods entail the use of a mini robot controlled by a computer. The 

movements of robot mimic the actions of a human operator in an analytical procedure. In 

a general way, laboratory robot usually consists of a moving arm fitted with a “hand” that 

provides the movements required to transfer the sample and the products resulting from 

the different stages of its processing to a series of apparatuses and instruments. A 

microprocessor controls the robot’s movements and the operation of the different 

apparatuses and instruments, from which it receives the corresponding signals to be 

treated in order to obtain the final results. Robotic methods have the ability to perform 

tasks different from those programmed in advance, based on "learning" and self-

programming routines that could be included in the software that controls the device. 

In flow methods, the sample solutions are successively introduced at the same point into a 

channel carrying a liquid or gas, generally known as carrier stream, in which samples are 
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propelled towards the detection. During the propulsion of samples from the insertion point 

to the detector, they can be subjected to one or more chemical reactions (or any other 

type of analytical operation) in order to duly condition the samples for the determination. 

Thus, the channels carrying the samples can merge or not with other channels carrying 

reagents, buffers, masking agents, etc. Upon reaching the detector, the analytical signal is 

continuously monitored over time and each sample or reaction product yields a transient 

signal whose height or area could be related with the parameter under evaluation. 

According to the kind of flow used, flow methods can be classified as segmented flow 

methods and non-segmented flow methods. 

In segmented flow methods, proposed by Skeggs (173) in 1957, the flowing stream is 

segmented by air bubbles that prevent sample dispersion and, consequently, maintaining 

the identity and integrity of each sample. The bubbles inserted are removed prior to 

reaching the detector to circumvent interferences in the analytical signal. 

Non-segmented flow methods were firstly introduced by J. Ruzicka and E. H. Hansen in 

1975 (174). In these methodologies, small volumes of sample are inserted directly into a 

non-segmented carrier stream. The injected sample forms a zone, which is then 

transported toward detection that continuously records a certain physical parameter 

(absorbance, fluorescence, electrode potential etc.). The greater scientific interest of 

these methods has been verified mainly due to lower installation and operation costs, 

higher flexibility based on a modular structure that allows its simplified reconfiguration to 

new analytical situations and also the higher facility of operation and control. Moreover, 

these methods allow the minimization of consumption of sample and reagents and a 

diminution in the analysis time.  

 

5.1. Multipumping flow system 

 

Since the conception of flow-injection analysis (FIA) 39 years ago (174), a plethora of 

instruments, manifold configurations, sample manipulations, chemical reactions and 

detection techniques have been designed, implemented and performed in an ceaseless 

search for analytical alternatives (175). The appearance of Sequential Injection Analysis 

(SIA) (176), Multicommutation (MCFIA) (177), Multisyringe (MSFIA) (178), Multipumping 

(MPFS) (179) and Single Interface Flow Analysis (SIFA) (180) have demonstrated to be 

useful tools for dealing with compelling analytical demands regarding the increasing 

number, diversity and complexity of the analyzed samples, environmental interests and 

the increasing instrumentation availability, particularly in terms of new devices for 

solutions insertion and propelling (175). All of these flow modalities exhibit advantages 
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and limitations inherent of its mode of operation and/or instrumentation applied. The 

selection of the most adequate will depend on the main purposes to be achieved. 

Due to their analytical potential, versatility and simplicity of implementation and control, all 

analytical flow methods developed in the scope of the research work explored the 

multipumping concept (179). 

Multipumping flow system is a strategy of fluid management enabling the implementation 

of flow-based analytical procedures, with important differences relatively to the previously 

proposed flow approaches (FIA, SIA, MCFIA and MSFIA), namely, in terms of manifold 

components and configuration, operational mode and flow hydrodynamics characteristics. 

 

5.1.1. Manifold components and configuration 

 

MPFS manifold (figure 9) is based on the use of solenoid micro-pumps that are operated 

individually or in combination for the propulsion (or impulsion) of liquids, which can act, at 

the same time, as sample/reagent insertion devices and commutation units. In these 

methodologies, the employment of solenoid micro-pumps, as the only active components, 

responsible for the insertion, transport and mixing of all solutions, enables a very 

simplified configuration and operational simplicity of the flow system, minimizing the 

probability of occurrence of equipment failure, malfunctions or errors. Micro-pumps are 

solenoid operated devices designed to provide a precise, repeatable and discrete 

dispense of solution volumes. They are provided with a non-metallic and chemically inert 

path, and present a high grade of accuracy, precision, robustness and miniaturization. 
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Figure 9 – Diagram of a typical MPFS manifold. PC, computer; S, sample; R, reagent; P1 

and P2, solenoid micro-pumps; RC, reactor; D, detector; DAU, data acquisition unit; W, 

waste. Adapted from (179). 

 

5.1.2. Operational mode 

 
In a multipumping flow system, the high flexibility related to the solutions insertion, flow 

rates management and sampling strategy is assured by the individual control of the micro-

pumps. The insertion of the sample and reagent solutions into the flow system is 

controlled by means of a time-based or a pulse-counting routine, which provide a great 

versatility and precision in the selection of sample/reagent volume. Taking into 

consideration the fixed stroke volume characteristic of the micro-pumps, the sample and 

reagent volume can be easily determined by the number of pulses inserted into the flow 

system through the repeated actuation of the respective micro-pump. In addition, the flow 

rate can be calculated by the stroke volume and the frequency of the micro-pump 

actuation (pulse frequency). An interesting characteristic of the operational mode of MPFS 

is the ability to monitor the position of the sample zone in the flow system by means of 

pulse-counting or volume-measuring routines, which allows a more efficient control of the 

sample transport throughout the flow manifold, making possible the synchronization of the 

reagents addition and the establishment of the reaction zone. At the same time, the 

effective and precise control of the position of sample zone enables controlled stops of the 

flowing stream, which can be crucial in the implementation of kinetic methods and 

stopped-flow strategies (181). The micro-pumps features combined with their individual 

controlled actuation enable that different sampling strategies can be exploited in MPFS, 
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including single sample volumes, binary sampling strategy and merging zones approach. 

The single sample volumes approach consists in the insertion of a unique volume of 

sample solution between two identical plugs of reagent solution or into a flowing carrier 

stream, creating only two reaction interfaces. The binary sampling strategy is easily 

achieved in a MPFS through the alternated actuation of sample and reagent micro-pumps. 

As result, is obtained the intercalation of plugs of sample and reagent solutions, which 

establish multiple reaction interfaces, enabling a better homogenization of reaction zone 

when compared with single sample volumes approach. The merging zones approach is 

achieved by simultaneous actuation of sample and reagent micro-pumps, allowing an 

instantaneous homogenization of the sample/reagent zone. These different strategies 

ensure a versatile manipulation of the sample/reagent mixing, sample dispersion and, 

consequently, of reaction development. 

 

5.1.3. Flow hydrodynamic characteristics 

 

One of the major differences between multipumping flow systems and more conventional 

flow-based methodologies is the hydrodynamic properties of flowing stream. In MPFS, the 

typical laminar flow associated with continuous flow systems, is replaced by a pulsed flow, 

generated by the actuation of solenoid micro-pumps, which, after the sudden 

displacement of the pump diaphragm produces a burst of solution. The pulsed flow 

produces a chaotic movement of the solutions in all directions, promoting a faster and 

more efficient mixture of samples and reagents solutions comparatively to the observed in 

the methods based on laminar flow regime, wherein the interpenetration between 

solutions only depends on the phenomena of diffusion and convection (181). This is a 

valuable characteristic that can lead to an enhancement of the sensitivity, mainly for slow 

chemical reactions or when high viscous solutions are used. 

The higher degree of sample/reagent mixture, resulting from the hydrodynamic 

characteristics of MPFS, was already corroborated by some scientific works (179, 182, 

183) in which the performance of a MPFS and a conventional continuous flow-based 

system with laminar flow regime were evaluated under the same circumstances by using 

similar manifold configurations. 

By using a reaction with diphenylcarbazide for Cr(VI) determination, Lapa et al. (179) 

concluded that the analytical signals provided by the MPFS (pulsed flow) were three times 

higher than those obtained with the FIA system (laminar flow). Dias et al. (182), when 

comparing the flow pattern inherent to multipumping and multicommutation concept, by 

using a dye solution and by implementing a slow chemical reaction (molybdenum blue 
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method for determination of phosphate), demonstrated that the utilization of pulsed flows 

permitted better mixing conditions, lower reagent/sample consumption, improved 

analytical sensitivity and reduced sample broadening regarding laminar flow. Fortes et al. 

(183) verified that by using MPFS, the height and width of the recorded peak, as well as, 

the washing time were significantly improved, providing better sensitivity and higher 

sampling rate comparatively to flow systems relying on laminar flow (figure 10). 

 

 

Figure 10 – Analytical signals obtained with a) multicommutated and b) multipumping flow 

systems. Bromocresol green solution inserted into the flow system (total flow rate: 2.0 mL 

min−1, reactor length: 200 cm; sample inserted volume: 100 μL). Adapted from (183). 

 

As can be seen in all mentioned scientific works, the hallmark of the flow systems based 

on the multipumping concept is the superior characteristics of pulsed flow. Nevertheless, 

being the pulse volume an important parameter concerning the efficiency of the reaction 

zone homogenization, since it determines the volume of segments that are mixed and/or 

intercalated, it is evident that the utilization of higher stroke volumes leads to more 

difficulties of sample/reagent mixing, as it was observed by Weeks et al. (184). These 

authors pointed the irregularity and poor reproducibility of the analytical signals as major 

drawbacks of micro-pumps. However, this shortcoming can be readily surpassed by using 

micro-pumps with lower stroke volumes which guarantee a more reproducible pulsed 

flowing stream allowing the enhancement of the mixing efficiency and the attainment of 

improved analytical signals. Indeed, the pulse volume also affects the analytical signal 

profile, as can be seen in figure 11. The nature of the pulsed flow can be perceptible when 
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analyzing the stair-like profile of the recorded analytical signals. This profile is mainly 

dependent on the volume of the stroke, pulse frequency, length of the reactor and internal 

volume of the detector’s flow cell. 

 

 

Figure 11 – Analytical signal profiles obtained by inserting into a MPFS, a Brilliant Green 

solution (95.0 mg L-1) by means of a 3 μL (a), 8 μL (b) and 25 μL (c) per stroke solenoid 

micro-pumps. Peaks recorded at 12 cm min-1. Adapted from (179). 

 

6. General and specific objectives of the thesis  

 

The research exploiting the potentialities of quantum dots have shown a pronounced 

increase not only regarding the different fields of application, namely in chemical analysis 

for the development of novel fluorometric sensitive probes, but also in what concerns the 

implementation of new synthetic approaches, development of nanocomposites or hybrid 

materials, participation in new technological outbreaks and even in the way these 

nanomaterials are recognized by the scientific community for analytical purposes. The 

analytical potential of the QDs, considered in terms of their reactivity to a given analyte, 

could be exploited through the manipulation of their surface chemistry, by controlling the 

nanocrystal size, morphology and surface capping-ligands, etc. Surface modification of 

the QDs is very important for the design and implementation of suitable reaction schemes 

for detection of a given target specie. The direct interaction between certain analytes and 

the surface of QDs can influence the electron-hole recombination process and, 

consequently, the photoluminescence of QDs which can be used as an analyte-target 

strategy. 

The main objective of this thesis was to design and implement different chemo-sensing 

schemes based on the modulation of quantum dots photoluminescence, for analytical 

48



 

 
 

applications. The work developed focused on the modification of the CdTe nanocrystals to 

make them sensitive to selected target species, which when interacting with the QDs 

surface would modify (either enhance or quench) the photoluminescence response, 

related with the specie concentration. So, the synthesis of different CdTe quantum dots 

with a variety of capping ligands and with different sizes were performed. Additionally, the 

interaction mechanisms between the target analyte and the nanoparticles involved in the 

different reaction schemes implemented in this work were thoroughly investigated. 

This work had a complementary objective that was aimed at highlighting the 

advantageous features resulting from combining automated flow methodologies with the 

analytical potential of CdTe QDs, and at widening its scope and applicability. By using 

them in multipumpung flow system built up with solenoid actuated micro-pumps, 

noteworthy advantages would be assured, such as simplicity (of configuration, operation, 

control and maintenance), miniaturization (high portability, low power demands, reduction 

of reagent consumption and minimization of waste generation), cost-effectiveness, 

versatility and analytical efficiency.  

Despite the reduction of reagent consumption and minimization of waste generation 

provided by the implementation of QDs-based sensing schemes into automatic flow 

systems, the high toxicity of these nanomaterials may still have an important 

environmental impact. So, one of the aims of this project was the development of 

continuous QDs-based multiuse reactors thus minimizing the environmental concerns and 

maintaining, at same time, the optical properties of the nanoprobes. 

 

 As main specific objectives, one can emphasize: 

I. Synthesis and characterization of CdTe quantum dots with different capping- 

ligands and sizes seeking optimization of QDs characteristics, such as quantum 

yield, solution stability, reactivity versus specific analytes, etc. 

II. Study of the quenching or enhancing interaction mechanisms between the CdTe 

quantum dots and a target analyte, and assessment of the most favorable reaction 

conditions. 

III. Application of the as-prepared CdTe as photoluminescent probes in MPFS for 

chemical analysis aiming at attaining high analytical efficiency, in what concerns 

analytical working range, sensitivity, selectivity, sampling rate, reagents 

consumption, etc. 

IV. Immobilization of CdTe QDs capped with different ligands onto solid supports by 

using distinct immobilization strategies, with the purpose of developing re-usable 

sensors, solid-phase reactors, establishment of sensing platforms, etc. 
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1. Introduction 

 

In this chapter, the techniques and the experimental methods used to implement the 

research activities performed under the scope of this thesis are presented. A succinct and 

general description of the analytical techniques is supplied, emphasizing the parameters 

and/or information obtained by each technique and their relationship with the work 

development. Furthermore, the general procedures for the preparation of solutions and 

the description of the devices employed to assemble the flow systems, highlighting their 

features, operation mode and control, are also fully exposed. Finally, some aspects 

related to the optimization procedures of the developed methodologies and the statistical 

treatment used to assess the quality of the obtained results are also described in detail. 

 

2. UV/Vis spectrophotometry 

 

Since the core of this thesis are quantum dots, UV/Vis absorbance spectrophotometry and 

fluorescence spectroscopy are essential techniques to evaluate and characterize the 

optical properties of semiconductor nanocrystals.  

As mentioned previously, quantum dots absorption spectra reveals the position and the 

energy associated to the first excitonic transition. Based on these experimental data it is 

possible to estimate the nanoparticle size and molar extinction coefficient (ε). The most 

important work that proposed an experimental model for determine these parameters for 

CdSe, CdS and CdTe quantum dots was developed by Yu et al (1). For CdTe, by plotting 

the wavelength of maximum absorbance ( ) corresponding to the first excitonic absorption 

peak of the crystal, nanoparticles size ( ) could be calculated by the following expression 

(Equation 1), 

 

D= 9.8127×10-7 λ3- 1.7147×10-3 λ2+ 1.0064 λ- 194.84                              (Equation 1) 

 

The relationship between size and ε was expressed as (Equation 2),  

 

ε=3450∆E D 2.4                                                                                                  (Equation 2) 

 

where ∆  is the transition energy corresponding to the first absorption peak expressed in 

eV. By knowing the  value and the absorbance of a known mass concentration solution, 

the molar concentration was estimated by applying the Lambert–Beer's law. All measured 
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quantum dots solutions were freshly prepared in water. To avoid deviations of the 

Lambert-Beer law the solutions for the determination of size and molar extinction 

coefficient were prepared at appropriate concentration values, with an absorbance never 

superior to 0.1. Absorption spectra for QDs characterization were obtained by using a 

Jasco V-660 spectrophotometer (Easton, MD, USA).  

 

3. Fluorescence spectroscopy 

 

3.1. Steady-state fluorometry 

 

One of the most important features of nanocrystals semiconductors is their 

photoluminescence. Quantum dot emission spectra allow obtaining a great amount of 

information about their properties. For instance, the red shift of the emission maximum 

with the increased reaction time clearly indicates the nanoparticle growth, which may be 

used to control the synthetic process. By spectrum analysis it is possible to determine one 

important parameter, the full width at half maximum (FWHM) of the PL band. FHWM is 

strongly influenced by size dispersion of nanoparticles population and small FWHM values 

indicate the high size homogeneity of the nanocrystals.  

 

 

Figure 1 – FWHM in a quantum dots spectrum. Adapted from (2). 

 

In the research works presented in Chapters 3, 4, 5 and 6 for the determination of iron, 

hydrogen peroxide, sulphide and calcium, respectively, absolute fluorescence 

measurements were used. These photoluminescence measurements are based in 

reactions that affected quantum dots surface chemistry resulting either in a quenching of 
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the nanoparticle photoluminescence or in a significant enhancement of the emission 

intensity. In order to prevent inner filter effects and to assure suitable analytical working 

ranges a strictly selection of nanoparticles concentration was taken into account. High 

QDs concentration values might cause self-quenching or re-absorption of emitted 

radiation leading to a decrease of fluorescence emission. 

The fluorescence measurements of QDs characterization and FWHM determination were 

performed on a model LS-50B Perkin Elmer luminescence spectrometer (Waltham, MA, 

USA) by using quartz cells with 1 cm optical path (Hellma, ref.104-QS). In Chapter 3, a 

Cary-Eclipse Luminescence Spectrometer (Varian Inc., Mulgrave, Australia), controlled by 

a computer equipped with a Cary-Eclipse (Varian) software package for data collection 

and treatment was used. For fluorometric determinations described in Chapters 4, 5 and 6 

a FP-2020/2025 spectrofluorimeter (Jasco, Easton, MD, USA), equipped with a 16 µL 

internal volume flow cell was used. Fluorescence measurements involved QDs 

immobilization, described in Chapter 7, were performed in a microplate reader (Synergy 

HT, BIO-TEK). 

 

3.2. Time-resolved fluorometry 

 

Time-resolved fluorescence are commonly used in fluorescence spectroscopy to monitor 

molecular interactions and motions that occur in the picosecond-nanosecond time range.  

Time-resolved measurements contain additional information to the steady-state 

fluorescence. For example, time-resolved fluorescence quenching allows to distinguish 

between static and dynamic quenching mechanisms through the fluorophore lifetime 

measurements (3, 4).  

Two methods of measuring time-resolved fluorescence are widely used: pulse fluorometry 

and phase-modulation fluorometry (4). The first method works in the time domain and the 

second in the frequency domain. Both methods are theoretically equivalent and only the 

functioning principles of the instruments are different (4). Pulse fluorometry uses a short 

exciting pulse of light and yields the -pulse response of the sample, convoluted by the 

instrument response. The alternative method used in this work, namely, phase-modulation 

fluorometry, uses a sinusoidally modulated light at variable frequency and provides the 

harmonic response of the sample, which is the Fourier transform of the δ-pulse response 

(4).  

Concerning the existence of a lag time between absorption and emission, the emission is 

delayed in time relatively to the modulated excitation. This delay is measured as a phase 

shift (φ ) between the excitation and emission, where ω is the modulation frequency in 
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radians/s. In addition, the finite time response of the sample results in demodulation of the 

emission by a factor m . The finite lifetime of the excited state averts the emission from 

exactly following the excitation, which results in a decrease in the peak-to-peak amplitude 

of the modulated emission, being measured relatively to the modulated excitation (Figure 

2) (3, 4). 

 

 

Figure 2 – Frequency-domain lifetime measurements. In this example the assumed decay 

time is 5 ns and the light modulation frequency is 80 MHz. Adapted from (3). 

 

The phase shift and modulation of the emission depend on the relative values of the 

lifetime and on the light modulation frequency. The dependence of the phase angle  and 

modulation  on the light modulation frequency is used to determine the intensity decay 

of the sample (3). 

The number of decay times exhibited by the sample determines the shape of the 

frequency response. For a single exponential decay, the frequency response is simple, 

being the phase and modulation related to the decay time () by the Equations 3 and 4 (3, 

4): 

 

tan                                                                                                         (Equation 3) 

1                                                                                              (Equation 4) 
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However, most samples of interest exhibit a multi-exponential decay time. In these cases 

it becomes necessary to measure the phase and modulation values over the widest 

possible range of modulation frequencies. Therefore, the lifetime of the multi-exponential 

fluorophores is defined by (Equation 5) (4): 

〈 〉 ∑                                                                                                      (Equation 5) 

where  is the fractional contribution of component  to the total lifetime. 

Figure 3 shows an example of a frequency-domain lifetime measurement. From the 

variation of phase angle and modulation as a function of frequency, is possible to obtain 

the lifetime values, considering the discrete components and their contribution to the 

fluorescence (3). The frequency response of the sample used in this work was in the 0-

200 MHz range. The increment in the light modulation frequency is accompanied by the 

phase angle rises from 0 to 90º. 

 

 

Figure 3 – Frequency-domain lifetime example. The phase angle increases (blue line) 

and the modulation decreases (pink line) with increasing modulation frequency. Adapted 

from (5). 

 

A fitting procedure is applied to the data in frequency domain. Generally phase and 

modulation are simultaneously analyzed, being obtained chi squared χ  (Equation 6), 

whose value should be close to 1 for a good fit. Acceptable values are in the 0.8–1.2 

range (3, 4). Lower values indicate that the data set is too small for a meaningful fit and 

higher values are caused by a significant deviation from the theoretical model (e.g. 
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insufficient number of exponential terms). Systematic errors (arising for instance from 

radiofrequencies interfering with the detection) can also explain higher values (3, 4). 

 

∑ ∑                                                 (Equation 6) 

 

In the equation 6 the term  is the total number of frequencies. The number of data points 

is twice the number of frequencies, so that the number of degrees of freedom is 2

 (  = number of fitted parameters). The subscript c is used to indicate calculated values 

for assumed values of the fractional contribution of the component  to the total lifetime 

( ) and .  and  are the uncertainties in the phase and modulation values (3), 

respectively. 

In Chapter 5, for photoluminescence lifetime measurements a Fluorolog Tau-3 Lifetime 

spectrofluorimeter (Horiba Jobin Yvon, NJ, USA) was used. The photoluminescence 

emission was detected with a 90º scattering geometry. All measurements were made 

using Ludox as a reference standard ( = 0.00 ns). 

 

4. Fourier transformed infrared spectroscopy (FTIR) 

 

FTIR is a spectroscopy analytical technique used to identify chemical compounds and 

substituent groups. When a target molecule absorbs a sufficiently energetic infrared light, 

it is promoted to a higher vibrational level. Chemical bonds of molecule have specific 

frequencies at which they vibrate corresponding to discrete energy levels. Consequently, 

the frequency of the vibrations can be associated to a particular bond type. 

A Fourier transform instrument is based on a Michelson Interferometer and all the 

wavelengths are measured at once. The interferogram resulting from this measure is then 

transformed in a transmittance or absorbance spectrum by Fourier transform, showing at 

which wavelengths the sample absorbs the IR radiation, and thus allowing an 

interpretation of which bonds are present. 

FTIR was used in the work presented in Chapter 4, to study the interaction mechanism 

involved in the binding of the GSH thiol group to the surface of QDs through the formation 

of Cd–S covalent bonds. In this work, FTIR spectroscopic measurements were carried out 

using a PerkinElmer Frontier spectrophotometer (Waltham MA, USA) equipped with an 

universal ATR Diamond/ZnSe support. Structure of the bonds was confirmed by data 

available in literature.  
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5. Transmission electron microscopy (TEM) 

 

A thorough structural and morphological characterization of nanocrystals semiconductors 

can be obtained by means of transmission electron microscopy (TEM). 

In a TEM microscope a beam of electrons is transmitted through a sample and then an 

image is formed, magnified and directed to appear on a photographic film or detected by a 

sensor such as a CCD camera. These electrons beam penetrates the sample and 

provides information about its morphology, size or structure. Electrons are emitted from a 

field emission gun and focused by means of magnetic lenses, whose magnetic fields 

deviate the electrons’ trajectories. A final lens sets the sample either on the image or on 

the focal plane. In the first case a magnified image of the sample is obtained at the CCD 

camera. In contrast, when the sample is focused on the focal plane an image of the 

reciprocal space is taken and electron diffraction can be performed.  

In Chapters 3, 4 and 5 of this thesis, TEM was mainly used to validate QDs size obtained 

with spectrophotometric techniques. The morphology of the nanoparticles was observed 

by using an electron microscope JEOL JEM 1400 TEM (Tokyo, Japan), at an acceleration 

voltage of 100 kV, equipped with a Gatan SC 1000 ORIUS CCD camera (Warrendale, PA, 

USA). For size determination of quantum dots in TEM at least 100 nanoparticles were 

measured and the value presented is the mean of all the particles counted. 

 

6. Zeta Potential 

 

Zeta potential is a physical property exhibited by any particle in suspension. Most colloidal 

dispersions in aqueous media acquire an electric surface charge, which plays a significant 

role in colloidal stability. The main phenomena associated with the origin of this surface 

charge are ionization of surface groups, differential loss of ions from the crystal lattice and 

adsorption of charged species. The development of a surface charge create an uneven 

distribution of ions in the vicinity of the particle, resulting in an increased concentration of 

counter ions and in formation of an electrical double layer around each particle (6). This 

double layer around the particles consists of two parts: an inner region (Stern layer), 

comprising ions strongly bound to the surface and an outer region (diffuse) wherein the 

ions distribution is determined by the balance between the electrostatic forces and thermal 

movements. In the diffuse layer there is a notional boundary in which the ions and 

particles form a stable entity. The potential associated with this boundary is the zeta 

potential (Figure 4). 
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Figure 4 – Scheme of the distribution of ions around a charged particle. Potential 

difference as a function of distance from particle surface. Adapted from (7). 

 

The magnitude of the zeta potential provides information about the stability of the colloidal 

system. The higher the absolute value of the zeta potential (above 30 mV), the more 

stable the system will be.  

Zeta potential is calculated from electrophoretic mobility by using Huckel approximation 

(6). 

In Chapters 4 and 5 of this thesis, the zeta potential of nanoparticles was measured by 

using a BI-MAS dynamic light scattering (DLS) instrument (Brookhaven Instruments, 

USA). 

 

7. X-ray diffraction 

 

X-ray diffraction is a non-destructive analytical technique mainly used for the phase 

identification of a crystalline material and is a common technique to study crystal 

structures and atomic spacing of quantum dots. The ordered structure of crystals 

generates a coherent scattering of the X-rays, which can be observed at specific angles 

diffracted from the sample depending of the material lattice constant. Obviously, 

amorphous materials reflect the X-ray beam in all directions preventing interference 

between them.  

In X-ray diffraction, the incident radiation provokes on the sample an accelerated 

movement of the electrons, which creates a wave with the same wavelength of incident 

radiation, a process called consistent dispersion (8). Due to the regular and orderly atom 

arrangement in a crystalline sample (forming a series of parallel planes separated by 
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regular interplanar distance d, dependent from the nature of the material), coherent 

dispersion is enhanced in certain directions and cancelled in others owing to interference 

effects, as showed in Figure 5. The radiation resultant from constructive interference 

furnishes assorted information about the structure of the sample.  

 

 

Figure 5 – Example of constructive and destructive interferences in X-ray. Adapted from 

(9). 

 

If the scattered waves interfere constructively, diffraction occurs only when the distance 

travelled by the rays reflected from successive planes differs by a complete number n of 

wavelengths (Figure 6) and satisfies the Bragg law (Equation 7) (10): 

 

2                                                                                                         (Equation 7) 

 

that relates the wavelength of the incident electromagnetic radiation ( ) with the diffraction 

angle and the lattice spacing ( ) in the crystalline sample.  

All possible diffraction directions of the lattice should be achieved due to the random 

orientation of the powdered material, by scanning the sample through a range of 2θ 

angles.  
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Figure 6 – Schematic representation of the X-ray diffraction from two planes separated by 

a spacing, d. Adapted from (11). 

 

When the geometry of the incident X-rays impinging the sample satisfies the Bragg 

Equation, constructive interference occurs and a peak in intensity appears (Figure 7). 

 

 

Figure 7 – Typical diffraction pattern for CdTe nanocrystals semiconductors. 
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Based on the line profile analysis, it is possible to obtain information associated to the 

structures within the nanocrystals and, also, estimate the crystallite size, by using one of 

the most common methods, the Sherrer Equation (Equation 8) (8): 

 


 

                                                                                                              (Equation 8) 

 

where K is the shape factor, λ is the X-ray wavelength, β is the line broadening at FWHM 

in radians and θ is the Bragg angle. 

In Chapters 6 and 7, X-ray powder diffraction (XRD) studies were performed using a 

Philips X'Pert X-ray MPD diffractometer (Cu K radiation). A scan rate of 40.0 s for step at 

step intervals of 0.04º was used for XRD data collection. Scherrer Equation was applied to 

confirm the crystallite size. 

 

8. Fluorescence microscopy 

 

A fluorescence microscope is similar to a conventional optical microscope with added 

features that enhance its capabilities to highlight the emission of a fluorophore present in 

the sample (12). A fluorescence microscope uses a high intensity light source which 

excites a fluorescent species in a given sample. This fluorescent species, in turn, emits a 

lower energy light of a longer wavelength that produces the magnified image (Figure 8).  

 

 

Figure 8 – Schematic representation of a fluorescence microscope. Adapted from (13). 

 

An excitation filter is used for the selection of incident radiation. The fluorescence emitted 

from the sample is separated from the much brighter excitation light in a second filter 
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(emission filter). The fluorescence microscope used in these experiments is epi-

fluorescence microscope, meaning that both the excitation and the observation of the 

fluorescence occur above the sample.  

In Chapter 7, a fluorescence microscopy was used to prove the adsorption of quantum 

dots on different aminated solid supports. For that purpose a system composed by an 

inverted epi-fluorescence microscope (Eclipse TE300, Nikon, Tokyo, Japan) equipped 

with 10X air objectives, a monochromator (Polychrome II; TILL Photonics, Martinsried, 

Germany), a CCD camera (C6790; Hamamatsu Photonics, Hamamatsu, Japan), and a 

computer with analysis software (Aquacosmos 2.5; Hamamatsu Photonics) was used. 

 

9. Reagents and solutions 

 

All used chemicals were of analytical reagent grade quality and were not subject to any 

treatment process or further purification. For the preparation of all solutions, water purified 

from a Milli-Q system (specific conductivity  0.1 S cm-1) was used throughout the work. 

Standard stock solutions were obtained by rigorous weighing of the respective reagent 

followed by dissolution in the appropriate solvent (namely water or buffer solution), into 

volumetric flasks (class A) of different volumes.  

The working standard solutions were obtained by rigorous dilution of the stock solutions 

using glass pipettes or automatic LabMate HTL micropipettes with plastic disposable tips. 

Micropipettes models LM100, LM1000 and LM5000 with maximum capacities of 100, 

1000 and 5000 µL, respectively, were regularly calibrated with deionized water. The 

preparation of standard and sample solutions in the different works carried out is 

described in detail in the corresponding chapters. 

 

10. Flow apparatus and instrumentation 

 

10.1. Flow manifold based on the multipumping concept 

 

In the following sections the main components of the automatic flow systems, based on 

the mutipumping concept, developed for the different analytical determinations performed 

under the scope of this thesis will be described in detail. The devices and components 

used in the assemble of the referred flow systems will be also discussed.  
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10.1.1. Propelling and insertion devices 

 

For the propelling and insertion of sample and reagent solutions in the implemented 

analytical flow systems (chapter 4, 5 and 6), solenoid micro-pumps were used. The 

solenoid micro-pumps, with cylindrical configuration and reduced dimensions (Figure 9), 

were purchased from Bio-Chem Valve Inc. (Boonton, EUA) and delivered a stroke volume 

of 10 L (120SP1210–4TE). 

The functioning of the micro-pump is based on the displacement of a flexible diaphragm 

operated by a solenoid. In the inactive status, the diaphragm remains closed by means of 

an inner spring mechanism. When the solenoid is energized, the diaphragm becomes 

opened allowing the entry of fluid into the pump chamber through the inlet check valve. 

Simultaneously, the outlet check valve is closed. When the solenoid is de-energized the 

spring forces the diaphragm back to the closed status dispensing a fixed volume of fluid 

through outlet check valve and simultaneously the inlet check valve is closed (14). 

 

 

Figure 9 – A, Solenoid micro-pump with a stroke volume of 10 µL (120SP1210 – 4TE); B, 

Schematic representation of solenoid micro-pump cross section. SP, spring; SL, solenoid; 

D, diaphragm; ICV, inlet check valve; OCV, outlet check valve. Adapted from (14). 

 

For an ideal functioning, the micro-pumps require the application of a voltage of 12 V, over 

a period of at least 150 ms during which the solution is aspirated into the inner chamber of 

the micro-pump. This period of micro-pump activation is followed by a period of 

deactivation that is defined by the operator. The sum of activation and deactivation 

periods defines the pulse time. Thus, for each micro-pump, the pulse time in combination 
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with the stroke volume of the micro-pump defines the flow rate, while the number of 

pulses defines the volume inserted into the flow system.  

 

10.1.2. Tubing and other manifold components 

 

The different components of the multipumping flow systems were connected with 0.8 mm 

internal diameter polytetrafluoroethylene PTFE tubing (Omnifit). Lab-made end-fittings 

and connectors were also used. The reactors with different length were also made with 

PTFE tubes of 0.8 mm i.d.. Laboratory made acrylic (Perspex®) connectors were used as 

confluences in order to connect the tubes to one another and to other parts of the system. 

Confluences with different configurations (15) namely in triple (Y-shaped) or in quadruple 

(usually in the shape of an arrowhead) were used. 

For NaHTe transfer during the synthesis of nanoparticles PTFE tube of 1 mm i.d. was 

employed. 

 

10.1.3. Gas-diffusion unit 

 

In the flow manifold described in Chapter 5, it was necessary to resort to an in-line gas-

diffusion unit (GDU) to separate the sulphide, in its gaseous form, from interfering species 

of the highly complex samples matrix (white wines and hydrothermal waters). The GDU 

was based on a laboratory made acrylic (Perspex®) blocks, of the sandwich type, 

equipped with a hydrophobic gas permeable membrane made of PTFE 

(Polytetrafluoroethylene) commercial tape (Figure 10). This membrane was placed 

between the two channels (donor and acceptor) in order to promote the transfer of 

gaseous and volatile compounds. 

 

 

Figure 10 – Photograph of gas diffusion unit. DC, donor channel; AC, acceptor channel. 
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10.1.4. Detection system 

 

The flow manifolds described in Chapters 4, 5 and 6 included a FP-2020/2025 

spectrofluorimeter (Jasco, Easton, MD, USA), equipped with a 16 µL internal volume flow 

cell. The FP-2020/2025 spectrofluorimeter covers a wide wavelength range of both 

excitation and emission from 220 to 700 nm with proven stability. Versatile time-

programming capabilities are provided for wavelength, response, sensitivity range and 

gain (16). 

 

10.1.5. Computer control and data acquisition 

 

The developed analytical flow systems were fully controlled by means of a microcomputer, 

through lab-made software, allowing the selection and adjustment of all analytical 

parameters that conditioned the performance of the flow systems. 

The automatic control of the active devices used in the different flow systems (solenoid 

micro-pumps) was accomplished by an Intel Pentium® based microcomputer. A home-

made circuit based on a ULN2003 chip (17) was used as power drive in order to activate 

the solenoid micro-pumps. This is a fundamental component of a MPFS because it 

provides the required electric current for the activation of solenoids. The connection 

between the microcomputer and the power drive was established through the parallel 

LPT1 port. 

The different parameters in the implemented flow systems were controlled by means of 

lab-made software based on programming language Microsoft VisualBasic 6.0®.  

The analytical signals obtained in the different determinations described in Chapters 4, 5 

and 6 were registered by means of a model L250E Linseis chart recorder which was 

coupled to the detection system. 

 

10.2. Additional instrumentation 

 

According to the required precision, reagents were weighed in a Mettler Toledo (Mettler-

Toledo International Inc., Columbus, USA) AG 285 analytical balance (precision of 1×10-5 

g), Kern (Balingen, Germany) ABT 120-5 DM analytical balance (precision of 1×10-6), 

Kern ACJ/ACS 80-4 (precision of 1×10-5) and Kern 440-35N balance (precision of 1×10-2 

g). 
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The solutions were stirred by a Falc - F60 electromagnetical stirrer with heating option. To 

degas the solutions a VWR USC 100T5 (VWR International, Radnor USA) ultrasonic bath 

was used. 

Solutions pH was measured using a Crison model GLP 22 milivoltimeter (Crison 

Instruments, Allela, Spain) coupled to a combined Ag/AgCl glass electrode (Crison 52-02). 

The calibration of the combined electrode was daily performed with commercial standards 

of pH = 4.00 (Riedel-de Haën, 33543) and pH = 7.00 (Riedel-de Haën, 33546). 

For the synthesis of quantum dots magnetic stirrers with heating IKA C-MAG HS 7 

equipped with sensor IKA ETS-DS were employed (IKA-Werke GmbH & Co., Staufen, 

Germany). Heating mantles from JP Selecta (Abrera, Spain) coupled to a digital controller 

Omron E5CC and a thermo couple probe from OMEGA (Stamford, USA) were also used. 

A centrifuge Jouan BR4 multifunction (Thermo Fisher Scientific Inc.) and Centurion K2 

Series were used for the separation of precipitated quantum dots. Precipitated 

nanoparticles were dried under vacuum by using a V-700 vacuum pump (Buchi, Flawil 

Switzerland).  

To perform the comparative method in Chapter 3, a High Resolution Continuum Source 

Graphite Furnace Atomic Absorption Spectrometry (Model ContrAA 700, Analytik Jena 

AG, Germany) was used, equipped with Xenon short arc lamp working in optimized Hot-

Spot-Mode. 

The preliminary batch assays described in Chapters 4 an 5 were carried out in a model 

LS-50B Perkin Elmer luminescence spectrometer (Waltham, MA, USA) by using quartz 

cells with 1 cm optical path (Hellma, ref.104-QS). 

 

11. Development and optimization of the flow systems 

 

During the development and optimization of multipumping flow systems, analytical 

parameters such as sensitivity, determination rate, precision, accuracy and solutions 

consumption, were taken into account. Therefore, during the physical and chemical 

parameters optimization in Chapters 4, 5 and 6, a univariate method was used to select 

the optimal values. The univariate method consisted on varying each parameter under 

study within a certain interval, while keeping the other parameters fixed.  

The analytical determinations of different samples were performed through the 

establishment of calibration curves. For each analytical determination the working 

concentration range was determined by inserting a series of standard solutions with 

different concentrations and determining the range where the analytical signal was linearly 
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related to the concentration. The analyte concentrations of different samples were 

obtained by interpolation in the established calibration curves. 

Considering the recommendation of IUPAC (18), the limit of detection was defined as the 

concentration (CLD) derived from the smallest measure (YLD) that can be detected with 

reasonable certainty for a given analytical procedure. Therefore, the value YLD was 

obtained from the equation: YLD = b + 3Sy/x, where b is the intercept value of the 

calibration curve and Sy/x is the deviation (or uncertainty) of y values which was calculated 

by: 
∑

. The limit of detection was calculated resorting to the equation: 

	 , in which   is the slope of the calibration curve (19). 

The assessment of precision was performed through the calculation of the confidence 

interval for the determined concentrations of samples, by resorting to the equation: 

	 	 	
√

 , where  is the standard deviation of a series of repeated measures,  is obtained 

from Student’s t- table taking into account the confidence level intended and the number 

of degrees of freedom (n - 1) and  is the number of determinations. The random 

uncertainty in the value for the measure, X, or the corresponding uncertainty in the 

estimate of concentration is represented by precision (18) being the final value of 

concentration, for a defined confidence level of 95%, presented as followed: 	 	 . 	

	
√

 , where  is the average value of the measurements. 

The evaluation of accuracy, which relates the agreement between the measured 

concentration and the “true value”, was performed through the calculation of the relative 

deviation (RD %) by the equation: 
	 	

	 100, where  is the result obtained 

by the proposed MPFS methodology and  is the result obtained by the reference or 

comparison methodology. In the situations where no reference methods existed in the 

scientific literature, and hence it was impossible to compare the obtained results by the 

proposed method with a reference or comparison procedure (Chapters 6 and 7), recovery 

assays were performed in order to assess the accuracy.  

The determination rate expressed as the number of determinations per hour was 

estimated through the measuring, in millimeters, of the length of 5 peaks recorded in the 

paper equivalent to 5 repeated determinations, and subsequent conversion in the time 

required for its accomplishment from the paper speed (mm min-1) of the chart recorder. 

Alternatively, the determination rate was calculated taking into consideration the time 

required for the accomplishment of all steps of the analytical cycle. This calculation was 

easy to perform since the flow systems were controlled by software and the flow 

parameters defined on a time and pulse number base.  
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12. Statistic assessment of results 

 

In the analytical determinations described in Chapters 4, 5 and 6, the analytical signal, 

corresponding to the analyte concentration under evaluation, was calculated as a function 

of the average of a set of measures obtained by consecutive insertions of the same 

sample. The final concentration was calculated by interpolation of the obtained analytical 

signal intensity in the calibration curve established for each methodology.  

In Chapter 3, a linear relationship between the photoluminescence quenching magnitude 

(∆ ) and the iron concentration was established. The ∆  was the difference between the 

fluorescence emission of the blank ( ) and the sample ( ) solutions. 

In Chapter 4, the H2O2 determination was evaluated through the monitoring of the 

reduction of the fluorescence enhancing effect of MPA-CdTe QDs upon interaction with 

glutathione (blank). The percentage of PL reduction ( % 	∆ ) was assessed using the 

formula % 	∆ 	
	

	 100, where 	and  represent the 

analytical signal obtained in the absence and in the presence of hydrogen peroxide, 

respectively. In this case, a linear calibration curve was established by ∆  as a function 

of the logarithm of H2O2 concentration. 

In Chapter 5, a linear relationship between the photoluminescence quenching magnitude 

(∆ ) and the logarithmic of the S2- concentration was established. The ∆  was the ratio 

between the difference of the QDs photoluminescence in the absence ( ) and in the 

presence of the sulfide ( ), which was calculated according the formula % 	∆

	
	
	 100. 

In Chapter 6, the determination of free calcium ions was based on the monitoring of the 

QDs photoluminescence enhancement ( ) previously quenched upon the interaction with 

EDTA ( ). A linear relationship between the difference in fluorescence signal of sample 

( ) and blank ( ) and the logarithmic of the Ca2+ concentration was established. 

For accuracy assessment the results obtained from the developed methodologies were 

compared with those provided by the reference procedures or comparative methods and 

paired t-tests were applied.  

The t value was calculated from the formula 	 	√ , where  and  are the mean and 

the standard deviation, respectively. The number of degrees of freedom of  is 1. The 

 value calculated when compared to the reference  value (P = 0.05), for a significance 

level of 95 %, allowed to confirm the agreement between the two methods when the null 

hypothesis is verified (19).  
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The determination of trace elements in biodiesel is essential to assess oil qualities, identify adulterations
and prevent undesirable effects in environment and in humans. However, due to the low sample concen-
tration, sensitive instrumental techniques are required.

In this work an effective and simple quantification method using water-soluble mercaptopropionic
acid (MPA)-capped CdTe quantum dots (QDs) was for the first time implemented for the fluores-
cence quantification of iron in biodiesel obtained from different vegetable oils and fat. The devel-
oped methodology was based on the iron capacity to establish surface interactions with the
nanocrystals that result in a quenching of the fluorescence intensity (F0�F), proportional to the iron
concentration. Size and concentration of QDs, concentration and pH of the buffer solution showed a
strong effect on the quenching efficiency influencing linear working range and sensitivity of the
methodology.

An ultrasonic bath was used for the extraction of iron from oil samples with a mixture of 1:1 (v/
v) concentrated HCl and H2O2. The extraction efficiency was approximately 100% after 50 min of
ultrasound.

Under the optimized experimental conditions, a linear working range was obtained for iron con-
centrations from 4.16 to 100.0 lg L�1 (R = 0.9996, n = 6). The determined detection limit (LOD) was
about 1.25 lg L�1. Six biodiesel samples were analyzed by the proposed methodology, and the
results revealed good agreement with those obtained through a high-resolution continuum source
graphite furnace atomic absorption spectrometry (HR-CS GFAAS) comparison procedure. Relative
deviations lower than 4.5% were achieved, and the application of a paired Student’s t-test, con-
firmed the absence of any statistical difference for a confidence level of 95% (n = 5). Recoveries var-
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ied from 90.2% to 105.2%. The slopes of the analytical curves obtained with different matrices
showed that the quantification of the analytes was not influenced by matrix effects. The quenching
mechanism of CdTe QDs is discussed. The accuracy, precision and operational simplicity of the
method, without additional electronic devices, demonstrated an excellent alternative for determina-
tion of iron in biodiesel samples.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Continuous depletion of petroleum reserves and significant ad-
verse impact on environmental quality associated with fossil fuel
emission has motivated the search and development of alternative
sources of energy [1]. In this sense, fuels produced from biomass
have gained increasing attention in the scientific community.
One of the most prominent of these fuels is, undoubtedly, biodie-
sel. Biodiesel is a renewable, biodegradable and non-toxic fuel re-
fined from biological sources such as vegetable oils or animal fats
and is well-positioned to replace petroleum derived fuels in diesel
engines and heating systems due to environmental and economical
aspects [2,3]. Chemically, biodiesel is defined as a mixture of
mono-alkyl esters of long chain fatty acids, with physicochemical
properties similar to those of fuel diesel, which can be produced
by transesterification of vegetable oils or animal fats with an ex-
cess of a short chain alcohols (methanol or ethanol) in the presence
of a catalyst, usually alkaline [4,5]. Due to their miscibility and
physicochemical similarity to fossil diesel, biodiesel can be used
in conventional diesel engines either blended in any proportion
with fossil diesel or as pure fuel (B100), with minor modifications
[2,6]. In addition, because of its higher viscosity biodiesel has bet-
ter lubricity than fossil diesel [2]. From an environmental point of
view, the use of this biofuel reduces the levels of air pollutants both
qualitatively and quantitatively [6]. It reduces significantly harm-
ful emissions of carbon monoxide, carbon dioxide, sulphur dioxide,
hydrocarbons and tailpipe particulate material, toxic components
related with respiratory damages. Moreover, the use of biodiesel
eliminates black smoke usually associated with diesel vehicle,
improving air quality [7,8].

Quality control of biodiesel, pure or blending, is very important
to guarantee the successful of their commercialization and market
acceptation [9]. This control must follow the specifications of the
standard ANP resolution 07/08 [10] and standards EN 14214 [11]
and ASTM D-6751 [12], which specify the contaminants limits
and methods to be used. An important parameter for the assess-
ment of biodiesel quality is the level of metals. The occurrence of
metals in biodiesel, may be a consequence of their presence in
the vegetable oil employed as feedstock [13]. In addition, in the
case of iron, an important factor of fuel contamination is the poor
storage conditions. Iron ions may be introduced by corrosion of
equipment during fuel production, processing and/or storage. The
presence of iron affects the oxidative stability and quality of bio-
diesels, influencing engine performance and increasing the emis-
sion levels of pollutants that affect human health [7]. The above
mentioned standards limits establish maximum concentrations
allowed for Ca + Mg and Na + K. Although there is no concentration
limit for other metals in biodiesel their monitoring is important to
assure biofuel quality, because they could act as catalysts in
distinct oxidative degradation reactions [8]. In this regard, the
quality control of biodiesel becomes a challenge to analytical
chemistry since the accurate determination of trace metals in this
kind of samples, usually high complexity matrices associated to
low analyte concentrations, requires highly sensitive and selective
analytical methods [7,14].

The methodologies available for the quantification of metals in
biodiesel are essentially based on atomic spectrometry techniques
87
[7]. These methodologies include atomic absorption spectrometry
(AAS) [6,8,15,16], inductively coupled plasma optical emission
spectrometry (ICP OES) [17,18], inductively coupled plasma mass
spectrometry (ICP-MS) [19,20] and flame emission spectrometry
(FAES) [21,22]. Cold vapor atomic fluorescence spectrometry is a
sensitive technique with a limited application to a few analytes
[23]. Electroanalytical methods [24,25] were also used for metal
analysis in biodiesel. The determination of metallic species such
as sodium, potassium, calcium and magnesium in biodiesel can
be also performed after separation by ion chromatography and
detection by conductometry [4]. Nevertheless, most of the above-
mentioned methodologies present some disadvantages, such as
hazardous sample pre-treatments with toxic organic solvents,
expensive equipment and high cost of the analysis [9]. In alterna-
tive, several spectrophotometric methods have also been proposed
providing good precision and low operational costs [26,27].

During the last decade, colloidal semiconductor nanocrystals or
quantum dots (QDs) have gained increasing attention because of
their advantageous intrinsic properties such as wide absorbance
range, narrow, size-tunable, symmetric band emission, high quan-
tum yield and excellent photostability [28]. The recent advances in
water-soluble QDs preparation and surface-modification have fos-
tered the application of these nanomaterials with biological and
biomedical purposes and as chemical sensors in fluorescence-
based measurements [29,30], emerging as an advantageous alter-
native to the commonly used molecular probes. QDs have been ap-
plied in fluorescence assays for the quantification of distinct
analytes [31,32] including metals [33,34]. Due to the small size
and high surface area-to-volume ratio of the nanoparticles, the
photoluminescence of QDs is very sensitive to modifications on
the surface states. Changes on QDs surface charge or ligands can af-
fect the efficiency of electron–hole recombination [35] yielding in
consequence a significant alteration on the magnitude of the fluo-
rescence emission either in a quenching or in an enhancing effect
[31].

In this work an analytical approach involving the use of aqueous
CdTe QDs was for the first time applied, to our knowledge, in the
selective determination of iron in biodiesel of vegetable or animal
origin. The proposed methodology was based on the quenching ef-
fect induced by iron on mercaptopropionic acid (MPA)-capped
CdTe QDs fluorescence signal. Owing to its high analytical sensitiv-
ity, wide dynamic working range and fairly low cost, since it is not
necessary to use expensive reagents, solvents and gases, this meth-
odology could be a valuable alternative for the analysis of biodiesel
samples.
2. Experimental

2.1. Instrumentation

Analyses were performed using a Cary-Eclipse Luminescence
Spectrometer (Varian Inc., Mulgrave, Australia), controlled by a
computer equipped with a Cary-Eclipse (Varian) software package
for data collection and treatment. Instrument excitation and emis-
sion slit widths were set at 5 nm. The voltage of the photomulti-
plier tube was fixed as 590 V and measurements were made at



522 S. Sofia M. Rodrigues et al. / Fuel 117 (2014) 520–527
400 nm/553 nm (kexc/kem). All experiments were carried out at
room temperature.

For comparison purpose samples of biodiesel were also ana-
lyzed using an Analytik Jena contrAA 300 high-resolution atomic
absorption spectrometer equipped with a 300 W xenon short-arc
lamp (XBO 301, GLE, Berlin, Germany) as a continuum radiation
source. The equipment presented a compact high-resolution dou-
ble echelle monochromator and a charge-coupled device (CCD) ar-
ray detector with a resolution of about 2 pm per pixel in the far
ultraviolet range. Measurements were carried out at 248.327 nm.
The number of pixels of the array detector used for detection
was 3 (central pixel 1).

A VWR Signature model 75D ultrasound bath (Parkway West
Chester, PA, USA) was used to irradiate the solutions. The different
regions in the ultrasonic bath were studied to choose the best irra-
diation position.

Sample digestion was carried out by using a closed-vessel
microwave oven, model Ethos EZ (Millestone, Sorisole, Italy),
equipped with 10 tetrafluoromethoxy vessels of 100 mL and a
ceramic vessel jacket.

For the characterization of the synthesized QDs, absorbance
spectra were measured on a Jasco V-660 spectrophotometer.
Fluorescence measurements were carried out with a PerkinElmer
LS-50B luminescence spectrometer. QDs centrifugation was per-
formed with a ThermoElectron Jouan BR4I refrigerated centrifuge.

All pH measurements were made with a Model pH-meter GLP
22 (Crison, Allela, Spain) coupled to a combined Ag/AgCl glass
electrode.

2.2. Reagents and solutions

Aqueous solutions were prepared with water from a Milli-Q
system (specific conductivity 60.1 lS cm�1) and analytical grade
chemicals. Reagents were not subject to any further purification.

For buffer solutions preparation, bis(2-hydroxyethyl)imino-
tris(hydroxymethyl)methane (bis-tris) or tris(hydroxymethyl)ami-
nomethane (trizma) bases, purchased from Sigma–Aldrich (St.
Louis, MO, USA), were dissolved in water nearly to volume; a
solution of hydrochloric acid was gradually added to achieve the
desired pH, and the resulting solution was diluted to the appropri-
ate final volume.

The concentrated nitric acid, hydrochloric acid (37%, m/m) and
monoelementar 1000 mg L�1 aqueous stock standards of Pb, Cu,
Zn, Cd and Fe were obtained from Merck (Darmstadt, Germany).
The four standards were used exclusively for preliminary studies.
Intermediate aqueous standards solutions with a concentration
of 1 mg L�1 were prepared, on a daily basis, by appropriate dilution
of the stock solution. Working standard solutions of iron were pre-
pared from dilutions of the corresponding intermediate solution by
transferring aliquots (24–400 lL) into a series of 4 mL centrifuge
tubes containing a mixture of quantum dot (2.3 lmol L�1), trizma
buffer (0.02 mol L�1) and sodium chloride (0.5 mol L�1) solutions,
and the volume was subsequently made up to the mark with
deionized water.

A 500 lg g�1 metallo-organic iron standard was purchased from
AccuStandard Inc. (New Haven, CT, USA). Base oil (Conostan, Hous-
ton, USA) was used for the dilutions of metallo-organic standard
solution.

A 0.02 mol L�1 trizma buffer solution at pH 7.5 was used in the
experiments [36].

Sodium hydroxide (NaOH 98%) purchased from Panreac (Barce-
lona, Spain) were used to adjust the pH when required.

For the synthesis of the CdTe quantum dots, tellurium powder
(200 mesh, 99.8%), sodium borohydride (NaBH4, 99%), cadmium
chloride hemi(pentahydrate) (CdCl2�2.5H2O, 99%) were purchased
from Sigma–Aldrich (St. Louis, MO, USA); 3-mercaptopropionic
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acid (MPA, 99%) and absolute ethanol (99.5%) were obtained from
Fluka (St. Louis MO, USA) and Panreac (Barcelona, Spain)
respectively.

QDs solutions were prepared by dissolving a certain amount of
the dried nanocrystals in ultrapure water and used directly.
2.3. Synthesis of CdTe QDs

Three different diameters of MPA-capped CdTe QDs were syn-
thesized as described by Zou et al. [37] with some modifications.
Briefly, the first stage consists on the reduction process of tellu-
rium with NaBH4 in N2 saturated water to produce NaHTe. After
all tellurium has been completely consumed the resulting solution
was transferred into a second flask containing 4.0 � 10�3 mol of
CdCl2 and 6.8 � 10�3 mol of MPA in 100 mL N2 saturated solution.
The pH of the solution was adjusted to 11.5 with a 1.0 mol L�1

NaOH solution. The molar ratio of Cd2+:Te2�:MPA was fixed at
1:0.1:1.7. The size of CdTe QDs was controlled by changing the
refluxing time.

To purify the CdTe QDs these were precipitated in absolute eth-
anol to remove the contaminants and the precipitate was subse-
quently separated by centrifugation, vacuum dried, kept in
amber flasks and protected from light.
2.4. Samples

Six biodiesel samples (B100) originated from different feed-
stocks (soybean, corn, sunflower, canola, cotton and beef tallow)
were used in this study. Two different procedures were employed
for sample pretreatment: US-assisted extraction and acid digestion
for the developed and comparative methods, respectively.

All containers and glass vessels used for preparation and stor-
age of samples and solutions were decontaminated with nitric acid
(10%, v/v) during 24 h and rinsed thoroughly with deionized water.
2.4.1. Sample preparation for developed procedure
The ultrasound-assisted treatment procedure developed by

Cypriano et al. [38] was executed with some modifications. Ali-
quots of 100 lL of each biodiesel and 1 mL of HCl were added to
each sample vessel. The mixture were then placed in an ultrasonic
bath, over the piezoelectric crystals, and aliquots of H2O2 (30% m/
m) were added, until a total of 2 mL of 1:1 (v/v) HCl and H2O2 were
present in all tubes. The ultrasonic exposure time was fixed at
50 min. The extraction procedure was performed on six tubes
simultaneously. Sequentially, the tubes were partially opened
and placed in a boiling water bath for 40 min, in order to decom-
pose the excess of hydrogen peroxide and eliminate the gas bub-
bles, to avoid possible interferences with quantum dots and
ensure the reproducibility of the subsequent measurements. After
centrifugation at 4000 rpm for 3 min, the aqueous phase was sep-
arated and transferred to decontaminated calibrated test tube with
a micropipette. All extractions were performed in triplicate at
room temperature.
2.4.2. Sample preparation for comparative procedure
For the digestion of biodiesel samples in a microwave oven, a

procedure analogous to the one described by Nunes et al. [16]
was adopted. The microwave oven heating programme was per-
formed in five steps using 35 Bar of pressure, as depicted in Table 1.
After digestion, a very clean solution was obtained and the analyte
was determined by HR-CS GFAAS (High Resolution Continuum
Source Graphite Furnace Atomic Absorption Spectrometry).



Table 1
Microwave heating programme for sample digestion.

Step Time (min) Power (W) T (�C)

1 4 500 90
2 2 750 90
3 8 1000 180
4 10 1000 180
Ventilation 10 – –
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2.5. General analytical procedures

2.5.1. Procedure for fluorescence quenching detection
Into a 4 mL calibrated test tube QDs solution (2.3 lmoL L�1), tri-

zma (0.02 moL L�1, pH 7.5), NaCl (0.5 mol L�1) and an amount of
iron between 0 and 100 lg L�1, were sequentially placed. The vol-
ume was made up to the mark with deionized water and shaken
thoroughly. The fluorescence intensity of the solution was re-
corded by scanning the emission from 420 to 700 nm with the
excitation wavelength at 400 nm, in a 1 cm quartz cell. Both slit
widths of excitation and emission were 5 nm.

Prior to analysis, the acidity of the extracted biodiesel samples
was assessed by acid-base titration using sodium hydroxide solu-
tion and phenolphthalein as indicator [39]. Subsequently, 500 lL
of aqueous extract were treated with an adequate amount of
sodium hydroxide to neutralize the high acid content in order to
prevent the precipitation of the quantum dots.

The analysis of each sample was performed in triplicate and the
concentrations were calculated from the analytical curve.

2.5.2. Procedure for HR-CS GFAAS
In order to assess the accuracy of the proposed procedure, since

no certified reference material was available, the iron content was
determined by HR-CS GFAAS in six biodiesel microwave digested
samples.

The time and temperature of the drying step and the atomiza-
tion time used was specified in the cookbook. Pyrolysis and atom-
ization temperatures curves were optimized with a corn biodiesel
sample. The optimized temperature program used is shown in Ta-
ble 2. All the measurements were performed without the addition
of chemical modifiers.

3. Results and discussion

3.1. Characterization of CdTe QDs

The particle size of the prepared CdTe QDs depended on the
heating time. All samples exhibited a well-defined absorption
maximum for the first excitonic transition, which was evidence
of a narrow size distribution, further confirmed by FWHM (Full
Width at Half Maximum) values of about 47 nm.

The nanocrystals size for the synthesized QDs was determined
according to the expression [40]:

D ¼ ð9:8127� 10�7Þk3 � ð1:7147� 10�3Þk2 þ ð1:0064Þk
� ð194:84Þ ð1Þ
Table 2
Temperature programme for the determination of iron in biodiesel samples by HR-CS GFA

Step Temperature (�C) Ramp (�C

Drying I 80 6
Drying II 90 3
Drying III 110 5
Pyrolysis 1400 300
Atomization 2300 1500
Cleanout 2800 500
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where D is the diameter (nm) and k (nm) the wavelength of maxi-
mum absorbance corresponding to the first excitonic absorption
peak of the nanocrystal.

Transmission electron microscopy (TEM) was used to study the
morphology of the aqueous CdTe QDs. Fig. 1 obtained with 2.3 nm
QDs, shows that their shape is close to spherical and nanoparticles
are monodisperse.

The QDs aqueous solution molar concentration was determined
taking into consideration the absorption spectrum of a given QDs
solution, with a known mass concentration, and by appraising
the extinction coefficient (e) by using the following expression:

e ¼ 3450DEðDÞ2:4 ð2Þ

where DE is the transition energy corresponding to the first absorp-
tion peak expressed in eV. Knowing both e and the absorbance of
CdTe QDs solution, the molar concentration was easily calculated
by applying the Lambert–Beer’s law.

In this work CdTe QDs with three different nanoparticles sizes,
namely 2.3, 2.9 and 3.6 nm, were employed. These exhibited max-
imum emission wavelengths at 553, 572 and 630 nm, respectively.
3.2. Optimization of the reaction

3.2.1. Sensitivity of different MPA-capped CdTe QDs size
The photochemical properties of QDs are strongly influenced by

nanocrystals size, not only due to quantum size effects but also due
to variations in the surface area-to-volume ratio, thus affecting
QDs reactivity and selectivity and therefore the magnitude of the
produced analytical signal [41,42]. In this regard, several assays
were carried out to evaluate the effect of nanoparticle size (2.3,
2.9 and 3.6 nm) on the selectivity of the QDs for distinct metals
that could be potentially presents in biodiesel samples. The fluo-
rescence response of the nanocrystals with different sizes to solu-
tions of different metals at a concentration value of 40 lg L�1 is
shown in Fig. 2. The obtained results revealed that the smaller
QDs were clearly more sensitive to iron, promoting decreases in
terms of fluorescence intensity of about 72%, while the fluores-
cence of identical QDs in the presence of other metals remained al-
most unchanged. A similar behavior was observed for QDs with
2.9 nm but the quenching of the fluorescence intensity only reach
18% for iron. The biggest size did not reveal sensitivity for metals in
the test. Thus, the 2.3 nm MPA-capped CdTe nanoparticles were se-
lected as the most adequate luminescence chemosensors for iron
determination.

Preliminary studies revealed that iron interacted with MPA-
capped CdTe QDs promoting a decrease in their photolumines-
cence emission and that this fluorescence quenching was directly
related to trace amounts of iron, pH, buffer solution concentration
and ionic strength. Moreover, as expected, the concentration of
QDs had a crucial impact on the magnitude of the analytical signal.
During chemical optimization, the effect of these variables on the
analytical sensitivity was evaluated in order to improve the opti-
mal conditions and, simultaneously, understand several changes
that occur on the surface of the QDs. All experiments conditions
were optimized in order to obtain the highest DF (F0 � F), where
AS.

s�1) Hold (s) Ar flow rate (L min�1)

20 2
20 2
10 2
10 2

4 0
4 2



Fig. 1. TEM image of 2.3 nm CdTe QDs.

Fig. 3. Influence of QDs concentration on the analytical signal. [buffer]:
0.02 mol L�1; [iron]: 40 lg L�1; pH:7.5.
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F0 and F are the fluorescence emission of the blank and the sample
solution, respectively.

3.2.2. Influence of pH and buffer concentration
The influence of different pH buffer solutions on the fluores-

cence intensity of the interaction between MPA-capped CdTe
(2.3 nm) and iron was assayed in a range between 5.7 and 9.0, by
using bis-tris and trizma buffers. The results obtained from this
study showed that the maximum fluorescence quenching occurred
when pH was at 7.5. This result is in agreement with other studies
available in literature [33], which refer that the decrease in the
fluorescence intensity at low pH values is a consequence of the
reduction of the surface negative charge that, therefore, promotes
the aggregation and precipitation of the nanoparticles. Accord-
ingly, trizma buffer with pH value 7.5 was selected for all
experiments.

Another variable that revealed to influence the fluorescence
intensity was the concentration of trizma buffer solution. Concen-
trations between 0.02 and 0.75 mol L�1 were evaluated and the
results showed that the maximum value of DF was observed for
0.02 mol L�1 which was then chosen for the posterior experiments.
Fig. 2. Effect of some metals on the fluorescence intensity of MPA-capped CdTe QDs with
Inset: UV–Vis absorption (——) and fluorescence (—) spectra of 2.3 nm thiol-capped CdT
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3.2.3. Influence of the MPA capped-CdTe QDs concentration
QDs concentration is extremely important affecting not only the

fluorescence intensity but also QDs reactivity, sensitivity and linear
working range of iron determination. By using the previously se-
lected variables, the concentration of nanoparticles was studied
from 1.25 to 8.0 lmol L�1. It was observed that the DF increased
initially, with increasing nanoparticles concentration, reaching
the maximum value for 2.3 lmol L�1 and decreasing for higher val-
ues (Fig. 3). This could be explained by the occurrence of inner fil-
ter effects due to re-absorption of emitted radiation [31]. A
concentration of 2.3 lmol L�1 was selected for the determination.
3.2.4. Influence of the reaction time
The reaction time was investigated and the results showed that

the reaction between iron and MPA-capped CdTe quantum dots oc-
curs rapidly, reaching equilibrium in about 2 min, at room temper-
ature, and remaining stable for at least 1 h. Thus, 2 min reaction
time was selected to guarantee the complete reaction between iron
and nanoparticles.
3.2.5. Influence of the ionic strength
The effect of the ionic strength on the fluorescence intensity

was studied using a NaCl solution. The concentration of this
solution was investigated within the range of 0–3 mol L�1. The
obtained analytical signals showed that with increasing NaCl con-
centrations the intensity of the fluorescence response decreased
different sizes. [QD]: 2.5 � 10�6 mol L�1; [buffer]: 0.02 mol L�1; [metal]: 40 lg L�1.
e QDs.
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until 0.5 mol L�1. Above this concentration value the fluorescence
intensity remained almost unchanged. As a consequence, a solu-
tion containing 0.5 mol L�1 of this salt was added in all test tubes
as an ionic buffer.
Fig. 4. The Stern–Volmer plot fit curve. The equation curve is represented by:
y = 0.000006x3�0.0005x2 + 0.0176x + 0.86, with R = 0.9998.
3.3. Interferences study

In order to assess the selectivity of the developed methodology,
the influence of several foreign species, usually presents in biodie-
sel, was evaluated. Samples containing a fixed amount of iron
(40 lg L�1) and increasing concentrations of the species under
evaluation were analyzed by the developed methodology. A com-
pound was considered as non-interfering if the analytical signal
variation was ±3% regarding the one obtained in its absence. Under
the used reaction parameters, the results (Table 3) showed that no
significant interfering effect for the majority of the tested com-
pounds was found. These results confirmed that the proposed
method is appropriate for the analysis of iron in biodiesel samples.
3.4. Possible interaction mechanism

According to the literature, the fluorescence quenching mecha-
nism was generally attributed to various effects including nonra-
dioactive recombination pathways, inner filter effects, electron
transfer process and binding interaction [33,43]. It is known that
the fluorescence quenching is best described by the Stern–Volmer
equation, given by the following equation:
F0=F ¼ 1þ kSV½Q � ð3Þ
in which F0 and F are the fluorescence intensities of MPA-capped
CdTe QDs in the absence and presence of iron, respectively, KSV

the Stern–Volmer quenching constant and [Q] the concentration
of iron.

As shown in Fig. 4, the modified form of the Stern–Volmer equa-
tion was the third order, with a correlation coefficient value of
0.9998. The characteristic feature of this Stern–Volmer plot dem-
onstrated that several factors influence the quenching process.
For low iron concentration, a linear Stern–Volmer relationship
between F0/F and [Q] can be observed. This can signify that, at
these concentration values the mechanism was based on the iron
binding on the surface of QDs inducing recombination centers for
electrons and holes, resulting in a quenching of QDs fluorescence.
For high iron concentrations the plot changed into an upward
curve. This change may have occurred due the aggregation of
QDs, resulting from the loss of the stabilizing layer that leads to
a strong fluorescence quenching of CdTe QDs. However, in order
to understand more precisely the fluorescence quenching mecha-
nism, further studies should be performed.
Table 3
Results obtained in the evaluation of the interfering effect of foreign species by using
a 40 lg L�1 iron solution on the developed methodology.

Interference Tolerance limit

SO2�
4 ; I�; Br� 100a

Cd2+; V; Cr2+; Ni; Pb2+; PO3�
4 ; CO2�

3 ; NO�3 50

Al3+; K+; Mg2+; Ba2+; Ca2+; Zn2+ 25
Mn2+ 19
Cu2+ 74

Data refer to the concentration ratio (expressed in lg L�1) between the interfering
specie and the analyte.

a Maximum tested concentration ratio.
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3.5. Analytical figures of merit and calibration

Once the determination of trace elements in complex matrix,
such as biodiesel samples, require a detailed study of calibration
procedure to be adopted, two calibration strategies were applied
and compared: the usual technique with aqueous solutions and
standard additions technique using metallo-organic standards.
The standard addition technique was used in order to provide
information about possible matrix effect. The slopes obtained with
both calibration approaches are shown in Table 4. As can be seen,
similar slopes/sensitivity were obtained meaning that an external
calibration with aqueous standard solutions can be used for a
determination free of interferences. In optimized conditions, it
was possible to achieve an analytical linear working concentration
range between 4.16 and 100.0 lg L�1 of iron. The calibration curve
was represented by the following equation:

DF ¼ 9:24C þ 6:53 ð4Þ

in which DF was the fluorescence signal quenched and C was the
iron concentration, in lg L�1, with a correlation coefficient (R) of
0.9996 (n = 6). The detection limit (LOD) and the quantification lim-
it (LOQ), calculated using the following expressions: LOD = 3r/b and
LOQ = 10r/b, where r is the standard deviation of 20 measurements
of the blank and b is the slope of the analytical curve, were esti-
mated at 1.25 and 4.16 lg L�1, respectively.

3.6. Analysis of samples and validation

Under the previously referred optimized experimental condi-
tions, exhibited in Table 5, the proposed procedure was applied
to the determination of iron in biodiesel samples originated from
different feedstocks. The same samples were also analyzed by the
comparative procedure, HR-CS GFAAS, in order to evaluate the
accuracy of the developed procedure. The obtained results, sum-
marized in Table 6, showed a good agreement between both meth-
ods, with relative deviation between �3.9% and 4.5%. A paired
Student’s t-test was also performed on the data obtained by both
methods and confirmed that, for a confidence level of 95% (n = 6),
Table 4
Figures of merit for the determination of iron in biodiesel samples.

Parameter

Slope (aqueous standards) (L lg�1) 9.24
Slope (analyte addition) (L lg�1) 9.21
Linear range (lg L�1) 6.0–100.0
R (n = 6) 0.9996
LOD (lg L�1) 1.25
LOQ (lg L�1) 4.16



Table 5
Parameters evaluated during the optimization of the proposed method and selected
operating conditions for iron determination.

Parameter Evaluated range Selected value

QD size (nm) [2.3–3.6] 2.3
QD concentration (lmol L�1) [1.25–8] 2.3
pH range [5.7–9] 7.5
Buffer concentration (mol L�1) [0.02–0.75] 0.02
NaCl concentration (mol L�1) [0–3] 0.5

Table 6
Results obtained in the determination of iron in biodiesel using the proposed
methodology and the comparative method.

Samples Fe concentration (lg g�1) R.D. (%)b

Developed
methodologya

Reference
methodologya

Soybean 7.79 ± 0.25 8.06 ± 0.54 �3.35
Corn 6.95 ± 0.32 7.20 ± 0.23 �3.47
Sunflower 8.48 ± 0.48 8.60 ± 0.58 �1.40
Canola 4.69 ± 0.35 4.49 ± 0.31 4.45
Cotton 6.59 ± 0.36 6.86 ± 0.79 �3.94
Beef tallow 5.63 ± 0.37 5.42 ± 0.36 3.87

a Mean ± t0.05 (Student’s t-test) � SD/(
ffiffiffi

n
p

).
b Relative deviation of the developed methodology with respect to the reference

procedure.

Table 7
Recovery tests for iron in spiked biodiesel samples (n = 3).

Sample Added (lg L�1) Founda (lg L�1) Recovery (%)

Soybean 5 47.45 ± 0.39 92.2
45 90.01 ± 0.29 104.8

Corn 5 42.71 ± 0.27 90.2
45 82.01 ± 0.32 97.3

Sunflower 5 31.01 ± 0.28 104.3
45 71.71 ± 0.29 102.0

Canola 5 35.79 ± 0.26 97.2
45 76.47 ± 0.27 101.2

Cotton 5 40.94 ± 0.25 94.1
45 83.53 ± 0.24 105.1

Beef tallow 5 51.85 ± 0.18 105.2
45 87.94 ± 0.29 91.9

a Mean ± t0.05 (Student’s t-test) � SD/(
ffiffiffi

n
p

).
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there were no significant statistical differences between the results
obtained by both procedures: the estimated t-value (0.877) was
lower than the tabulated t-value (2.571). In addition, the variances
of the proposed and comparative methods were evaluated by an
F-test. The calculated F-value (1.274) was much lower than the
critical tabulated F-value (5.050) taking into account 5 degrees of
freedom. Therefore, the null hypothesis of equal variances was
verified and there were no significant difference between the two
variances, for a confidence level of 95%.

The accuracy of the proposed procedure was also demonstrated
by a recovery study in all biodiesel samples by spiking the samples
with iron at two different concentration levels. The results ob-
tained, shown in Table 7, attest the accuracy of the method, with
recoveries ranging from 90.2% and 105.2%.
4. Conclusion

This work proposes a valuable and useful analytical methodol-
ogy for the determination of trace metals in complex organic
92
matrices, as the developed fluorescence method successfully en-
abled the determination of iron in biodiesel samples. Good repeat-
ability, high analytical sensitivity, accuracy, precision and a wide
working concentration range were easily reached with the pro-
posed procedure. Selectivity of the method was confirmed by the
limited influence of some compounds usually presents in biodiesel
samples. In addition, the operational simplicity, without additional
electronic devices associated with the relatively low cost, since the
use of expensive and hazardous reagents and gases was not re-
quired, proved to be a valuable alternative for determination of
iron in biodiesel samples when in comparison with traditional
methods (e.g. atomic spectrometry based techniques). Despite
the acid digestion with microwave oven being less laborious and
requiring less sample handling than the ultrasound extraction,
the procedure used in this work showed some noteworthy advan-
tages, such as, the employment of cheaper equipment and the pos-
sibility of analyte pre-concentration.
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a b s t r a c t

The manipulation of the surface chemistry of semiconductor nanocrystals has been exploited to implement
distinct sensing strategies in many analytical applications. In this work, reduced glutathione (GSH) was added
at reaction time, as an electron-donor ligand, to markedly increase the quantum yield and the emission
efficiency of MPA-capped CdTe quantum dots. The developed approach was employed in the implementation
of an automated flowmethodology for hydrogen peroxide determination, as this can oxidize GSH preventing
its surface passivating effect and producing a manifest fluorescence quenching.

After optimization, linear working calibration curve for hydrogen peroxide concentrations between
0.0025% and 0.040% were obtained (n¼6), with a correlation coefficient of 0.9975. The detection limit was
approximately 0.0012%. The developed approach was employed in the determination of H2O2 in contact lens
preservation solutions and the obtained results complied with those furnished by the reference method, with
relative deviations comprised between �1.18 and 4.81%.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The surface chemistry of colloidal semiconductor nanocrystals or
quantum dots (QDs) is an important parameter determining most of
their optical and physical properties, namely their reactivity, lumi-
nescence efficiency (quantum yield), photoluminescent properties
stability and the solubility in a given solvent [1]. Indeed, the QDs size
(usually in the range 1–10 nm) and the resultant quantum confine-
ment effect in combination with the high surface-to-volume ratio
and other surface characteristics render QDs photoluminescent
properties very sensitive to any micro-environmental change or
interaction with a chemical specie [2]. Morphologically, the occur-
rence of surface imperfections that act as charge carrier traps can
impair the efficiency of electron–hole recombination, thus favoring
non-radiative recombination processes which can dramatically
reduce the fluorescence quantum yield (QY) of QDs [3]. In this
regard, surface modification strategies are often used to eliminate
trap sites and to increase solution stability preventing aggregation
and leading to an enhancement of the QDs luminescent emission
intensity [4]. Organic ligands used in the adaption of the surface
chemistry provide electronic and chemical passivation of surface
traps and enable QDs to be chemically manipulated as large

molecules with solubility and reactivity defined by the ligand
characteristics [5]. This adaptability has boosted the application of
QDs as chemosensors in different analytical applications gaining a
wide acceptance among the scientific community. Several works
have studied the interaction of quantum dots surface with different
substances exhibiting functional groups such as thiol (sulfhydryl)
[3,6], amine [7] and phosphonate [4] that could act as enhancers of
the fluorescence intensity of QDs. This enhancement was explained
by the formation of covalent bonds between the donor atom of the
ligand (usually nitrogen, sulfur or oxygen) and incompletely coordi-
nated Cd2þ ions on the QDs surface, wherein the referred atoms
acted as electron-donors and the dangling orbitals acted as electron-
acceptors. Thus, the mid-gap energy states produced by dangling
orbitals located between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) are
effectively removed, thereby preventing the occurrence of non-
radiative relaxation pathways.

Glutathione (L-γ-glutamyl-L-cysteinylglycine) is the most abun-
dant intracellular non-protein sulfhydryl compound present in all
mammalian tissues participating in numerous cellular functions
mainly involving the thiol group of the cysteine residue [8]. In
particular, reduced glutathione (GSH) plays an important role in
detoxification of hydrogen peroxide, other peroxides, and free
radicals [9]. Furthermore, GSH has been widely used as a thiol
ligand in the aqueous synthesis of different semiconductor nano-
crystals [10,11].
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Hydrogen peroxide is a strong oxidant often used in various
industrial and household applications as a bleach or cleaning agent
[12]. Owing to its broad antimicrobial activity, H2O2 is used for
contact lens disinfection, destroying pathogens by triggering oxida-
tive processes. However, depending on the concentration, hydrogen
peroxide can be toxic to the ocular epithelium and cornea being
necessary to carry out its neutralization before lens wear in order to
avoid eyes irritation and possible corneal damage [13]. The wide use
of hydrogen peroxide along with the need to assess the efficiency
and the safety of its utilization promoted the development of suitable
analytical methods for H2O2 determination. These include titrimetric
[14], electrochemical [15,16], fluorometric [17,18], spectrophoto-
metric [19,20] and chromatographic [21,22] techniques. Additionally,
some methodologies based on different flow analysis approaches
have been also proposed, including, flow injection analysis with
fluorescence [23], chemiluminescence [24], spectrophotometric [25]
and amperometric [26] detection. Nevertheless, to the best of our
knowledge, the determination of hydrogen peroxide in lens care
solutions was only performed by Vidigal et al. [27] wherein a
sequential injection lab-on-valve method with spectrophotometric
detection was exploited.

In the present work, and for the first time, a novel chemosensor
based on GSH-induced fluorescent enhancement of MPA-capped
CdTe QDs was developed for hydrogen peroxide determination.
With this purpose, the surface interactions between GSH and CdTe
nanocrystals were thoroughly evaluated.

The operational characteristics of multipumping flow system
(MPFS) [28], namely, low reagents consumption, straightforward
automation and control, high portability and versatility allowed to
take advantage of particular features of the nanocrystals, such as,
the versatile surface chemistry and ligand binding ability for the
implementation of a simple, fast and sensitive automatic metho-
dology for the monitoring of hydrogen peroxide in lens care
solutions. The analytical methodology was based on the reduction
effect of hydrogen peroxide on the GSH-induced fluorescent
enhancement of MPA-capped CdTe.

2. Experimental

2.1. Apparatus

The flow manifold comprised of four model 120SP solenoid
micropumps (Bio-Chem Valve Inc. Boonton, NJ, USA), which were
of the fixed displacement diaphragm type, dispensing 10 mL per
stroke. All tubings connecting the different components of the
flow system was made of polytetrafluoroethylene PTFE (Omnifit,
Cambridge, UK), with 0.8 mm of internal diameter. Homemade
end-fittings and acrylic confluence connectors were also used.

The automatic control of the solenoid micro-pumps was
accomplished by a microcomputer through the lab-made software
developed in Microsoft Visual Basic 6.0s. For the actuation of the
micro-pumps a homemade power drive based on the ULN2003
chip was used which was controlled through communication by
the computer parallel port.

The detection unit was a spectrofluorometer Jasco (Easton, MD,
USA), model FP-2020/2025, equipped with a 16 mL internal volume
flow cell.

For the characterization of the synthesized nanoparticles, QDs
absorption spectra were obtained by using a Jasco V-660 spectro-
photometer (Easton, MD, USA). The fluorescence measurements
were performed on a model LS-50B Perkin Elmer luminescence
spectrometer (Waltham, MA, USA). A ThermoElectron Jouan BR4I
refrigerated centrifuge (Waltham MA, USA) was used for the
separation of the precipitated QDs.

FT-IR spectroscopic measurements were carried out using a
PerkinElmer Frontier spectrophotometer (Waltham MA, USA)
equipped with an universal ATR Diamond/ZnSe support.

The zeta potential of the nanocrystals was obtained using a
BI-MAS dynamic light scattering (DLS) instrument (Brookhaven
Instruments, USA).

The morphology of the nanoparticles was observed by trans-
mission electron microscopy (TEM) using an electron microscope
JEOL JEM 1400 TEM (Tokyo, Japan), at an acceleration voltage of
100 kV, equipped with a Gatan SC 1000 ORIUS CCD camera
(Warrendale, PA, USA).

2.2. Samples and standards

All solutions were prepared with water from a Milli-Q system
(specific conductivity r0.1 mS cm�1) and chemicals were of
analytical reagent grade quality. Reagents were used as received.

For the assays, a solution containing 1.00 mmol L�1 of CdTe QDs
was prepared by dissolving 7.84 mg of the synthesized and
purified CdTe QDs, with a size of 2.48 nm, in 25 mL of water.

A glutathione solution of 0.651 mmol L�1 was daily prepared
by dissolving 20 mg of the L-glutathione reduced (Sigma, 98%
purity, St. Louis MO, USA) in 100 mL of water.

A 0.1% intermediate solution of H2O2 was daily prepared by
adding, in a 100 mL volumetric flask, 333 mL of hydrogen peroxide
(30% w/v, Panreac, Barcelona, Spain) solution and then the volume
was made up to the mark with deionized water. The hydrogen
peroxide stock solution was standardized by titration with potas-
sium permanganate (Riedel-de Haën, 99% purity, Germany).

The working hydrogen peroxide standard solutions (0.0025–
0.040%) were daily prepared by proper dilution of the above
intermediate solution by transferring aliquots (1.25–20.0 mL) into
a series of 50.00 mL volumetric flasks and the volume was
completed to the mark with water.

Five commercially available lens care solutions were analyzed
according to the proposed method and no pre-treatment was
necessary prior to analysis. Sample solutions were prepared by
diluting with deionized water, in 10 mL volumetric flask, an appro-
priate volume of the lens care solution, in order to obtain a hydrogen
peroxide content included in the analytical range of the procedure.

2.3. Reagents and synthesis of CdTe quantum dots

For the synthesis of the CdTe quantum dots, tellurium powder
(200 mesh, 99.8%), sodium borohydride (NaBH4, 99%), cadmium
chloride hemi(pentahydrate) (CdCl2 �2.5H2O, 99%) were purchased
from Sigma-Aldrich (St. Louis, MO, USA); 3-mercaptopropionic acid
(MPA, 99%) and absolute ethanol (99.5%) were obtained from Fluka
(St. Louis MO, USA) and Panreac (Barcelona, Spain) respectively.

Five different diameters of MPA-capped CdTe QDs were synthe-
sized as described by Zou et al. [29] with some modifications. Briefly,
the first stage consists on the reduction of tellurium with NaBH4 in
N2 saturated water to produce NaHTe. After all tellurium has been
completely consumed the resulting solution was transferred into a
second flask containing 4.0�10�3 mol of CdCl2 and 6.8�10�3 mol
of MPA in 100 mL N2 saturated solution. The pH of the solution was
adjusted to 11.5 with a 1.0 mol L�1 NaOH solution. The molar ratio of
Cd2þ:Te2�:MPA was fixed at 1:0.1:1.7. The size of CdTe QDs was
controlled by changing the refluxing time.

To purify the CdTe QDs these were precipitated in absolute
ethanol to remove the contaminants and the precipitate was
subsequently separated by centrifugation, vacuum dried, kept in
amber flasks and protected from light.
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2.4. Flow manifold

The proposed flow system exploiting the MPFS approach for
the fluorometric determination of hydrogen peroxide is depicted
in Fig. 1. The flow system was developed with the aim of avoiding
the possible interference of H2O2 on the fluorescence intensity of
QDs allowing, at the same time, a higher sensitivity of the method
without impairing the determination rate. For this, GSH was firstly
mixed with H2O2 creating a first reaction zone which was then
mixed with the QDs solution creating a second reaction zone.

Prior to QDs insertion, the simultaneous activation of micro-
pumps P1 and P2 allowed the combined insertion of GSH and
sample solutions through X1, by exploiting the merging zones
approach. The number of pulses was adequate to ensure that the
resulting mixed solution filled the reactor coil (RC1) placed
between the confluence points X1 and X2 (about 40 cm). Then,
the micro-pump P3 was activated and the QDs solution was

inserted into the flow system reaching the confluence point X2.
Finally, through the actuation of the micro-pump P4, the exceeding
volumes of the reagents solutions were rejected to waste and the
baseline was established with H2O. Thus, all flow tubings were
filled with the corresponding solution.

The analytical cycle started with the insertion of a pre-set
number of plugs of QDs solution intercalated with plugs of the
pre-mixed sample/GSH solution. This sampling stage consisted in
the insertion of one pulse of QDs solution between two pulses of
the pre-mixed sample/GSH solution through the alternated activa-
tion of the micro-pumps P1, P3 and P2, by this order, at a fixed
pulse time of 0.2 s. This procedure was repeated for a pre-selected
number of aliquots thus defining the volumes of the pre-mixed
sample/GSH and QDs solutions inserted in the flow system.
Subsequently, the reaction zone was carried towards the detector
through the repeated actuation of P4 (10 mL per stroke), at a fixed
pulse time of 0.6 s, corresponding to a pulse frequency of
80 min�1, which defined the flow rate at 0.80 mL min�1. The
fluorescence emission was monitored at 546 nm (λex¼400 nm).

3. Results and discussion

3.1. Characterization of quantum dots

The optical properties of the as-prepared MPA-capped CdTe QDs
were characterized by absorption and fluorescence spectroscopy
(Fig. 2(A) and (B)). All nanocrystals exhibited a well-defined absorp-
tion maximum for the first excitonic transition and a narrow and
symmetric fluorescence spectra with FWHM (Full Width at Half
Maximum) values in the range from 43 to 55 nm, evidencing that the
CdTe QDs were nearly monodisperse and homogeneous.

The sizes of the synthesized QDs were calculated by the
following equation [30]:

D¼(9.8127�10�7)λ3�(1.7147�10�3)λ2þ(1.0064)λ�(194.84)
where D is the diameter (nm) and λ (nm) the wavelength of

Fig. 1. Multipumping flow manifold. P1–P4: solenoid micro-pumps (10 μL stroke
volumes); X1 and X2, confluence points; RC1: 40 cm reactor coil; RC2: 75 cm reactor
coil; D, fluorescence detector; GSH, glutathione prepared in deionized water;
S, sample (H2O2); QDs, MPA-CdTe quantum dots prepared in deionized water;
C, carrier solution (deionized water); and W, waste.

Fig. 2. Normalized absorption (A) and photoluminescence (B) spectra of the different sizes of QDs. Photograph of the QDs solutions without irradiation (C) and irradiated
with UV light at 365 nm (D).
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maximum absorbance corresponding to the first excitonic absorp-
tion peak of the nanocrystal. Thus, five different nanoparticles
sizes, namely 1.36, 1.98, 2.48, 3.01 and 3.79 nm, were synthesized,
which maximum absorption wavelengths were observed at 472,
488, 505, 532 and 614 nm, respectively.

The morphology of 2.48 nm CdTe QDs was investigated by trans-
mission electron microscopy (TEM). Fig. 3 showed that the nanopar-
ticles, with an average size around the diameter calculated by Yu et al.
[30], are monodispersed and their shape is close to spherical.

The molar concentration of the different sized nanocrystals in
solution was determined by establishing firstly the extinction
coefficient (ε) using the expression:

ε¼3450ΔE(D)2.4 where ΔE is the transition energy correspond-
ing to the first absorption peak expressed in eV. By knowing ε and
the absorbance of a known concentration solution, the molar
concentration was estimated by applying the Lambert–Beer's law.

3.2. Preliminary assays

Preliminary batch assays involving steady-state fluorescence spec-
troscopy measurements were conducted in order to evaluate the
interaction between MPA-CdTe QDs and glutathione. For each of the
synthesized nanoparticles with sizes of 1.36, 1.98, 2.48, 3.01 and
3.79 nm several solutions were prepared containing 3.0 mmol L�1 of
MPA-CdTe QDs and increasing concentrations of glutathione in a range
of 0–9.76 mmol L�1. The emission spectra of all solutions were
recorded upon excitation at 400 nm. The obtained results showed

(Fig. 4(A)) that for all synthesized sizes the QDs fluorescence gradually
increased with increasing GSH concentration. Additionally, with the
increase of QDs size it was necessary to add ever-increasing concen-
trations of glutathione to reach the maximum fluorescence enhance-
ment, as shown in Table 1. However, it was observed that after
reaching the highest fluorescence enhancing subsequent GSH con-
centration increments led to a precipitation of the nanoparticles that
caused a corresponding fluorescence reduction and a red shift of the
maximum wavelength emission. This phenomenon can be related to
the alteration of the electric charge on QDs surface which induced the
aggregation of the nanoparticles and the consequent energy transfer
between QDs aggregates. In order to ascertain this theory, the zeta
potential of two different solutions, containing (i) 3.0 mmol L�1 CdTe
QDs (2.48 nm) and (ii) a mixture of 3.0 mmol L�1 of the QDs (2.48 nm)
and 1.63 mmol L�1 of glutathione was measured. Aiming to eliminate
the excess of glutathione, the second solution was precipitated with
ethanol, centrifuged and re-dissolved with deionized water. The zeta
potential of the QDs solution was �47.8371.65 mV and that of the
mixture of QDs and glutathione was �33.8570.84 mV. The decrease
of the absolute value of zeta potential demonstrate alterations on the
surface charge of QDs, which justified their instability in solution and
the increased tendency to aggregate.

The preliminary assays also revealed that the maximum fluor-
escence intensity enhancement was obtained for QDs with sizes of
1.36 and 2.48 nm. For the biggest QDs (3.79 nm) the fluorescence
enhancement was not as evident as for the remaining QDs which
might be due to self-quenching or re-absorption phenomena.

3.3. Mechanism investigation of the interaction between MPA-CdTe
QDs and glutathione

The possible interaction mechanism of glutathione and CdTe
QDs was also investigated aiming to understand what happens at

Fig. 3. TEM images of the 2.48 nm MPA-CdTe QDs.

Fig. 4. (A) Influence of different GSH concentrations on the fluorescence intensity of 3.0 mmol L�1 MPA-CdTe QDs with different sizes: ( ) 1.36 nm; ( ) 1.98 nm; ( )
2.48 nm; ( ) 3.01 nm. (B) Fluorescence emission spectra of 3.0 mmol L�1 MPA-CdTe with a size of 2.48 nm in the presence of different GSH concentrations: (——)
0 mmol L�1; ( ) 0.33 mmol L�1; ( ) 0.65 mmol L�1; ( ) 0,98 mmol L�1; ( ) 1.30 mmol L�1; ( ) 1.63 mmol L�1; ( ) 2.28 mmol L�1;
( ) 2.93 mmol L�1; and ( ) 3.90 mmol L�1.

Table 1
Compilation of the obtained results of the enhancing effect of glutathione
concentration on the fluorescence intensity of the different MPA-CdTe QDs sizes.

MPA-CdTe
QDs Size

[GSH]added
(mmol L�1)

Maximum FI
enhancement (%)

Red-shift of maximum
wavelength
emission (nm)

1.36 nm 0.33 384.65 513–517
1.98 nm 0.98 304.60 530–540
2.48 nm 1.63 336.01 546–551
3.01 nm 1.95 248.45 565–571
3.79 nm 6.51 48.18 n/a

n/a–not applicable.
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the surface of the nanoparticles that leads to the enhancement of
fluorescence emission. Considering that glutathione contains sev-
eral functional groups, such as thiol, amine and carboxylic acid,
which can interact with the QDs surface, FT-IR measurements
were performed in order to identify whether some of these groups
are responsible for the binding of glutathione to MPA-CdTe. For the
FT-IR measurements, two different solutions were prepared (1.63
mmol L�1 of glutathione in deionized water and 3.0 mmol L�1 of
2.48 nm MPA-CdTe QDs with 1.63 mmol L�1 of glutathione in
deionized water), and the corresponding FT-IR spectra were
compared (Fig. 5). Both solutions were previously lyophilized with
the aim of circumvent the interference of water in the FT-IR
spectra.

The obtained results showed that upon interaction of GSH with
MPA-CdTe QDs the typical GSH thiol (S–H) stretching vibrational
band (2550–2678 cm�1) disappeared. For this reason it can be
assumed that the most probable reaction mechanism is the
complexation of incompletely bounded cadmium ions on the
QDs surface by GSH thiol group, as already mentioned in previous
works [3,6]. The surface defects sites are crystal imperfections due
to the presence of atoms with dangling bonds. These defects
produce energy states within the quantum dots bandgap facilitat-
ing the non-radiative recombination which lead to weaker quan-
tum yield of the QDs nanoparticles [31]. The thiol group of GSH
molecules bind to these surface defects sites effectively removing
the traps states which improve QDs passivation and consequently
increasing the intensity of photoluminescence emission.

The involvement of other functional groups of GSH on the
interaction with the MPA-CdTe cannot be completely excluded
because both the carboxylic acid and the amines are susceptible to
coordinate cadmium ions on the surface of the quantum dots.
However, taking into account the scientific literature information
that refers the higher affinity of thiol group for binding heavy
metals [32,33] and also the obtained FT-IR spectra displayed in
Fig. 5, the most probable interaction mechanism involves the
binding of the GSH thiol group to the surface of QDs through the
formation of Cd–S covalent bonds.

3.4. Optimization of the MPFS

Aiming to develop a simple, fast and automatic QDs-based
analytical methodology for the determination of hydrogen per-
oxide, the study of the surface interactions between glutathione
and MPA-CdTe nanocrystals was implemented in a miniaturized
and automatic analytical flow system based in the multipumping
concept. Thus, an optimization assay, in order to evaluate the
fluorescence enhancing effect (ΔFE (%)) of the interaction of
several GSH concentrations with five different sized QDs and, at
same time, different QDs concentrations, was performed using an
initial manifold (Fig. 1 in Supplementary material). This MPFS

manifold consisted in three micro-pumps, a 50 cm reactor coil and
a fluorescence detector, in which, two micro-pumps were respon-
sible for the QDs and GSH insertion and the last one was used to
propel the carrier solution (deionized water).

In this assay, it was evaluated the fluorescence enhancing of
QDs upon reaction with GSH at concentrations ranging from 0 to
19.52 mmol L�1. Since the size of the nanoparticles is well-known
to have a strong effect on the physical properties of the QDs
defining its reactivity and the magnitude of the analytical signal,
the influence of GSH on different QDs sizes and concentrations,
were assayed. Nanoparticles of 1.36, 1.48 and 2.48 nmwere used in
concentrations of 1.0, 3.0 and 5.0 mmol L�1 and the QDs of sizes
3.01 and 3.79 nm were tested in the concentrations of 0.25, 0.50,
1.0, 3.0 and 5.0 mmol L�1.

The obtained results in this assay, depicted in Fig. 6, seem to
support the conclusions drawn from preliminary assays.

In fact, for each size of QDs tested it was observed that by
increasing the concentration of GSH, the analytical signal
increased up to a certain value from which a decrease was noted
due to the reasons already explained in Section 3.2 (Preliminary
assays). The GSH concentration that needs to be added to achieve
the maximum fluorescence enhancing effect (ΔFE (%)) depended
on the size and concentration of the QDs. Thus, for higher sizes
and concentrations of QDs it was verified that an increased GSH
concentration was required to obtain the maximum fluorescence
enhancing effect, as it can be seen on Table 2. Additionally, it was
noticed that for QDs with sizes of 1.36, 1.98, 2.48 nm the analytical
signal (fluorescence enhancing effect) increased up to 3 mmol L�1

and then decreased, while for the bigger QDs sizes (3.01 and
3.79 nm) ΔFE (%) increased up to 1 mmol L�1 diminishing for
higher QDs concentrations values. This fact can be related to the
inner filter effect because when the QDs concentration reaches
high values self-quenching or re-absorption of emitted radiation
can occur leading to a decrease of fluorescence. The inner filter
effect can also explain the fact that the initial fluorescence of
3.79 nm QDs was unexpectedly low and that upon GSH addition
the fluorescence enhancing effect was not as evident as with the
other tested QDs sizes.

The results also revealed that the highest fluorescence enhan-
cing effect was obtained for 1.36 nm QDs at concentration of
3.0 mmol L�1 and for 2.48 nm QDs at concentrations of 1.0 and
3.0 mmol L�1. For QDs with 2.48 nm the analytical signal obtained
(ΔFE (%)) was similar for concentration of 1.0 and 3.0 mmol L�1,
however the GSH concentration needed to obtain the maximum
fluorescence enhancing effect increased from 0.813 to 3.90
mmol L�1. Thus, considering the previous results and aiming to
obtain a better agreement between reagents consumption, sensi-
tivity and detection limit, the following optimization assays were
performed only for QDs with sizes of 1.36 and 2.48 nm at
concentrations of 3.0 and 1.0 mmol L�1, respectively.

The higher reactivity exhibited by QDs with sizes of 1.36 and
2.48 nm can be justified by the presence of a greater number of
surface defects that can coordinate with the GSH thiol group.

For the purpose of applying this methodology to the determi-
nation of hydrogen peroxide in lens care solutions, the configura-
tion of the initial multipumping flow manifold was modified as
depicted in Fig. 1. Upon the modification of the flow system and
with the aim of obtaining the optimal chemical conditions with
respect to the size and concentration of QDs and also the GSH
concentration, the study of the surface interactions between
glutathione and MPA-CdTe QDs was repeated for 1.36 and
2.48 nm QDs at concentrations of 3.0 and 1.0 mmol L�1, respec-
tively. For QDs sizes of 2.48 nm at 1.0 mmol L�1 a maximum
fluorescence enhancing effect of 389% was obtained upon GSH
addition of 0.651 mmol L�1 while for the smaller QDs (1.36 nm)
at 3.0 mmol L�1 the higher value of ΔFE was 291% when a GSH

Fig. 5. FT-IR spectra of (a) glutathione (—) and (b) the interaction of glutathione
with MPA-CdTe QDs ( ).

S.S.M. Rodrigues et al. / Talanta 122 (2014) 157–165 161

99



concentration of 0.325 mmol L�1 was added. An evaluation of the
obtained results showed that an analytical signal (ΔFE (%))
improvement of about 34% was observed for QDs size of 2.48 nm
at 1.0 mmol L�1 regarding the 1.36 nm QDs at 3.0 mmol L�1.

Accordingly, considering the final application of the developed
methodology the 2.48 nm QDs at a concentration of 1.00 mmol L�1

and a GSH concentration of 0.651 mmol L�1 were selected for
subsequent assays.

Fig. 6. Evaluation of the fluorescence enhancing effect upon the interaction of different GSH concentrations to MPA-CdTe QDs with different sizes; (a) 1.36 nm; (b) 1.98 nm;
(c) 2.48 nm; (d) 3.01 nm; (e) 3.79 nm and different QDs concentrations; (� ) 0.25 mmol L�1; ( ) 0.50 mmol L�1; ( ) 1.0 mmol L�1; ( ) 3.0 mmol L�1; and ( ) 5.0 mmol L�1.

Table 2
Results obtained in study of the influence on the fluorescence enhancing effect upon the interaction of different GSH concentrations to QDs with different sizes
and concentrations.

QDs size
(nm)

[MPA-CdTe QD]

0.25 lmol L�1 0.5 lmol L�1 1.0 lmol L�1 3.0 lmol L�1 5.0 lmol L�1

[GSH]added
(mmol L�1)

ΔFE
(%)

[GSH]added
(mmol L�1)

ΔFE
(%)

[GSH]added
(mmol L�1)

ΔFE
(%)

[GSH]added
(mmol L�1)

ΔFE
(%)

[GSH]added
(mmol L�1)

ΔFE
(%)

1.36 – – – – 0.081 97.42 0.33 354.37 0.98 310.94
1.98 – – – – 0.244 191.61 0.98 326.04 2.28 276.35
2.48 – – – – 0.813 390.33 3.90 393.50 3.90 175.70
3.01 0.33 117.84 0.98 211.74 1.952 323.98 4.56 312.54 5.21 220.52
3.79 1.63 145.04 2.28 148.09 5.206 151.88 13.02 108.23 19.52 62.61
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The succeeding experiments were carry out with the purpose
of evaluating the influence on the analytical signal of the physical
flow parameters such as reactor length, sample and reagent
volumes and flow rate aiming to achieve the better compromise
between sensitivity, reagent consumption and determination rate.

The study of the influence of the reactor length on the
sensitivity of the methodology was performed simultaneously
with the inserted sample/reagents volumes. In these assays, for
every reactor's length evaluated, namely 25, 50, 75 and 100 cm,
the number of sample/reagents pulses was varied between 4 and
12 (corresponding to volumes between 40 and 120 mL). In addition,
for all lengths and number of pulses assayed, calibration curves
were established for hydrogen peroxide concentrations between
0.0025 and 0.040% (w/v) in order to evaluate the sensitivity of the
methodology through the analysis of the obtained slopes. This
study allowed concluding that the reactor's length was the para-
meter with the most pronounced influence on the sensitivity of
the methodology, showing an accentuated increase on the sensi-
tivity up to 75 cm and subsequent stabilization for higher values
(Fig. 7, graphic A). In opposition, sample and reagents volumes had
a minor influence on sensitivity. By using a 75 cm reactor and
increased number of sample pulses an increment of the sensitivity
was observed for up to 8 pulses followed by a decrease for higher
values (Fig. 7, graphic B). Consequently, for the posterior assays a
reactor length of 75 cm and 8 pulses of sample and reagents
(corresponding to a volume of 80 mL) were chosen.

Another flow parameter that could have a noteworthy effect on the
methodology sensitivity was flow rate as it determines the residence
time of the reaction zone within the flow system and hence the
reaction time. In these assays, for different pulse times of 0.15, 0.30,
0.45, 0.60 and 0.75 s (corresponding to flow rates of 2.00, 1.33, 1.00,

0.80, 0.67 mLmin�1), calibration curves for hydrogen peroxide con-
centrations ranging from 0.0025 to 0.040% (w/v), were obtained.

The obtained results (Fig. 8) revealed that the sensitivity of the
methodology slightly increased by varying the flow rate between
0.67 and 0.80 mL min�1 while for higher values markedly
decreased. For this reason, the latter flow rate (corresponding to
a pulse time of 0.60 s) was selected for the assays.

Taking into consideration the results obtained in the physical
optimization it was possible to conclude that the reaction kinetics
was low because the combination of a long reactor (75 cm) and a
low flow rate (0.80 mL min�1) determine a considerable residence
time of the reaction zone inside the flow system that could give
rise to a major sample dispersion. In this particular, the pulsed
flow produced by the solenoid micro-pumps acts favorably
regarding conventional laminar flow regimens.

3.5. Mechanism of the hydrogen peroxide determination

The hydrogen peroxide determination was based on the mon-
itoring of the reduction of the fluorescence enhancing effect of
MPA-CdTe QDs upon interaction with glutathione in aqueous
solution. As above referred, the GSH was used to improve the
surface passivation of the MPA-capped CdTe QDs thus providing a
fluorescent probe with enhanced fluorescence. Therefore, in the
absence of hydrogen peroxide, the obtained signal was maximum
(blank signal) since all GSH was available for the surface passiva-
tion of QDs. In the presence of hydrogen peroxide, most of the
glutathione (GSH) was oxidized to glutathione disulfide (GSSG)
and the number of SH group available for the establishment of the
Cd–S covalent bonds between GSH and the QDs surface markedly
decreased. Thus, the higher the hydrogen peroxide concentration
the more pronounced the reduction of free GSH. Consequently, the
surface passivation of the QDs is attenuated, traps states removal is

Fig. 7. Influence of the reactor length and number of sample pulses (sample
volume) on the sensitivity of the methodology. (■) 4 pulses; ( ) 6 pulses; (▲)
8 pulses; ( ) 10 pulses; and (�) 12 pulses.

Fig. 8. Influence of the micro-pumps pulse time and the corresponding flow rate on the sensitivity of the methodology.

Table 3
Comparison of the analytical results obtained in the determination of hydrogen
peroxide in commercial lens care solutions by the proposed flow procedure and the
reference procedure.

Sample Declared
amount (%)

Amount found (%) R.D %b

MPFS
methodologya

Reference
method

Oxysepts 3 2.9270.04 2.8770.01 1.56
iWears 3 3.3170.04 3.3470.02 �1.18
D'Afflelous 3 2.7970.07 2.8170.01 �0.75
Discos 3 3.2870.04 3.1370.03 4.81
AO septs 3 3.570.1 3.5170.02 0.72

a Mean7t0.05 (Student's t test)� ðs= ffiffiffi

n
p Þ.

b Relative deviation of the developed method regarding the reference
procedure.
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impaired and the fluorescence enhancing effect is restrained
(quenching of analytical signal). The observed inhibition of the
fluorescence enhancing effect (when compared to the blank read-
ing) was used to quantify the hydrogen peroxide amount in lens
care solutions.

3.6. Figures of merit of the method

After establishing the chemical and physical conditions of the
flow system, it was possible to achieve a linear relationship
between the magnitude of analytical signal and the logarithmic
of H2O2 concentration in the range of 0.0025–0.040%. Thus, the
analytical curve was typically described by the equation:

ΔFE¼ �64ð72Þ � Log Cþ186ð74ÞðR¼ 0:9975; n¼ 6Þ
where ΔFE was the analytical signal, expressed in percentage and
C was the hydrogen peroxide concentration. The detection limit
calculated from the equation of the calibration curve [34] was
about 0.0012%. The developed methodology allowed a determina-
tion rate of about 54 h�1, corresponding to the analysis of about 14
samples per hour (considering the time required for sample
replacement).

3.7. Method validation

In order to validate the reliability of the proposed automatic
methodology, the hydrogen peroxide monitoring in five commercially
available lens care solutions was performed by the developed MPFS
and the obtained results were compared with those furnished by the
reference procedure [35]. The reference methodology recommended
by the European Pharmacopoeia [35] involved a titration of the
hydrogen peroxide with potassium permanganate in acidic medium.
The hydrogen peroxide amount in the tested samples was evaluated
considering that each mL of 0.02 mol L�1 KMnO4 solution was
equivalent to 1.701 mg of H2O2. The results are shown in Table 3
and indicated a good agreement between both methods with relative
deviations between �1.18 and 4.81%. Moreover, the obtained results
were statistically compared for accuracy and precision. The paired
Student's t-test and variance F-test [34] confirmed that there were no
significant differences between the results obtained by both proce-
dures (tcalculated¼0.960, ttabulated¼2.776 and Fcalculated¼1.034, Ftabulated
¼6.388; n¼5) with respect to accuracy and precision, for a confidence
level of 95%.

The precision of the proposed methodology was evaluated
through the repeated analysis of each sample solution (three
determinations for each sample), which revealed a good repeat-
ability taking into account the calculated concentration ranges for
a confidence level of 95%.

Concerning the selectivity of the proposed methodology, it was
observed no influence on the analytical signal caused by the
presence of the chemical species commonly used in the composi-
tion of the lens care solutions since pronounced sample dilutions
were performed before the analysis.

4. Conclusions

This work demonstrated that reduced glutathione can effec-
tively enhance the fluorescence properties of MPA-capped CdTe
QDs as a result of the passivation of the nanocrystals surface trap
states through the binding of GSH thiol group to Cd2þ . Addition-
ally, it was observed that the fluorescence enhancing effect is
markedly affected by the size and concentration of the nanopar-
ticles and also by the GSH concentration added. Indeed, depending
on the size and concentration of the nanoparticles and for GSH

concentrations excessively high it was verified a decrease of QDs
solution stability as they tended to aggregate and precipitate
resulting in a fluorescence decrease.

For the first time, a novel sensitive detecting technique based
on GSH-induced fluorescent enhancement of MPA-capped CdTe
QDs was developed and successfully used for the determination of
hydrogen peroxide in lens care solutions. The fluorometric deter-
mination of hydrogen peroxide was efficaciously implemented in
an automatic multi-pumping flow system which allowed a strict
and reproducible control of the QDs/GSH/H2O2 reaction conditions
and high versatility in terms of solutions manipulation. In addi-
tion, the multi-pumping approach demonstrated to be a potential
tool for automation of QDs-based sensing schemes involving
surface ligand interactions since accurate, precise and reliable
results were obtained assuring, at same time, high sample
throughput and low reagents consumption.
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Figure 1 in Supplementary material – Preliminary multipumping flow manifold. P1 – P3: 

solenoid micro-pumps (10 μL stroke volumes); X, confluence point; RC: 50 cm reactor 

coil; D, fluorescence detector; QDs, MPA-CdTe quantum dots prepared in deionized 

water; C, carrier solution (deionized water); GSH, glutathione prepared in deionized water; 

W, waste. 
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ination of sulphide based on
photoluminescence quenching of MPA-capped
CdTe nanocrystals by exploiting a gas-diffusion
multi-pumping flow method

S. Sofia M. Rodrigues,a Zuzanna Oleksiak,b David S. M. Ribeiro,*a Ewa Poboży,b

Marek Trojanowicz,b João A. V. Priora and João L. M. Santos*a

In this study an automated flow-based methodology for the fluorometric determination of sulphide was

reported. It relies on the utilization of CdTe nanocrystals as photoluminescent probes, which upon

reaction with S2� are subject to a noteworthy concentration-related photoluminescence decrease. For

lower S2� concentrations the photoluminescence quenching was based on dynamic processes while for

higher concentrations the quenching mechanism was ascribed to the depassivation of the surface

ligands, replaced by S2�, resulting in the aggregation of QDs. The developed approach was automated

by resorting to a pulsed stream multi-pumping flow system guaranteeing a high versatility in terms of

sample and reagent manipulation and reaction zone formation. The selectivity was ensured by means of

the utilization of a gas-diffusion unit relying on a hydrophobic PTFE membrane that facilitated sulphide

isolation from sample matrix interferences. Under optimal conditions, a good linear relationship between

the photoluminescence quenching magnitude (DF) and the logarithmic of the S2� concentration within

the range of 0.25–5.0 mmol L�1 were verified (R ¼ 0.998, n ¼ 5). The limit of detection (LOD) was found

to be 0.19 mmol L�1. The sampling rate was of about 13 h�1.
1. Introduction

Semiconductor nanocrystals or quantum dots (QDs) were the
subject of intensive research over the last two decades due to
their remarkable optical, chemical and electronic properties
that make them valuable tools in an ever-increasing range of
applications. These highly photoluminescent nanomaterials
are particularly useful in chemical analysis where they could
replace advantageously the traditional organic uorophores.1,2

By virtue of high quantum yields (QYs), broad absorption
proles, narrow, symmetric and tunable emission spectra, long
photoluminescent lifetimes, high photobleaching threshold
and excellent photochemical stability, QDs exhibited high
analytical functionality that could be further improved by the
manipulation of their surface chemistry. Throughout the utili-
zation of specic capping ligands it is possible not only to
ensure aqueous dispersion stability but also to adjust QD
reactivity for a target analyte, by modulating the surface inter-
actions that the QDs could establish,3,4 which could be exploited
for analytical purposes. As a consequence of these surface
ces, Laboratory of Applied Chemistry,
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interactions, mostly with small molecules and ionic species,
impressive changes in the physical and chemical properties of
the nanoparticles could take place, shaping the photo-
luminescence emission of the QDs either by enhancing5–9 or
quenching1,3,4,10–14 its intensity. The QDs photoluminescence
quenching can be generally ascribed to several mechanisms
involving non-radioactive recombination pathways, inner lter
effects, electron transfer processes and binding interac-
tions.10,15,16 The quenching phenomenon can be also dependent
on the quencher and the nature of QDs.13

Hitherto distinct QD-based sensors have been developed as
photoluminescent probes for ionic species determination,
although most of them were applied with cations and not many
have dealt with the selective determination of anions,12,17,18

despite their fundamental role in many chemical, biological,
environmental and industrial processes.19,20

The monitoring of sulphide ions in environmental samples,
such as waste and hydrothermal waters, as well as in wine and/
or other fermented beverages has a signicant importance in
order to avoid the highly toxic effects of hydrogen sulphide.21–23

In fact, hydrogen sulphide (H2S) is a poisonous gas generally
formed in anoxic waters by heterotrophic, sulphate-reducing
bacteria and as a result of geochemical processes in hydro-
thermal systems.20 Additionally, H2S has been associated with
off-avors in some alcoholic beverages, resulting from yeast
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Schematic diagram of the gas diffusion multi-pumping flow
system. P1–P4: solenoid micro-pumps (10 mL stroke volumes); X1 and
X2, confluence points; GDU, gas diffusion unit; DC, donor channel; AC,
acceptor channel; RC, 100 cm reactor coil; D, photoluminescence
detector; S, sample prepared in 0.050 mol L�1 NaOH; DS, donor
stream: 0.75 mol L�1 HCl; AS, acceptor stream: 0.050 mol L�1 NaOH;
QDs, 3.01 nm MPA-CdTe quantum dots with 0.50 mmol L�1 prepared
in phosphate buffer pH ¼ 11; W, waste.
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metabolism during the fermentation, which constitutes one of
the main concerns of the quality control of wine, beer and other
fermented beverages.24 Therefore, considering the harmful
effects of H2S in human health, environment and industrial
production quality, a wide range of analytical methodologies
have been developed in order to monitor the level of sulphide
ions in different types of samples. These analytical methodol-
ogies involve spectrophotometry,25–28 uorometry,20,29–34 elec-
trochemical methods,35–38 HPLC,39,40 gas chromatography,41,42

ion chromatography43 and capillary electrophoresis.44 In addi-
tion, distinct continuous ow methodologies resorting to a
variety of detection techniques were also proposed, including
uorometric,45 spectrophotometric,46 chemiluminometric22 and
electrochemical47 detection.

In this work we have put together the versatility exhibited by
the multi-pumping ow system (MPFS),48 in terms of sample
and reagent manipulation and facility of reaction zone imple-
mentation, and the worthwhile optical properties of CdTe QDs
to implement a straightforward methodology for sulphide
determination. This combined the sensitivity of the interaction
between S2� ions and CdTe QDs and the selectivity conferred by
an in-line separation technique based on a gas-diffusion unit
(GDU). The coupling of GDU to MPFS allows the isolation of the
target analyte from interfering species of a highly complex
sample matrix, without any additional pre-treatment, resulting
in an enhanced selectivity.

The proposed analytical methodology involved the conver-
sion of the S2� ion into its gaseous form (H2S), which diffused
from the donor sample stream through a PTFE (Polytetra-
uoroethylene) semi-permeable membrane into the MPA-CdTe
QD acceptor stream, yielding a quenching of the nanoparticle
photoluminescence. The developed methodology was validated
by applying it to the determination of S2� ions in white wine and
hydrothermal water samples.

2. Experimental
2.1. Apparatus

For photoluminescence measurements a FP-2020/2025 spec-
trouorometer Jasco (Easton, MD, USA), equipped with a 16 mL
internal volume ow cell was used (lex ¼ 400 nm, lem ¼
565 nm).

The designed ow manifold comprised four solenoid actu-
ated micropumps (model 120SP, Bio-Chem Valve Inc. Boonton,
NJ, USA), which were of the xed displacement diaphragm type,
delivering 10 mL stroke volume.

All connections, illustrated in Fig. 1, were made of a poly-
tetrauoroethylene PTFE (Omnit, Cambridge, UK) material,
with 0.8 mm of internal diameter. Lab-made end-ttings,
connectors and acrylic conuence points were also used.

A gas diffusion unit, of the sandwich type, was equipped with
a hydrophobic gas permeable membrane made of PTFE
commercial tape that was positioned between the two channels
(donor and acceptor) in order to promote the transfer of
gaseous and volatile compounds.

The control of the analytical system was accomplished by
means of a microcomputer with soware developed using
This journal is © The Royal Society of Chemistry 2014
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Microso Visual Basic 6.0®. The solenoid devices were activated
by using a homemade power drive based on the ULN2003 chip
controlled through communication by the computer parallel
port.

QD absorption and emission spectra were carried out with a
Jasco V-660 spectrophotometer (Easton, MD, USA) and a model
LS-50B Perkin Elmer luminescence spectrometer (Waltham,
MA, USA), respectively. A ThermoElectron Jouan BR4I refriger-
ated centrifuge (Waltham MA, USA) was used for the separation
of the precipitated QDs.

For photoluminescence lifetime measurements a Fluorolog
Tau-3 Lifetime spectrouorimeter (Horiba Jobin Yvon, NJ, USA)
was used. The photoluminescence emission was detected with a
90� scattering geometry. All measurements were made using
Ludox as a reference standard (s ¼ 0.00 ns).

The zeta potential of the nanocrystals was obtained using a
BI-MAS Dynamic light scattering (DLS) instrument (Brookhaven
Instruments, USA).

The morphology of the nanoparticles was observed by
transmission electron microscopy (TEM) using an electron
microscope JEOL JEM 1400 TEM (Tokyo, Japan), at an acceler-
ation voltage of 100 kV, equipped with a Gatan SC 1000 ORIUS
CCD camera (Warrendale, PA, USA).
2.2. Samples, standards and reagents

All solutions were prepared with water from a Milli-Q system
(specic conductivity # 0.1 mS cm�1) and chemicals were of
analytical reagent grade quality. Reagents were not subjected to
any further purication.

Several QD aqueous dispersions were tested by using phos-
phate and borate buffers, adjusted to different pH values within
the range of 8–12. For the assays, a aqueous dispersion con-
taining 0.50 mmol L�1 of CdTe QDs was daily prepared by dis-
solving 6.10 mg of the synthesized and puried CdTe QDs, with
a size of 3.01 nm, in 25 mL of phosphate buffer pH ¼ 11.
Anal. Methods, 2014, 6, 7956–7966 | 7957
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The sulphide stock solution (0.05 mol L�1) was prepared by
dissolving 97.55 mg of Na2S (Sigma-Aldrich, St. Louis MO, USA)
in a 25.0 mL volumetric ask, using 0.05 mol L�1 NaOH as a
solvent. Due to sulphide instability, the nal solution was daily
standardized iodimetrically. Working standard solutions
(0.250–5.0 mmol L�1) were daily prepared from the previous
solution by rigorous dilution of selected aliquots (0.125–2.5 mL)
in a series of 25.0 mL volumetric asks, the nal volume being
completed with 0.05 mol L�1 NaOH.

For the preliminary studies, a 0.05 mol L�1 sodium sulphite
stock solution was prepared by dissolving 157.55 mg of Na2SO3

(Merck, Darmstadt, Germany) in 25 mL of water. Sulphite
standard solutions were prepared by an appropriate dilution of
the stock solution in 25.0 mL of water.

0.05 mol L�1 NaOH and 0.75 mol L�1 HCl solutions were
used as acceptor and sample conditioning streams, respectively.

Six commercially wine samples, obtained from local
markets, and seven hydrothermal waters samples, collected in
different hot springs of Portugal, were analysed according to the
developed method. All samples were alkalinized with NaOH
0.05 mol L�1 before insertion into the ow system.

For the synthesis of the CdTe quantum dots, tellurium
powder (200 mesh, 99.8%), sodium borohydride (NaBH4, 99%),
cadmium chloride hemi(pentahydrate) (CdCl2$2.5H2O, 99%)
were purchased from Sigma-Aldrich (St. Louis, MO, USA); 3-
mercaptopropionic acid (MPA, 99%) and absolute ethanol
(99.5%) were obtained from Fluka (St. Louis MO, USA) and
Panreac (Barcelona, Spain), respectively.

2.3. Synthesis of CdTe quantum dots

Three different diameters of MPA-capped CdTe QDs were
synthesized as described by Silvestre et al.49 with some modi-
cations. Briey, the rst stage consists of the reduction of
tellurium with NaBH4 in N2 saturated water to produce NaHTe.
Aer all tellurium has been completely consumed the resulting
solution was transferred to another ask containing 4.0 � 10�3

mol of CdCl2 and 6.8� 10�3 mol of MPA in 100 mL N2 saturated
solution. The pH of the solution was adjusted to 11.5 by the
addition of 1.0 mol L�1 NaOH solution. The molar ratio of
Cd2+ : Te2� : MPA was xed at 1 : 0.1 : 1.7. The size of CdTe
QDs was tuned by varying the reuxing time.

In order to remove the contaminants, the purication of
CdTe QDs was conducted by precipitation in absolute ethanol
and the precipitate was subsequently separated by centrifuga-
tion, vacuum dried, kept in amber asks and protected from
light, for posterior use.

2.4. Manifold and MPFS procedure

The analytical ow manifold devised for the uorometric
monitoring of sulphide in white wines and hydrothermal waters
is pictured in Fig. 1. Due to the relatively complex composition
of wine samples and the high reactivity of QDs, which somehow
restrained selectivity, the developed ow system was imple-
mented in a conguration that aimed to simultaneously
enhance the selectivity and suppress the possible interfering
effect of the sample matrix on the photoluminescence intensity
7958 | Anal. Methods, 2014, 6, 7956–7966
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of QDs. In addition, it sought high sensitivity without
compromising the sampling rate. With this purpose, in the
outset of the analytical ow manifold special attention was paid
to the inclusion of an in-line chemical separation stage carried
out through the incorporation of a gas diffusion unit, which
allowed the isolation of the analyte, in its gaseous form, from
the sample matrix. Thus, the analytical ow system employed
four solenoid micro-pumps (P1–P4) which were responsible for
the individual handling of sample and reagent solutions. At the
beginning of each analytical cycle, all ow tubing was lled with
the corresponding solutions, by activating the respective micro-
pump. P1, P2 and P4 were responsible for inserting and
propelling the sample, HCl (donor stream) and QD aqueous
dispersions, respectively, whilst micro-pump P3 was responsible
for the propulsion of the acceptor stream (NaOH) towards
detection, establishing the baseline.

The developed analytical cycle started with the combined
insertion of a pre-set number of sample pulses andHCl solutions
in conuence point X1, exploiting the merging zone approach, by
the simultaneous actuation of micro-pumps P1 and P2, at a xed
pulse time of 0.25 s. This step allowed the acidication of the
sample and the conversion of S2� initially present in the sample
into volatile chemical species (H2S). By actuating P1 and P2, and
keeping P3 deactivated, this rst reaction zone was directed
towards the gas diffusion unit and the gaseous species permeate
through the Teon membrane towards the acceptor stream,
while the sample matrix was sent to waste. The effect of the
alkalinity of the acceptor solution promoted the reconversion of
the gaseous species into S2�. Then, by simultaneous actuation of
micro-pumps P3 and P4 (P1 and P2 deactivated), the QD aqueous
dispersion and S2� alkaline were mixed at conuence point X2,
establishing a second reaction zone. The reaction zone was then
carried towards the detector through the repeated actuation of P3
(10 mL per stroke), at a xed pulse time of 0.25 s (corresponding
to a pulse frequency of 2.5 Hz, considering the 0.15 s of the
micro-pump activation) that enabled establishing a ow rate of
1.50 mL min�1. The photoluminescence emission was moni-
tored at 565 nm (lex ¼ 400 nm).
2.5. Characterization of quantum dots

The absorption and photoluminescence spectra of the MPA-
capped CdTe QDs synthesized with different reuxing times are
shown in Fig. 2. The different sized nanocrystals exhibited
broad absorption with a well-dened maximum for the rst
excitonic transition and narrow and symmetric emission
spectra with Full Width at Half Maximum (FWHM) values
ranging between 43.29 and 45.69 nm. These FWHM values
demonstrated that as-prepared MPA-CdTe QDs are nearly
monodisperse and homogeneous.

According to the experimental model proposed by Yu et al.,50

the CdTe nanoparticle sizes were estimated using eqn (1), where
D is the QD diameter (nm) and l (nm) is the wavelength cor-
responding to the maximum absorbance of the rst transition.

D ¼ (9.8127 � 10�7)l3 � (1.7147 � 10�3)l2

+ (1.0064)l � (194.84) (1)
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Normalized UV-vis absorption (A) and photoluminescence (B) spectra of the synthesized MPA-CdTe QDs. The photograph of the QD
aqueous dispersions at visible light (C) and irradiated with 365 nm light (D).
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For the QDs synthesized in our work, the estimated diame-
ters were about 1.36, 1.98 and 3.01 nm wherein the maximum
absorption wavelengths were recorded at 472, 488 and 532 nm
(Fig. 2 (A)).

In order to corroborate the results obtained by spectropho-
tometric and uorometric methods, the morphology and the
particle size of the 3.01 nm MPA-CdTe QDs were studied by
transmission electron microscopy (TEM). The TEM image
conrmed that the QDs have the average size around 3 nm, also
demonstrating the formation of well dispersed nanoparticles
with almost spherical shape.

With the aim of standardizing the preparation of CdTe QD
aqueous dispersions, the molar concentration of the different
sized nanocrystals was determined by establishing rst the
molar absorptivity (3) using the eqn (2), in which DE is the
transition energy corresponding to the rst absorption peak
expressed in eV.

3 ¼ 3450DE(D)2.4 (2)

By knowing the 3 value and the absorbance of a known mass
concentration solution, the molar concentration was estimated
by applying the Lambert–Beer's Law.
3. Results and discussion

Preliminary batch experiments showed that in the presence of
sulphide CdTe quantum dots capped with different ligands, in
particular, those passivated with 3-mercaptopropionic acid and
glutathione exhibited a pronounced photoluminescence
quenching. However, the glutathione-capped ones were also
subject to interference from other ionic species, such as sul-
phite, which hindered their analytical usefulness.
This journal is © The Royal Society of Chemistry 2014
10
3.1. Preliminary assays

Steady-state photoluminescence measurements were per-
formed aiming to evaluate the inuence of the sulphide anion
on the photoluminescence properties of the synthesized MPA-
CdTe QDs. These preliminary assays involved the preparation of
several solutions containing 0.5 mmol L�1 of QDs and increasing
concentrations of Na2S within a range of 0–0.5, 0–1.0 and 0–2.0
mmol L�1 for nanoparticle sizes of 1.36, 1.98 and 3.01 nm,
respectively. The photoluminescence emission spectra of the
different prepared solutions were monitored for wavelengths in
the range between 450 nm and 650 nm upon excitation at
400 nm.

The obtained results, depicted in Fig. 3, revealed that by
adding increasing concentrations of the S2� ion the photo-
luminescence intensity of the QDs was signicantly quenched.
Additionally, it was observed (Fig. 3A) that by increasing the QD
diameter it was required to add higher S2- concentrations in
order to obtain the same quenching effect on the photo-
luminescence emission of the nanocrystals. Beyond the
quenching effect of sulphide on the photoluminescence inten-
sity of QDs, a redshi of the wavelength of maximum emission
was also observed, which was more noticeable for the smaller
nanoparticles. In fact, for the 1.36 nm QDs, the redshi of the
photoluminescence emission peak was observed immediately
upon the addition of 0.125 mmol L�1 of sodium sulphide whilst
for the bigger QDs the redshi effect occurs only upon the
addition of higher S2� concentrations, namely 0.300 mmol L�1

and 1.75 mmol L�1 for the QD sizes of 1.98 and 3.01 nm,
respectively.

With the aim of investigating a possible occurrence of the
redshi effect in the wavelength corresponding to the
maximum absorbance of the rst electronic transition, the
Anal. Methods, 2014, 6, 7956–7966 | 7959
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Fig. 3 (A) Influence of the sulphide anion concentration on the luminescence properties of 0.5 mmol L�1 MPA-CdTe QDs with different sizes: ( )
1.36 nm; ( ) 1.98 nm and ( ) 3.01 nm. (B) Photoluminescence emission spectra of 0.5 mmol L�1 MPA-CdTe with a size of (I) 1.36 nm; (II) 1.98 nm;
(III) 3.01 nm, in the presence of different S2� concentrations.
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absorbance spectra of the different solutions prepared above
were obtained.

As shown in Fig. 4, a redshi of the wavelength of the
maximum absorbance was observed for the QDs with 1.36 nm
upon the rst addition of S2� anions with a concentration of
0.125 mmol L�1 while for the bigger QDs this phenomenon
occurs aer the addition of higher sulphide concentrations
which were in accordance with the respective photo-
luminescence spectra.

Taking into account the presence of possible interferences in
the determination of sulphides in wines by the developed
methodology, the study of the inuence of sulphites on the
photoluminescence of QDs was performed. As it happened with
the assays of the inuence of sulphide anions on the lumines-
cence properties of QDs, the interaction between sulphite ions
and QDs was also studied by replacing the concentrations of
Na2S by equimolar Na2SO3 solutions. The results obtained for
the different sized QDs revealed that there was no signicant
inuence of SO3

2� ions on the luminescence properties of the
nanoparticles since neither a change in photoluminescence
intensity nor a shi of the wavelength of maximum emission
was observed.

3.2. Quenching mechanism of MPA-CdTe QDs upon
interaction with sulphide anions

According to the literature, for the main two photo-
luminescence quenching ways, namely dynamic and static
quenching, the dependence of the photoluminescence intensity
(F0/F) upon the quencher concentration is linear and both are
described by the Stern–Volmer equation:
7960 | Anal. Methods, 2014, 6, 7956–7966
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F0/F ¼ 1 + KSV[Q] (3)

F0/F ¼ 1 + K[Q] (4)

wherein F0 and F are the photoluminescence intensities in the
absence and presence of the quencher, respectively; Q is the
quencher concentration; KSV and K are the Stern–Volmer
quenching constant (dynamic quenching) and the association
constant (static quenching), respectively. Thus, photo-
luminescence intensity data obtained in preliminary assays for
the interaction between S2� and 3.01 nm MPA-CdTe QDs were
then analysed according to Stern–Volmer quenching theory and
the corresponding Stern–Volmer plot is depicted in Fig. 5. As
can be seen in Fig. 5, the Stern–Volmer plot is an upward
curvature instead of a straight line being the modied form of
the Stern–Volmer equation of the third order which was
described as follows:

F0/F ¼ 47.418 [S2�]3 � 46.341[S2�]2 + 12.261[S2�]

+ 0.7538, (R ¼ 0.9999) (5)

The characteristic feature of the Stern–Volmer plot revealed
that the photoluminescence of QDs can be quenched with S2�

ions by various effects, namely, dynamic and static processes.
For low S2� concentrations, a linear Stern–Volmer relationship
between F0/F and [Q] was veried. So, to better understand what
kind of photoluminescence quenching occur for these
concentration values, photoluminescence lifetime measure-
ments of a 0.5 mmol L�1 of 3.01 nm QDs in the absence and in
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Normalized UV-vis absorption spectra of 0.5 mmol L�1 MPA-
CdTe with a size of (A) 1.36 nm; (B) 1.98 nm; (C) 3.01 nm, in the
presence of different S2� concentrations.

Fig. 5 Stern–Volmer plot fit curve of the interaction between the
3.01 nm MPA-CdTe QDs and sulphide anions at different concentra-
tion levels.

Table 1 Photoluminescence lifetime values for 0.5 mmol L�1 of
3.01 nm QDs with Na2S

[Na2S]added (mmol L�1) s (ns)

0.0 43.52 � 0.38
0.25 38.11 � 0.58
0.50 30.36 � 0.61
0.75 28.20 � 0.23
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the presence of increasing S2� concentrations were performed.
As can be seen in Table 1, the increase of sulphide concentra-
tion causes a decrease in the photoluminescence lifetime of the
QDs. This demonstrates that, at these concentration values the
quenching mechanism was based on the dynamic processes.
For high S2� concentrations the plot changed into an upward
curvature, concave towards the y-axis. This change may have
occurred due to the aggregation of QDs, resulting from the
depassivation of the surface ligands, replaced by S2�, which
decreased the QD stability in aqueous dispersion. This loss of
the stabilizing layer leads to a strong photoluminescence
quenching of MPA-CdTe QDs and the consequent aggregation
of nanoparticles contributes to the observed red-shi effect in
the absorption and emission spectra.13,51 The QD instability in
This journal is © The Royal Society of Chemistry 2014
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the aqueous dispersion and the increased tendency to aggregate
were proved through the zeta potential measurements of two
different solutions, containing: (i) 0.5 mmol L�1 CdTe QDs
(3.01 nm) and (ii) a mixture of 0.5 mmol L�1 of the QDs (3.01 nm)
and 1.0 mmol L�1 of S2�. Aiming to eliminate the excess of free
sulphide, the solutions were precipitated with ethanol, centri-
fuged and re-dissolved with deionized water. The zeta potential
of the QD aqueous dispersion was�44.38� 1.29 mV and that of
the mixture of QDs and sulphide anions was �27.36 � 1.33 mV.
As the absolute values of the zeta potential decreased in the
presence of the S2�, alterations on the QD surface charges were
demonstrated and consequently the tendency to aggregate,
diminishing thus their stability in the aqueous dispersion.
3.3. Optimization of the MPFS

Considering the inuence of sulphide anions on the photo-
luminescence of MPA-CdTe nanoparticles, a simple and fast
QD-based analytical methodology for the selective determina-
tion of sulphide in white wines and hydrothermal waters was
developed. The analytical methodology was implemented in a
micro-ow system, exploiting the multi-pumping ow concept,
which was coupled with an in-line gas diffusion unit. With the
purpose to optimize the efficiency of the in-line chemical
separation of S2� from the matrix and, at the same time, in
order to obtain a better compromise between sensitivity,
reagent consumption, detection limit and sampling rate, opti-
mization studies of the physical and chemical parameters were
performed. In the optimization studies and real sample
Anal. Methods, 2014, 6, 7956–7966 | 7961
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analyses the calibration curves were established between the
photoluminescence quenching magnitude and the logarithmic
of the S2� concentration. The DF was the ratio between the
difference of the QD photoluminescence in the absence (F0) and
in the presence of the quencher (F), which was calculated
according to eqn (6):

DF ¼ (F0 – F)/F0 � 100 (6)

3.3.1 Inuence of MPA-CdTe QD sizes and molar concen-
tration. The inuence of the analytical signal of the 3 different
sized QDs (1.36, 1.98 and 3.01 nm) at three QD concentration
values, namely 0.25, 0.5 and 1.0 mmol L�1 were evaluated.

These studies were carried out using the QD volume of 50 mL
(5 pulses), 0.025 mol L�1 of NaOH as the acceptor stream, 0.5
mol L�1 of HCl as the donor stream and a reactor coil length of
50 cm. For each size and concentration of QDs tested, calibra-
tion curves with different sulphide standard solutions (0.0–30.0
mmol L�1) were established being the results analysed resorting
to a comparison between the obtained slopes.

The results demonstrated that by increasing the QD diam-
eter the magnitude of the analytical signal also increased,
indicating that the nanoparticles of bigger sizes exhibited a
higher quantum yield. Thus, the 3.01 nm QDs, with higher QYs,
were selected for further assays since the quantication of S2�

contents in real samples was based on the inhibition of the
photoluminescence signal (PL quenching). The QD concentra-
tion revealed a noteworthy inuence on the sensitivity of the
analytical methodology. It was possible to see a sensitivity
increase of about 11 and 21% when using the QD concentration
of 0.50 mmol L�1 in comparison with 0.25 and 1.0 mmol L�1,
respectively. For the succeeding optimization assays the QD
concentration of 0.50 mmol L�1 was selected.

3.3.2 Inuence of chemical composition of donor and
acceptor streams. The chemical composition of the donor and
acceptor streams could affect the performance of the in-line
chemical separation technique. Therefore, one of the key
conditions for an efficient performance of the gas-diffusion
MPFS system was the pre-mixture of the sample with an acidic
solution for the conversion of sulphide anions into a volatile
compound (H2S). Indeed, the extension of S2� in the H2S
conversion was dependent on the HCl concentration. Addi-
tionally, an alkaline solution (NaOH) had to be used as the
acceptor stream for the reconversion of H2S into S2�. The NaOH
concentration can play an important role in H2S diffusion
through the PTFE membrane.

Thus, the inuence of the HCl and NaOH concentration on
the sensitivity of the method was assessed over a concentration
range from 0.10 to 1.0 mol L�1 and 0.010 to 0.10 mol L�1,
respectively. The study of the inuence of the HCl concentration
was performed using a set of sulphide standard solutions (0–
30.0 mmol L�1) and xing the concentration of NaOH at 0.025
mol L�1. For each HCl concentration tested, calibration curves
were established for the evaluation of the sensitivity through the
analysis of the obtained slopes. The results (Fig. 6A) showed a
more pronounced increase of sensitivity for HCl concentrations
7962 | Anal. Methods, 2014, 6, 7956–7966
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from 0.10 up to 0.75 mol L�1, and for higher concentrations the
increase was less pronounced. Therefore, a donor stream
composed of 0.75 mol L�1 of HCl was chosen for posterior
optimization studies.

Similarly, the study of the inuence of the NaOH concen-
tration was conducted using the same sulphide standard solu-
tions and xing the HCl concentration at 0.75 mol L�1. As
perceived by the results (Fig. 6B) the sensitivity markedly
increased with the NaOH concentration up to 0.050 mol L�1,
tending to stabilization for higher concentration values. Then, a
NaOH solution with a concentration of 0.050 mol L�1 was
selected as the acceptor stream for further assays.

3.3.3 Inuence of pH conditions. The inuence of different
pH buffer solutions on the sensitivity of themethod was assayed
in a range between 8.0 and 12.0, by using phosphate and borate
buffers. The results achieved from this study (Fig. 7) demon-
strated that for pH values ranging 8 and 10 no signicant
variations on the sensitivity was observed. By increasing the pH
values from 10 to 11 a noteworthy increase was veried and for
higher pH values the sensitivity slightly decreased. So, a pH of
11 was chosen for the posterior experiments.

3.3.4 Inuence of physical ow parameters. The dispersion
phenomenon of the reaction zone and the reaction develop-
ment of the interaction between S2� and QDs are determined by
the operational ow system parameters. The following experi-
ments were performed aiming to study and optimize some
physical parameters, namely, the reactor length, QD volume
and the ow rate of the reaction zone stream towards to the
detector, in order to yield an adequate reaction development
and dispersion level inside the system, maximizing thus the
sensitivity of the method.

The study of the inuence of the QD volume and the reactor
length was simultaneously conducted. For each reactor length
studied, specically 20, 50, 75 and 100 cm, the number of QD
pulses varied between 3 and 11 which correspond to volumes
between 30 and 110 mL. Additionally, for all reactor lengths and
QD volumes tested, calibration curves were established for S2�

concentrations between 1.0 and 30.0 mmol L�1. The results
revealed (Fig. 8) that the higher the reactor length the higher the
sensitivity of the methodology. In contrast, for minor QD
volumes a higher sensitivity of the methodology was achieved.
Moreover, for a higher reactor length and minor QD volumes it
was necessary to decrease the working concentrations of
sulphide (0.50–5.0 mmol L�1) with the purpose of obtaining a
linear relationship between the photoluminescence quenching
percentage (DF(%)) and the logarithmic of S2� concentration,
and, as a consequence, the detection limit also decreased.
These last obtained results indicated that the interaction of
sulphide anions with MPA-CdTe QDs had a low reaction rate.
Indeed, the use of a long reactor combined with a low QD
volume leads to more adequate reaction zone dispersion and
consequently an improved reaction development enabling to
obtain a higher sensitivity of the methodology. Therefore, for
the posterior assays a reactor length of 100 cm and 30 mL of QDs
(corresponding to 3 pulses) were selected.

Another relevant parameter in ow manifold was the ow
rate which is determined by the micro-pump pulse times and
This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Influence of (A) HCl and (B) NaOH concentrations on the sensitivity of the methodology.

Fig. 7 Influence of the pH of QD aqueous dispersions on the sensi-
tivity of the analytical methodology.

Fig. 8 Influence of the reactor length andQD volumes (the number of
pulses) on the sensitivity of the methodology. ( ) 30 mL (3 pulses); ( )
50 mL (5 pulses); ( ) 70 mL (7 pulses); ( ) 90 mL (9 pulses) and ( ) 110 mL
(11 pulses).
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can affect not only the reaction development but also the
sampling rate. In this optimization assay, for different ow rates
of 2.18, 1.50, 1.09 and 0.80 mL min�1 (corresponding to pulse
times of 0.125, 0.25, 0.40 and 0.60 s) used to transport the
reaction zone to the detector, calibration curves for sulphide
concentrations ranging from 0.25 to 5.0 mmol L�1 were
obtained. According to the obtained results (Fig. 9), the sensi-
tivity of the methodology increased by varying the ow rate from
This journal is © The Royal Society of Chemistry 2014
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0.80 to1.50 mL min�1 and then, slightly decreased for higher
values. Aiming at a compromise between sensitivity and
sampling rates, a ow rate of 1.50 mL min�1 (corresponding to
pulse times of 0.25 s) was selected.
3.4. Method validation

Under the optimal chemical and physical conditions previously
established a linear relationship between the photo-
luminescence quenching magnitude and the logarithmic of the
S2� concentration in the range of 0.25–5.0 mmol L�1 was
obtained. Therefore, the analytical curve was represented by the
equation (eqn (7)):

DF ¼ 61(�2) � Log C + 233(�7) (7)

where DF is the photoluminescence quenching, expressed in
percentage and C is the S2� concentration, with a correlation
coefficient of 0.998 (n ¼ 5). The detection limit calculated from
the equation of the calibration curve52 was about 0.19
mmol L�1.

The accuracy of the proposed GD-MPFS was evaluated by
monitoring the S2� in hydrothermal waters, collected in
different hot springs of Portugal, and the obtained results were
compared with those furnished by the reference procedure
recommended by the Standard Methods Committee.53 The
reference method involved an iodometric titration under acidic
conditions. The obtained results compiled in Table 2 shows a
good agreement between both procedures with relative devia-
tions between �2.57 and 3.24%. Moreover, the results were
statistically compared in terms of accuracy and precision by
using the Student's t-test and the variance ratio F-test. With
respect to accuracy the paired Student's t-test conrmed that
there were no signicant difference between the proposed and
reference methodologies for a condence level of 95% since the
calculated value of t (0.796) was lower than the critical tabulated
value (t ¼ 2.447). Additionally by comparing the methodologies
regarding the precision, the application of the variance ratio F-
test allowed one to observe that there were no signicant
differences between the results obtained by both procedures
(Fcalculated ¼ 1.17, Ftabulated ¼ 4.28).

The precision of the proposed methodology was esti-
mated through the repeated analysis of each sample solution
Anal. Methods, 2014, 6, 7956–7966 | 7963
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Fig. 9 Influence of the (A) pulse time and (B) the corresponding flow rate on the sensitivity of the methodology.
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(3 determinations for each sample), which revealed a good
repeatability taking into account the calculated concentration
ranges for a condence level of 95%.

The proposed methodology allowed a determination rate of
about 52 h�1, equivalent to the analysis of about 13 samples per
hour (considering the time required for sample replacement).

Considering the obtained recovery values (Table 2), ranging
from 96.4 to 108.0%, for the determination of S2� in water
samples spiked with two different concentrations of the analyte
(0.50 and 2.0 mmol L�1), the good selectivity of the proposed
method was demonstrated.

However, in order to evaluate the selectivity of the method in
the analysis of samples with a more complex matrix, the
chemical monitoring of S2� in white wines commercially
Table 2 Comparison of the results obtained in the determination of S
reference method. Recovery tests for sulphide in spiked samples

Sample

GD – MPFS

Concentration (mmol L�1)

Added Founda

Hydrothermal water 1 0.0 0.439 � 0.009
0.50 0.92 � 0.01
2.0 2.43 � 0.03

Hydrothermal water 2 0.0 0.37 � 0.03
0.50 0.88 � 0.05
2.0 2.35 � 0.09

Hydrothermal water 3 0.0 0.58 � 0.08
0.50 1.10 � 0.07
2.0 2.57 � 0.09

Hydrothermal water 4 0.0 0.40 � 0.02
0.50 0.89 � 0.04
2.0 2.38 � 0.07

Hydrothermal water 5 0.0 0.379 � 0.008
0.50 0.90 � 0.02
2.0 2.40 � 0.06

Hydrothermal water 6 0.0 0.34 � 0.01
0.50 0.88 � 0.05
2.0 2.36 � 0.05

Hydrothermal water 7 0.0 0.38 � 0.02
0.50 0.87 � 0.03
2.0 2.43 � 0.06

a Mean � t0.05 (Student's t-test) � (S.D./On). b Relative deviation of the d
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available in the Portuguese market was performed by spiking
the samples with 0.5 and 2.0 mmol L�1 of sulphide ion. The
obtained results, summarized in Table 3, conrmed the good
selectivity of the proposed method for the analysis of S2� in
samples with complex matrices taking into account the recovery
values ranging from 96.0 to 106.3%. It should be noticed that
the detection limit of the developed methodology was too high
to allow the direct determination of sulphide in white wine
samples. However the selectivity that it evidences, signicantly
higher than that was provided by alternative methods, ensures
that it could be used in the chemical control of the high
sulphide levels that occur during the white wine production
stage.
2� ions in hydrothermal waters by the proposed GD-MPFS and the

Recovery (%)

Reference method

RDb (%)
Concentration found
(mmol L�1)a

— 0.45 � 0.08 �2.28
96.4 — —
99.6 — —

— 0.38 � 0.09 1.64
103.0 — —
99.3 — —

— 0.59 � 0.09 �2.07
103.8 — —
99.50 — —

— 0.41 � 0.07 �2.23
98.0 — —
98.8 — —

— 0.39 � 0.05 �2.57
104.8 — —
101.0 — —
— 0.33 � 0.07 3.24
108.0 — —
101.0 — —
— 0.38 � 0.06 1.06
97.6 — —

102.4 — —

eveloped method regarding the reference procedure.
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Table 3 Results obtained for the determination of S2� ions in white wines and in spiked samples through the developed GD-MPFS

Sample Concentration added (mmol L�1) Concentration found (mmol L�1)a Recovery (%)

Wine 1 0.0 <LOD —
0.50 0.52 � 0.06 103.5
2.0 2.1 � 0.2 106.3

Wine 2 0.0 <LOD —
0.50 0.53 � 0.01 105.1
2.0 1.9 � 0.1 94.9

Wine 3 0.0 <LOD —
0.50 0.53 � 0.01 105.9
2.0 1.92 � 0.08 96.0

Wine 4 0.0 <LOD —
0.50 0.49 � 0.02 97.5
2.0 2.1 � 0.1 103.4

Wine 5 0.0 <LOD —
0.50 0.49 � 0.02 97.6
2.0 1.97 � 0.03 98.3

a Mean � t0.05 (Student's t-test) � (S.D./On).
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The selectivity of the proposed methodology was mostly
guaranteed by the gas diffusion unit, which is responsible for
isolating the analyte from the sample matrix avoiding possible
interferences of other compounds commonly present in wine
and hydrothermal waters. As only volatile compounds could
permeate the membrane, the SO3

2� ion could be a possible
interferent. However, preliminary assays demonstrated that
sulphite had no inuence on the QD photoluminescence
properties.

In comparison with other ow-based procedures22,45–47 found
in the literature the proposed methodology exhibits a higher
detection limit but, at the same time, it enables the carrying out
of the analysis at an increased sampling rate. Moreover, it
affords a wider linear working range. This latter aspect is very
important in the determination of S2� in hot spring waters
because these exhibit extremely variable sulphide levels (usually
high) and thus it is possible to analyse a wide range of unknown
concentrations with a single calibration step and without the
need for any sample dilution.
4. Conclusions

The study of the interaction between sulphide and QDs revealed
that the anion specie effectively quenched the photo-
luminescence intensity of the nanoparticles causing, at the
same time, a redshi of the wavelength of maximum emission
and also in the wavelength corresponding to the maximum
absorbance of the rst electronic transition. The redshi effect
observed was more pronounced for smaller nanocrystals.

A carefully investigation revealed that the quenching process
involved both dynamic and static mechanisms depending on
the concentration of sulphide ions added. Indeed, for lower S2�

concentrations the photoluminescence quenching was based
on dynamic processes since the QD lifetime varied propor-
tionally with the concentration of the S2� ion. For higher
sulphide concentrations the quenching mechanism was
This journal is © The Royal Society of Chemistry 2014
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probably attributed to the depassivation of the surface ligands,
replaced by S2�, resulting in the aggregation of QDs which was
conrmed by zeta potential measurements.

Also, it was demonstrated that advantages of the character-
istics of the multi-pumping ow system, such as great exibility
in handling solutions and a strict and reproducible control of
the reaction conditions, could be further emphasised if
combined with the sensitivity afforded by MPA-CdTe QDs and
the high selectivity granted by the gas-diffusion module. This
synergy was favourably exploited in the determination of
sulphide ions in white wine and hydrothermal water samples.

Taking into account the sensitivity, selectivity, accuracy and
precision, the proposed methodology could be considered as a
valuable analytical tool easily adaptable for routine environ-
mental analysis of samples with complex matrices and also in
the industrial process control of sulphide ions during wine
production.
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a b s t r a c t

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�1,
and a detection limit of 0.66 mg L�1. A quenching mechanism relying on nanocrystal destabilization
upon detachment of surface Cd by the ligand was proposed.

& 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

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], 3,30-bis[N,N-bis
(carboximethyl)aminomethyl)]-o-cresolphthalein [11], arsenazo
(III) [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 Ca2þ 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 mL 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 6.0s.

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 mL. 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 Kα radiation). A scan rate of 40.0 s for step at
step intervals of 0.041 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 r0.1 mS cm�1).
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 KH2PO4/NaOH (pH¼7), H3BO3/KCl/NaOH (pH¼9)
and Na2HPO4/NaOH (pH¼11 and 12) buffers, which were prepared
according to Perrin et al. [24]. Sodium hydroxide (Z98%), potas-
sium chloride (Z99.0%), boric acid (Z99.5%), potassium phos-
phate monobasic (Z99.0%) and sodium phosphate dibasic
anhydrous (Z99.0%) were all purchased from Sigma-Aldrich
(St. Louis, MO, USA).

For Ca2þ determination assays, a stock solution containing
1.00 μmol L�1 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 pH¼9.
Then, a solution of 0.025 μmol L�1 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/KCl/NaOH buffer pH¼9.

A ethylenediaminetetraacetic acid stock solution of 1.0�
10�3 mol L�1 was prepared by dissolving 18.61 mg of EDTA
(Sigma-Aldrich, St. Louis, MO, USA) in 50 mL of boric acid/KCl/
NaOH buffer pH¼9. For the assays, a EDTA solution with a
concentration of 4.0�10�5 mol L�1 was daily prepared by appro-
priate dilution of the stock solution in 100 mL volumetric flask
with boric acid/KCl/NaOH buffer solution at pH¼9.

A 400 mg L�1 calcium stock solution was prepared by dissol-
ving 73.5 mg of CaCl2 �2H2O (Sigma-Aldrich, 498%, St. Louis, MO,
USA) in 50 mL of boric acid/KCl/NaOH buffer solution at pH¼9.

The working calcium standard solutions (0.80–3.20 mg L�1)
were daily prepared by appropriate dilution of the CaCl2 �2H2O
stock solution by transferring aliquots (50–200 mL) 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 pH¼9.

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/
KCl/NaOH buffer solution at pH¼9, 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) (CdCl2 �2.5H2O, 99%), sodium telluride (100 mesh,
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99%), tellurium powder (200 mesh, 99.8%), sodium borohydride
(NaBH4, 99%), L-glutathione reduced (Z98%), L-cysteine (Z97%),
sodium 2-mercaptoethanesulfonate (Z98.0%) and thioglycolic acid
(Z98%) 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, CdCl2, Na2TeO3 and GSH (Cd:Te:GSH molar ratio 1:0.2:1.2)
were added into a single reaction pot with NaBH4, trisodium citrate
and water. The solution pH was adjusted to 10.5 by the addition of
1.0 mol L�1 NaOH and the resulting solution was heated with
vigorous stirring at 100 1C under reflux for QDs growth. MPA [26],
CYS, TGA [27] and MES-capped QDs [unpublished results] were
synthesized by using CdCl2 and NaHTe as precursors. Briefly, the first
stage consists on the reduction of tellurium with NaBH4 in N2

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�10�3 mol of CdCl2
and 6.8�10�3 mol of MPA in 100 mL N2 saturated solution. The pH
of the solution was adjusted to 11.5 by the addition of 1.0 mol L�1

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 (Ca2þ) and the EDTA streams
creating a first reaction zone. Subsequently, the developing reaction

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 Ca2þ 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 P1 and P2. The number of P1 and P2 pulses was
enough to guarantee that the first reaction zone completely filled
the 50-cm reactor coil (RC1) positioned between the confluence
points X1 and X2. Afterward, the micro-pump P4 was activated and
the carrier solution (boric acid/KCl/NaOH buffer solution at pH¼9)
was inserted into the flow system at confluence point X2, 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 mL 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 P1, P3 and P2, 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 P1, P2 and P3 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
(λex¼400 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�1, establishing a flow rate of
1.71 mL min�1.

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 (λ), the particle sizes of the QDs (D) were determined
according to the empirical formula (Eq. (1)) proposed by Yu
et al. [30].

D¼ 9:8127� 10�7
� �

λ3� 1:7147� 10�3
� �

λ2þ 1:0064ð Þλ� 194:84ð Þ
ð1Þ

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

Fig. 1. Flow diagram for the determination of calcium. EDTA, ethylenediaminete-
traacetic acid prepared in boric acid/KCl/NaOH buffer solution at pH¼9; S, sample
solution prepared in boric acid/KCl/NaOH buffer pH¼9; QDs, TGA-capped CdTe
quantum dots prepared in boric acid/KCl/NaOH buffer solution at pH¼9; C, carrier
solution, boric acid/KCl/NaOH buffer solution at pH¼9; W, waste; P1–P4, solenoid
micro-pumps (internal volume 10 mL); X1–X2, confluence points; RC1, 50-cm
reactor; RC2, 100 -cm reactor; D, fluorometer detector (λex¼400 nm and
λem¼534 nm).
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blend crystalline structure that are attributed to the (1 1 1), (2 2 0),
and (3 1 1) planes. Nanocrystals size was also confirmed by XRD,
according to Scherrer equation (Eq. (2)):

D¼ kλ
β cos θ

ð2Þ

wherein λ is the wavelength of the X-ray source (1.5405 Å), k is an
empirical constant equivalent to 0.9, β is the full width at half
maximum of the diffraction peak, and θ 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 (ε) 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:

ε¼ 3450ΔE Dð Þ2:4 ð3Þ

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.
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ΔE 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 (ΔF (%))
resulting from the interaction between EDTA, at several concen-
trations (up to 1.0�10�3 mol L�1), 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 mL, 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 mmol L�1 were used, each one corresponding to
a different capping: MPA–CdTe QDs (∅¼2.48 nm), TGA–CdTe QDs
(∅¼2.32 nm), GSH–CdTe QDs (∅¼2.57 nm), CYS–CdTe QDs
(∅¼2.60 nm) and MES–CdTe QDs (∅¼2.23 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 (ΔF (%)) 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 ΔF (%). 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 pH¼9.0,
11.0 and 12.0, the ΔF (%) was never superior to 85%, even with
high EDTA concentrations. However, for pH¼7.0 a ΔF (%) of
approximately 100% was obtained for a concentration of EDTA of
1.0�10�4 mol L�1. More revealing were the results obtained for
QDs capped with CYS and TGA, which provided the highest ΔF (%)
values (about 100%), even when using low EDTA concentrations.
This could be an indication that, in the assayed conditions, these

Table 1
First excitonic transition (λ1st exci) and emission (λem) wavelengths, full width at half
maximum (FWHM) and diameter of the synthesized CdTe QDs capped with
different organic ligands.

QD capping λ1st exci (nm) λem (nm) FWHM (nm) Diameter (nm)

CYS 510 539 45.6 2.60
GSH 509 539 40.3 2.57
MPA 505 546 43.2 2.48
TGA 499 534 42.6 2.32
MES 496 542 49.5 2.23

Fig. 3. p-XRD of 2.32 nm TGA capped CdTe QDs.
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capping ligands allowed to obtaining more reactive QDs. More
specifically, the highest analytical signal was obtained when using
a pH¼7.0, CYS–CdTe QDs and a solution of EDTA with a concen-
tration of 5.0�10�5 mol L�1. Also, for the TGA ligand, at pH¼9.0
and 11.0, and a concentration of EDTA of 7.5�10�5 and
6.0�10�5 mol L�1 respectively, the ΔF (%) was superior to 97%.

It should be emphasized that at pH¼7.0 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 ΔF (%)
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 pH¼7.0 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 pH¼9.0 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 pH¼11.0 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 1.75�10�5 mol L�1. This procedure was
repeated for distinct concentrations of TGA–CdTe QDs: 0.025, 0.05,
0.1 and 0.25 mmol L�1. Maximum relative quenching (ΔF (%))
was obtained when using EDTA solutions with concentrations of
4.0�10�5 mol L�1, 6.0�10�5 mol L�1, 1.0�10�4 mol L�1 and
1.75�10�4 mol L�1, for QDs solutions with concentrations of 0.025,
0.05, 0.1 and 0.25 mmol L�1, respectively.

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 groupa

Mercaptopropionic acid (MPA) Carboxylic acid (–COOH)

Thioglycolic acid (TGA) Carboxylic acid (–COOH)

Glutathione (GSH) Carboxylic acid (–COOH) Primary amine (–NH2)

Cysteine (CYS) Carboxylic acid (–COOH) Primary amine (–NH2)

Mercaptoethanesulfonic acid (MES) Sulfonic acid (–SO2OH)

a Available functional groups, upon binding of the ligand thiol group to the surface of QDs.
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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 mg L�1

and by plotting the respective calibration curves. 4.0 mg L�1 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 mmol L�1 and an
EDTA concentration of 4.0�10�5 mol L�1. 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

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 μL, which corresponded
to the insertion of a number of pulses between 3 and 9 (the stroke
volume of each micro-pump was 10 mL). As it happened pre-
viously, the analytical signals were appraised through the slope of
the calibration curves (sensitivity) obtained with Ca2þ solutions of
up to 4.0 mg 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 μL, 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

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
ligands; ( ) CYS; ( ) GSH; ( ) TGA; ( ) MPA; ( ) MES, at different pH values: (A) pH 7; (B) pH 9; (C) pH 11; (D) pH 12.
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sample dispersion. In this work the flow rate was fixed at
1.71 mL min�1, 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 RC2 (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 RC2 (Fig. 1)
for 0, 30, 60, 90 and 120 s. The influence on the analytical signal
was assessed by establishing calibration curves for Ca2þ concen-
trations of up to 4.0 mg L�1.

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�1. A linear relationship between
the fluorescence signal and the logarithmic of Ca2þ concentration
was verified for concentration values ranging from 0.80 to
3.20 mg L�1. The typical analytical curve was represented by the
equation (Eq. (4)):

F ¼ 43 72ð Þ � log Cþ9:9 70:5ð Þ ð4Þ
in which F was the difference in fluorescence signal between
sample and blank and C was the Ca2þ concentration, with a
correlation coefficient of 0.9969 (n¼7). The detection limit

calculated from the equation of the calibration curve [33] was
about 0.66 mg L�1. The developed methodology allowed a deter-
mination rate of about 62 h�1 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 Ca2þ (2.0 mg L�1) 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. Mg2þ can interfere if present at a mass
concentration higher than 4-fold the Ca2þ . Since the amount of
Mg2þ present in water samples did not exceed 4 fold the Ca2þ

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 (t¼2.57) taking into account 2 degrees of freedom, for a
confidence level of 95% (n¼6). In relation to the evaluation of the
precision through the application of the variance ratio F-test, it was

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.
( ) 40 cm; ( ) 50 cm; ( ) 75 cm and ( ) 100 cm.

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
(mg L�1)

Amount found (mg L�1) R.D %b

MPFS
methodologya

Reference
method

Perriers 160 15873 16272 �2.67
Veris 71.3 7272 72.870.8 �0.78
Aquabonas 90.4 9173 88.970.9 2.18
Solaress 75.2 7372 75.770.8 �4.13
Fontvellas 86.1 8772 8772 0.13
Fontecabrass 90.1 9273 8971 3.20

a Mean7t0.05 (Student’s t test)� (S/
ffiffiffi

n
p

).
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 (Fcalculated¼1.09, Ftabulated¼
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 μmol L�1 of
TGA–QDs and increasing concentrations of EDTA, ranging from
0.0 to 5.0�10�5 mol L�1. 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 (R¼0.9996) which was described as following:

F0
F
¼ 9:0� 1014 EDTA½ �3þ4:0� 1010 EDTA½ �2

þ3:9� 105 EDTA½ �þ0:57 ð5Þ

in which F0 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 F0/F on [EDTA] was

linear, evidencing that for EDTA concentrations up to 2.5�
10�5 mol L�1 only one type of quenching occurs. In that case the
Stern–Volmer equation was described by:

F0
F
¼ 4:9� 104 EDTA½ �þ0:98; R¼ 0:9965ð Þ ð6Þ

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
to 2.5�10�5 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 Cd2þ 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 Ca2þ

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 Ca2þ most EDTA formed a complex
with free calcium ions (Ca–EDTA) and the number of EDTA
molecules available to complex Cd2þ 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.

Fig. 6. (A) Normalized UV–vis absorption and (B) fluorescence emission spectra of 0.1 μmol L�1 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 pH¼9.0). 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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Supplementary materials 

 

Table S1 – Compilation of the obtained results of the quenching effect of EDTA 

concentration on the fluorescence intensity of CdTe QDs capped with different organic 

ligands at different pH values.  

QDs Capping 
Ligand 

Maximum ∆F (%)  

pH [EDTA] mol L-1 ∆F (%)  

MPA 

7.0 2.5×10-4 99.6 

9.0 1.0×10-4 90.1 

11.0 1.0×10-4 86.7 

12.0 5.0×10-4 95.2 

TGA 

7.0 1.0×10-4 99.4 

9.0 7.5×10-5 98.1 

11.0 6.0×10-5 97.6 

12.0 1.0×10-4 98.5 

GSH 

7.0 1.0×10-4 98.7 

9.0 1.0×10-4 86.6 

11.0 1.0×10-4 53.8 

12.0 5.0×10-4 83.1 

CYS 

7.0 5.0×10-5 99.1 

9.0 1.0×10-4 97.6 

11.0 9.0×10-5 96.5 

12.0 7.5×10-5 89.0 

MES 

7.0 2.5×10-4 98.9 

9.0 1.0×10-3 94.7 

11.0 1.0×10-3 92.5 

12.0 1.0×10-3 93.8 
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Figure S2 – Fluorescence quenching of TGA-capped CdTe QDs with EDTA up to 

2.50×10-5 mol L-1 at different temperatures: () 25 ºC; () 40 ºC; (▲) 60 ºC.  
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Physical and chemical immobilization of 
“multi-capped” CdTe quantum dots onto 
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Abstract 

 

The analytical application of quantum dots (QDs) in chemical sensing makes 

predominantly use of homogeneous solution chemistry. Since most of the reactivity of 

QDs relies on their surface chemistry, the utilization of these materials as chemosensors 

provokes a more or less pronounced disruption of their solution stability at an extent that 

depends on the magnitude of the QDs-analyte interactions. This disruption occurs at 

variable rates and could even prevent the attaining of stable measurements impeaching 

the obtaining of reproducible analytical signals.  

Immobilization of quantum dots onto solid supports improves the applicability of these 

nanomaterials by enabling multiple or repetitive uses. In accordance, a more sustainable 

and rational utilization is attained, if compared with the consecutive utilization of 

successive batches, assuring a more cost-effective operation, minimization of reagent 

consumption and waste production. Moreover, it allows implementation of continuous 

reactive surface, separation units, re-usable sensors, etc. 

In this work we have evaluated distinct strategies, both chemical and physical, to carry out 

the immobilization of QDs onto solid supports. The study comprised solid supports with 

distinct characteristics and involved the evaluation of the influence of QDs capping and 

size, concentration, pH, contact time between the solid and the QDs, etc. 

Adsorption equilibrium was established and the maximum adsorption of QD on the solid 

support was evaluated. In order to analyze the equilibrium data, Freundlich and Langmuir 

isotherms were used and kinetic data were fitted to the pseudo-first-order and pseudo-

second-order models. It was also calculated different thermodynamic parameters as 

Gibbs free energy, enthalpy and entropy and the stability of immobilized QDs was 

confirmed.  

 

Keywords: Quantum dots, CdTe, adsorption, immobilization, covalent linking, kinetics, 

thermodynamic  
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1. Introduction 

 

In the last decades quantum dots have evolved from promising semiconductor 

nanomaterials to seasoned tailored fit low-dimensional systems with myriads of 

application in fields as different, as optoelectronics 1, solar cells 2, bio-labelling 3 and 

imaging 4, catalysis 5, etc. Exhibiting unique and remarkable photophysical properties like 

broad excitation and narrow size-dependent emission, high photo-stability and improved 

brightness, quantum dots have also assumed a leading role in the implementation of 

distinct optical and electrochemical sensing strategies for a variety of biological 6, organic 
7 and inorganic analytes 8. In this particular, complementary features like an easily 

adjusted and versatile surface chemistry, simplicity of functionalization and conjugation 

without appreciable fluorescence loss, possibility of implementation of distinct analyte-

recognition and analyte-signaling schemes, ability to multiplexing analysis 9, Stern-Volmer 

quenching behavior 10, etc, have strengthen the utilization of nanocrystalline quantum in 

chemical analysis, with ever increasing sensitivity and selectivity.  

Analytical application of quantum dots (QDs) in chemical sensing resorts typically to 

homogeneous aqueous solution chemistry taking advantage of the developments that 

were achieved in terms of nanocrystals hydrothermal synthesis 11. More than an 

advantageous alternative to the organometallic route 12, in what concerns operational 

conditions and reagents, the colloidal aqueous synthesis enables QDs functionalization 

with a variety of ligands, usually thiol capping ligands 13 such as thioglycolic acid, 3-

mercaptopropionic acid, glutathione, cysteamine, etc, which in turn could be further 

functionalized by electrostatic interactions or covalent linking. These could be used to 

assemble the nanocrystals on distinct surfaces or to build up hybrids or composites, upon 

combination with other materials, which could be tailored to exhibit specific functionalities.  

Since most of the reactivity of QDs relies on their surface chemistry, the utilization of 

these materials as chemosensors may provoke a more or less pronounced disruption of 

their solution stability at an extent that depends on the magnitude of the QDs-analyte 

interactions. Indeed, analyte-signaling is commonly associated to sensing mechanisms 

and recognition pathways affecting photoluminescence intensity, either in terms of 

quenching or enhancing phenomena, that could result from adsorption, charge or energy 

transfer, surface passivation, capping displacement, etc, and lead to agglomeration and/or 

precipitation. This disruption occurs at variable rates and could prevent the attaining of 

stable measurements impeaching the obtaining of reproducible analytical signals.  

Immobilization of quantum dots onto solid supports could improve the applicability of 

these nanomaterials, both by enabling multiple or repetitive use of the same 
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reagent/chemosensor and by providing a more sustainable and rational utilization, when 

compared with the carrying out of consecutive individual batches. Hence, it is possible to 

assure a more cost-effective operation and the minimization of wastes generation, which 

is particularly relevant when taking into account that the core of many semiconductor 

nanocrystals is made from hazardous heavy metals, such as cadmium. From an analytical 

point of view and alongside the assembling of re-usable continuous flow-through sensors, 

2D sensor matrices or multi-parametric/multi-analyte sensing platforms, immobilization of 

quantum dots on suitable solid supports could be exploited to develop solid-phase 

reactors for application in continuous flow methodologies or micro-fluidic techniques, to 

establish separation/detection scaffolds or to implement fluidized bed reactors. Besides 

the advantages assured by re-utilisation, QDs immobilization could improve control of the 

reaction taking place, either by assuring continuous reproducible reaction conditions or by 

providing the means for a deeper control of the reaction time. This could be achieved, for 

instance, by adjusting the residence time of the sample solution in contact with the solid-

phase reactor or even by allowing the immediate halting of the reaction upon removal of 

the quantum dots from the reaction solution, which could be very appealing for the 

development of reactional schemes involving multiple quantum dots. As disadvantages, 

immobilization could reduce the quantum yield of the quantum dots affecting the 

photoluminescence response, undermine the diffusion of the substrate and limit its access 

to the quantum dot surface, or confine the magnitude of the reaction extension. 

Different strategies have been proposed for QDs immobilization either by using the layer-

by-layer electrostatic self-assembly method 14, formation of micro-/nano-gels 15, 

encapsulation into silica 16 and polymeric 17 nanospheres, covalent binding onto amino 

functionalized surfaces 18, embedding in polysaccharides 19, entrapment inside sol-gel 

materials 20, etc. 

In this work we have assayed distinct approaches, both chemical and physical, to carry 

out the immobilization of CdTe nanocrystals. The study involved QDs with different 

capping ligands, as well as different solids supports, and comprehended the evaluation of 

the influence of QDs capping and size, concentration, pH, contact time between the solid 

and the QDs, etc. 

Obtained results confirmed the relevance of adsorption phenomena. Freundlich and 

Langmuir isotherms were used to analyze the adsorption equilibrium and kinetic data 

were fitted to the pseudo-first-order and pseudo-second-order models. Different 

thermodynamic parameters, such as Gibbs free energy, enthalpy and entropy, were 

calculated and the stability of the immobilized QDs was confirmed.  
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2. Experimental  

 

2.1. Reagents and solutions 

 

All solutions were prepared with analytical reagent grade and high purity water (milli Q) 

with a specific conductivity <0.1 µS cm-1. 

Wide range buffer solutions were prepared by mixing adequate volumes of 0.2 mol L-1 of 

Na2HPO4 (Sigma-Aldrich, St. Louis, MO, USA) and 0.1 mol L-1 citric acid (Sigma-Aldrich, 

St. Louis, MO, USA) solutions to obtain different pH values. Tris-HCl buffer solutions with 

pH values between 7 and 8 were prepared by mixing appropriate volumes of 0.1 mol L-1 

Tris (Sigma-Aldrich, St. Louis, MO, USA) and 0.1 mol L-1 HCl (Panreac, Barcelona, 

Spain). Acetate buffer solution, at a pH of 5.5, was prepared by mixing appropriate 

volumes of 0.2 mol L-1 acetic acid (Panreac, Barcelona, Spain) and 0.2 mol L-1 sodium 

acetate (Sigma-Aldrich, St. Louis, MO, USA). 

QDs aqueous dispersions were daily prepared by dissolving a certain amount of the dried 

nanocrystals in ultrapure water or different buffers solutions at the desired concentration. 

A 2.5% Glutaraldehyde solution was prepared by dilution of the appropriate volume of 

commercial solution (Sigma-Aldrich, St. Louis, MO, USA). 

20 mM solutions of 1-ethyl-3-(3.dimethylaminopropyl)-carbodiimide hydrochloride (EDC) 

and N-hydroxysuccinimide (NHS) (Sigma-Aldrich, St. Louis, MO, USA) were prepared by 

dissolution of appropriate amounts of commercial powders. 

 

2.2. Synthesis of CdTe quantum dots 

 

For the synthesis of the CdTe quantum dots, cadmium chloride hemi(pentahydrate) 

(CdCl2•2.5H2O, 99%), sodium telluride (100 mesh, 99%), tellurium powder (200 mesh, 

99.8%), sodium borohydride (NaBH4, 99%), L-glutathione reduced (98%), L-cysteine 

(97%) 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 from Panreac 

(Barcelona, Spain).  

CdTe nanocrystals were synthesized using L-glutathione reduced (GSH), 3-

mercaptopropionic acid (MPA), L-cysteine (CYS) and thioglicolic acid (TGA) as capping 

ligands for stabilization in aqueous solution. GSH-capped CdTe QDs were prepared in a 

one-step route by slight modification of Quian’s procedure 21. Briefly, CdCl2, Na2TeO3 and 
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GSH (Cd:Te:GSH molar ratios 1:0.2: 1.2) were added into a single reaction pot with 

NaBH4, trisodium citrate and water. The solution pH was adjusted to 10.5 by the addition 

of 1.0 mol L-1 NaOH and the resulting solution was heated with vigorous stirring at 100 ºC 

under reflux for QDs growth.  

MPA 22, CYS and TGA-capped QDs 23 were synthesized in a two-stage process by using 

CdCl2 and NaHTe as precursors. For all of the capping ligands the first stage consisted on 

the reduction of tellurium with NaBH4 in N2 saturated water to produce NaHTe 24. 

Subsequently, and in the case of the MPA-coated QDs, after complete consumption of all 

tellurium the resulting solution was transferred into another flask containing 4.0 ×10−3 mol 

of CdCl2 and 6.8 × 10−3 mol of MPA in 100 mL N2 saturated aqueous solution. The pH of 

the solution was adjusted to 11.5 by the addition of 1.0 mol L−1 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. On the other hand, CYS-capped nanocrystals were prepared upon 

reaction of the freshly prepared NaHTe solution with a mixture of CdCl2 and CYS at 

pH=10.5, at a Cd:Te:CYS molar ratios of 1:0.05:2.4. TGA-coated QDs were synthesized 

by using the same procedure and identical molar ratios, but at pH=11.   

To purify the prepared QDs, the crude solutions were precipitated in absolute ethanol 11 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.  

 

2.3 Instrumentation 

 

During characterization of the synthesized QDs, the absorption spectra of the colloidal 

solutions were measured on a Jasco V-660 spectrophotometer (Easton, MD, USA) 

between 400-700 nm. Photoluminescence (PL) measurements were recorded with a 

Perkin Elmer LS-50B luminescence spectrometer (Waltham, MA, USA). For QDs 

immobilized onto solid supports, the PL spectra of the respective water dispersions were 

recorded under stirring at a fixed excitation wavelength of 400 nm. QDs centrifugation was 

performed with a Thermo Electron Jouan BR4I refrigerated centrifuge (Waltham MA, 

USA). A Philips X'Pert X-ray MPD diffractometer (Cu K radiation) was used to carry out 

the X-ray powder diffraction (XRD) studies of the nanocrystals. A scan rate of 40.0 s for 

step at step intervals of 0.04º was used for XRD data collection. A microplate reader 

(Synergy HT, BIO-TEK) was used for photoluminescence measurements of supernatants. 

Fluorescence microscopy was performed with a system composed by an inverted 

epifluorescence microscope (Eclipse TE300, Nikon, Tokyo, Japan) equipped with 10X air 
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objectives, a monochromator (Polychrome II; TILL Photonics, Martinsried, Germany), a 

CCD camera (C6790; Hamamatsu Photonics, Hamamatsu, Japan), and a computer with 

analysis software (Aquacosmos 2.5; Hamamatsu Photonics). 

 

2.4 Immobilization of QDs on solid supports 

 

To carry out the immobilization of the QDs two solid supports were selected: 

aminoalkylated glass beads (aminopropyl-CPG-170 Å, 120–200 mesh, Fluka) (CPG) and 

aminopropyl-modified silica (Chromabond NH2, 60 Å, Marcherey-Nagel) (CB). Both were 

porous material exhibiting aminated groups at the surface.  

In order to assess if QDs immobilization resulted from chemical or physical processes, or 

a combination of both, different approaches were tested. As chemical immobilization 

processes two methods were used, relying either on the pre-activation of the solid 

supports with glutaraldahyde or on the use of EDC/NHS as covalent bonding promoters.  

The procedure involving glutaraldehyde activation was based on the report of Peña et al 
25. It consisted of: 0.008 g of CPG or 0.016 g of CB solid supports were incubated in 1.25 

mL of a 2.5% glutaraldehyde solution (for QDs with amino groups on their cappings) for 1 

h, at 32.5 ºC, with nitrogen purging every 10 min for the first 30 minutes. The solid 

supports were subsequently washed several times with water and 0.1 mol L-1 phosphate 

buffer, to remove unreacted glutaraldehyde. Immobilization of QDs was carried out by 

adding 500 µL of QD aqueous dispersion on the solid support followed by incubation at 

32.5 ºC for 4 h, with nitrogen purging every 10 minutes during the first 30 minutes. For the 

method using EDC/NHS (applied for QDs with carboxylic groups on their surface 

capping), 500 µL of QD aqueous dispersion was activated with 500 µL of EDC 20 mmol L-

1 and NHS 20 mmol L-1, for 1 h, at 32.5 ºC. After that, 0.008 g of CPG or 0.016 g of CB 

solid support was added to the QDs/EDC/NHS mixture, and the reaction proceeded for 4 

h at 32.5 ºC 26. 

The physical immobilization studies were accomplished by resorting to the previously 

described methods but without utilization of either glutaraldehyde or EDC/NHS. The 

procedure started with the addition of the QD aqueous dispersions to the solid supports 

followed by incubation at 32.5 ºC for 4 h. 

After conjugation, and for all of the immobilization procedures, the solid supports were 

centrifuged and washed with water and 0.1 mol L-1 phosphate buffer until clear 

supernatant, in order to eliminate any non-immobilized QDs, and subsequently stored in 

water. 
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2.5 Adsorption efficiency 

 

The adsorption efficiency was calculated according to Equation 1, by using the 

supernatant resulted from the separation of the solid support after the immobilization. The 

supernatant was collected and the QDs photoluminescence was determined in a 

microplate reader.  

  

% Ads = ((C0-Ce) / C0) x 100                                                                               (Equation 1) 

 

where C0 (mg L-1) and Ce (mg L-1) are the initial and equilibrium concentrations, 

respectively. The amount of QDs adsorption at equilibrium, qe (mg g-1), was obtained by 

using Equation 2. 

 

qe = ((C0-Ce) / w) x V                                                                                           (Equation 2) 

 

where w (g) and V (L) are the weight of adsorbent and V the QDs volume. 

 

3. Results and discussion 

 

3.1 Characterization of quantum dots 

 

The optical and physical properties of the as-prepared CdTe QDs were appraised by 

UV/Vis and fluorescence spectroscopy and by powder X-ray diffraction (p-XRD). Figure 1 

shows the absorption and photoluminescence spectra of the CdTe QDs synthesized with 

different ligands. All nanocrystals exhibited a well-defined absorption maximum for the first 

excitonic transition and a narrow size distribution, further confirmed by Full Width at Half 

Maximum (FWHM) values in the range from 25.14 to 54.76 nm, showing that the CdTe 

nanocrystals were nearly monodisperse and homogeneous. 
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Figure 1: Normalized absorbance (___) and photoluminescence (---) spectra of the 

synthesized CdTe QDs capped with different organic ligands. A: 2.48 nm MPA; B: 3.01 

nm MPA; C: 2.57 nm GSH; D: 3.35 nm GSH; E: 2.32 nm TGA; F: 3.31 nm CYS. 

 

The maximum absorption wavelengths were observed at 505, 532, 509, 562, 499 and 557 

nm, corresponding to average sizes (D) of 2.48 and 3.01 nm for MPA, 2.57 and 3.35 nm 

for GSH, 2.32 nm for TGA and 3.31 nm for CYS, respectively, as estimated from the 

empirical equation (Equation 3) proposed by Yu et al 27, where λ (nm) is the first excitonic 

absorption maximum wavelength.  

 

D = (9.8127 × 10−7) λ 3 − (1.7147 × 10−3) λ 2 + (1.0064) λ − (194.84)               (Equation 3) 
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X-ray powder diffraction was also performed in order assess the crystalline structure of 

nanoparticles and to confirm their size. Figure 2 presents the X-ray diffraction pattern 

obtained for 2.48 nm MPA-capped CdTe QDs, which exhibits broad peaks indexed as (1 1 

1), (2 2 0), and (3 1 1) planes confirming a zinc blende crystalline structure. In 

simultaneous, average nanoparticles size was confirmed by using Debye–Scherrer 

equation (Equation 4):  

 

D = kλ/(βcosθ)                                                                                                    (Equation 4) 

 

wherein λ is the wavelength of the X-ray source (1.5405 Å), k is an empirical constant 

equivalent to 0.9, β is the FWHM of the diffraction peak, and θ is the angular position. For 

all synthesized CdTe QDs the sizes obtained from Debye–Scherrer equation were in 

accordance with those furnished by using Equation 3. 

 

 

Figure 2: p-XRD of 2.48 nm MPA-capped CdTe QDs. 

 

Aiming at standardizing the preparation of CdTe QDs solutions, the estimation of the 

molar concentration of the differently sized nanoparticles in the initial aqueous dispersion 

was achieved by establishing, in a first step, the extinction coefficient (ε) according to 

Equation 5 27, where E is the transition energy corresponding to the first absorption peak 

expressed in eV. 
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ε = 3450 E (D)2.4                                                                                               (Equation 5) 

 

Subsequently, by knowing ε and the absorbance of a known mass concentration aqueous 

dispersion, the molar concentration was determined by applying the Lambert-Beer’s Law. 

 

3.2 Preparation of QD-conjugated aminated support 

 

Figure 3 illustrates the sequential steps for preparing conjugates of QD and aminated 

supports. The selection of the QDs capping ligands took into account the structure of the 

organic molecules, namely the length of the hydrocarbon chain and the available 

functional groups. In this step 2.48 nm MPA, 3.35 nm GSH, 2.32 nm TGA and 3.31 nm 

CYS-capped CdTe QDs were used. 

 

 

Figure 3: Sequential steps for preparing QD-aminated supports conjugates. 

141



 

 
 

 

Two methods were employed for immobilization of the QDs onto two types of aminated 

solid supports. One of the methods involved physical adsorption, which was mainly 

governed by attractive electrostatic interactions. The second approach resorted to 

EDC/NHS coupling chemistry or to the use of glutaraldehyde as cross-linking agent to 

covalently attach QDs onto the supports surface. In this regard, the preparation of 

MPA/GSH/TGA/CYS QD-conjugated CPG/CB consisted on the formation of amide bonds 

that covalently linked the carboxylic groups of the QDs capping ligands and amine groups 

at the supports surface, using EDC and NHS as reaction promoters 26. Alternatively, 

GSH/CYS QD-conjugated CPG/CB was based on the establishment of covalent bonds 

upon reaction of GSH/CYS-CdTe nanocrystals and solid supports with aminated surfaces, 

previously activated with glutaraldehyde, via nucleophilic additions of a QD primary amine 

to the aldehyde group of glutaraldehyde 18. 

 

3.3 Immobilization processes 

 

Preliminary assays involving various amounts of CPG and CB aminated glass beads in a 

range between 1.0 and 20.0 mg, at a fixed 3.35 nm GSH-CdTe concentration (0.6 µmol L-

1), were conducted to study the effect of mass of adsorbent on QDs adsorption. As can be 

seen in Figure 4, the adsorption efficiency of each adsorbent, at equilibrium, increased 

with increasing mass of solid support, reaching a saturation level at 8 and 16 mg of CPG 

and CB, respectively. Consequently, only 8 mg of CPG and 16 mg of CB were required for 

subsequent assays.  
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Figure 4: Effect of CPG and CB supports amount on the adsorption efficiency of 3.35 nm 

GSH-capped CdTe QDs. 

 

The succeeding assays involved the immobilization of different QD capping materials onto 

the surface of CPG or CB, at different pH values. The medium pH not only showed a 

strong influence on the quantum dots stability but also affected the adsorption efficiency 

since the available charges on de adsorbent surface depended on the solution pH. 

Accordingly, several aqueous dispersions of 0.6 µmol L-1 CdTe QDs capped with TGA, 

MPA, GSH and CYS as ligands, prepared in water or in a wide range buffer solution (at 

pH values between 5.5 - 8.0), were immobilized on all abovementioned supports with and 

without EDC/NHS. Similar experiments, carried out with or without the utilization of 

glutaraldehyde as linker, were performed for GSH and CYS-capped QDs. 

The adsorption efficiency was appraised by measuring the photoluminescence intensity of 

the supernatant aqueous dispersions. An extensive evaluation of the obtained results 

allowed to conclude that the best immobilization conditions were those listed in Table S1 

(Supplementary information, SI), which produced a supernatant with low 

photoluminescence and highly luminescent solid supports.  

The next step was aimed at studying the influence of the chemical composition of the 

buffer solution. With this objective, acetate (pH 5.5) and TRIS (pH 7, 7.5 and 8) buffer 

solutions were used to repeat the previous assays. It was observed that the buffer 

composition affected de immobilization process in all experiments. In addition, it was also 

studied the effect of EDC/NHS and glutaraldehyde in the immobilization process of 

GSH/CYS CdTe QDs both with carboxylic and amine active functional groups. It was 
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verified that the presence of EDC/NHS or glutaraldehyde promoted a QDs 

photoluminescence quenching, either on the supernatant or on the QDs immobilized onto 

the solid supports. Exclusion of EDC/NHS or glutaraldehyde from the immobilization 

procedure resulted in adsorption efficiency values beyond 96 % indicating very good 

adsorption processes (Figure 5). CPG support proved to be better for TGA and GSH-

CdTe immobilization while CB was more adequate for MPA and CYS-CdTe 

immobilization. The results obtained in the above referred studies are summarized in 

Table 1. 

 

 

Figure 5: Fluorescence microscopy images of adsorbed GSH QDs (A) and MPA QDs (B) 

on CPG and CB solid supports, respectively. 
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Table 1: Definite conditions for MPA/GSH/TGA/CYS QDs immobilization onto CPG and 

CB solid supports. 

QD buffer/ pH adsorption (%) solid support 

MPA Tris/7.5 98.66 CB 

GSH Wide range/8 98.04 CPG 

TGA H2O 97.89 CPG 

CYS Wide range /7 96.42 CB 

 

 

3.4 Effect of QDs size on the immobilization process 

 
After fixing the above described parameters, the next stage involved the study of the 

effect of the QDs size on the immobilization efficiency. With this purpose, GSH-QDs with 

diameters of 2.57 and 3.35 nm and MPA-QDs with 2.48 and 3.01 nm, were selected. It 

was observed that the immobilization efficiency of GSH-QDs with 2.57 nm or 3.35 nm 

were quite similar. On the other hand, for MPA-QDs, the difference on the adsorption 

efficiency obtained with QDs of 2.48 and 3.01 nm was about 10%. In this case the higher 

adsorption efficiency was obtained with the small size QDs. This phenomenon was 

probably due to the lower diameter of the pores of the selected solid support (CB) used for 

this immobilization. The pores were small enough to facilitate the immobilization of small 

QDs, preventing the immobilization of the largest ones. 

 

3.5 Effect of the temperature on the immobilization process 

 

The effect of temperature on QDs adsorption by solid support was also evaluated within a 

298.15 to 353.15 K range. This effect was investigated using concentrations of QD 

between 0.05 and 1 µmol L-1. It was concluded that the adsorption efficiency increased 

with the increment of temperature from 298.15 to 305.65 K, which could be probably 

explained by the higher collision frequencies verified at higher temperatures. Above 

305.65 K, it was observed that the adsorption efficiency tended to be constant. This 

behaviour was entirely independent from the QDs concentration (Figure 6) and probably 

reflects the saturation of the surface sites by the QDs. 
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Figure 6: Effect of temperature on the adsorption efficiency of GSH-QDs by solid support. 

GSH-QD concentrations. 

 

At the same time, it was also verified that when a temperature of 298.15 K was used, the 

adsorption efficiency decreased with the increase on the QDs concentration. However, for 

temperature of 305.65 K, or higher, this behaviour was not observed. In this case, the 

adsorption efficiency was higher than then one verified for 298.15 K and it was constant 

and totally independent from the QDs concentration (Figure 7). As a result, a temperature 

of 305.65 K was selected for the subsequent studies. 
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Figure 7: Effect of temperatures on absorption efficiency at different GSH-QDs 

concentrations. 

 

3.6 Adsorption isotherms 

 

For explaining the equilibrium conditions reached between the adsorbate particles and the 

solid supports, adsorption isotherms were performed for conditions reported in Table 1. 

Hence, the procedure described in section 2.4 was applied with one modification: the 

initial concentration of QDs aqueous dispersions was increased (within the linear region) 

in increments of 0.1 µmol L-1, at 305.65 K. For adsorption mechanism clarification, the 

analyses of the experimental isotherm equilibrium data were carried out by Langmuir and 

Freundlich models. The linear form of Langmuir and Freundlich equations are presented 

in Table 2, with the respective explanation of each parameter. The Langmuir isotherm 

model is the most common model used to explain the monolayer adsorption only on the 

homogeneous adsorbent surface with a finite number of energetically identical sites 28-29. 

Freundlich adsorption isotherms can be used for representing the multilayer adsorption on 

an energetically heterogeneous adsorbent surface 28-29. 
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Table 2: Isotherm models used for the adsorption process interpretation. 

isotherm 

model 
linear equation parameters 

Langmuir 
1 1

 

Ce (mg L-1) designate the equilibrium concentration of QD;  

qe (mg g-1) is the amount of QD adsorbed per unit mass of CPG 

or CB supports at equilibrium; 

qm (mg g-1) is the maximum adsorption capacity; 

KL is the Langmuir constant related with adsorption energy; 

Freundlich log log
1
log  

KF and n are Freundlich constants related to the adsorption 

capacity of the adsorbent and heterogeneity of adsorption, 

respectively. 

 

 

The isotherms constants values were estimated using both models and the results were 

summarized in Table 3. As perceived by the coefficients of determination (R2) values, the 

experimental equilibrium isotherm data fit well with Freundlich model, meaning that 

Freundlich model may be more appropriate to predict the adsorption of different QDs onto 

CPG or CB solid supports, at 305.65 K, compared to the Langmuir model. The maximum 

adsorption capacity found was 8.00 for TGA QD-CPG conjugate, probably because TGA 

is the smallest molecule in study, presenting lower steric hindrance. Additionally, the 

results clearly indicate a favorable adsorption processes since n values are within the 

range of 1 - 10. 
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Table 3: Isotherm parameters for QDs adsorption onto CPG or CB solid supports, at 

305.65 K. 

isotherm model parameters QD 

TGA MPA GSH CYS 

Langmuir 

qm  1469.59 37.91 11.36 5.28 

KL 0.04 0.25 0.01 0.11 

R2 0.86 0.60 0.84 0.91 

Freundlich 

KF  8.00 0.94 0.23 0.65 

n 2.30 1.49 1.36 1.54 

R2 0.96 0.81 0.99 0.96 

 

 

3.7 Adsorption kinetics 

 

In order to study the kinetics of the adsorption processes, the adsorption capacity for each 

selected QD was monitored at different times. As it was shown in Figure 8, the adsorption 

capacity of the GSH-QDs by the solid support increased with the contact of time up to 240 

minutes. After this time there was no considerable change in the adsorption capacity. The 

same behaviour was verified for TGA-QDs and MPA-QDs for contact times of 210 and 60 

minutes, respectively. For CYS-QDs, the adsorption capacity was lower than other QDs, 

but remained constant during time. For the subsequent studies a contact period of 240 

min was selected, in order to guarantee the maximum adsorption and an identical 

procedure, independently to the QD in use. 
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Figure 8: Effect of time on the adsorption efficiency of QDs by solid support. 

 

Adsorption kinetics studies were developed in order to determine the uptake rate of each 

selected QD at the solid-phase interface. With this purpose, different kinds of models 

(equations are presented in Table 4) were used. 

 

 

Table 4: Kinetics models used for the adsorption process interpretation. 

kinetic 

model 
linear equation parameters 

pseudo-

first-order 

log (qe-qt) = log qe - 

(k1 t/2.303) 

qe (mg g-1) is the amount of QD adsorbed per unit mass of 

CPG or CB supports at equilibrium; 

qt (mg g-1) is the amount of QD adsorbed per unit mass of 

CPG or CB supports at time t; 

k1 (min-1) is the rate constant of pseudo-first order 

k2 (g mg-1min-1) is the rate constant of pseudo-second-order 

ki (mmol (g-1 min-1/2)) is the rate constant for intraparticle 

diffusion 

pseudo-

second-

order 

(t/qt)=(1/k2 qe
2)+(t/qe) 

 

intraparticle 

diffusion 

qt = ki t
0.5 
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The initial adsorption rates (H) were calculated from k2 and qe values according the 

Equation 6. 

 

H = k2 qe
2                                                                                                            (Equation 6) 

 

All the determined kinetic parameters were summarized in Table 5. 

Independently of the selected QD, the adsorption processes followed the pseudo-second 

order model that provided a better coefficient of determination (around 1) and qe values 

close to the experimental q, in all assays. 

The resulted straight line, obtained by plotting qt versus t0.5 values, did not intercept zero, 

which indicated that intraparticle diffusion was not the adsorption processes limiting step. 

 

 

Table 5: Parameters of adsorption kinetics of QDs onto solid supports. 

  GSH MPA TGA CYS 

pseudo-

first-order 

qexp  7.13 5.72 3.97 0.67 

k1  4.26x10-3 2.95x10-2 7.83x10-3 1.47x10-2 

qe theor  -541.16 -78.04 -294.11 -156.36 

R2 0.977 0.361 0.896 0.804 

pseudo-

second-

order 

k2  1.51x10-3 3.30x10-2 1.25x10-2 9.98x10-1 

qe theor  8.81 5.99 3.93 0.67 

R2 0.987 0.996 0.990 0.999 

intraparticle 

diffusion 

H  0.12 1.19 0.19 0.45 

Ki  0.27 0.12 0.10 0.01 

R2 0.9649 0.544 0.939 0.989 
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3.8 Thermodynamic parameters of the adsorption 

 

Thermodynamic parameters, as free energy change (∆G), enthalpy change (∆H) and 

entropy change (∆S) were determined according to the following equations, 

 

kL = qe/Ce                                                                                                            (Equation 7) 

∆G = -RT ln kL                                                                                                                                                              (Equation 8) 

ln kL= (∆S/R)-(∆H/RT)                                                                                        (Equation 9) 

∆S = (∆H-∆G)/T                                                                                                (Equation 10) 

 

where KL is the Langmuir constant (mol L-1), T is the absolute temperature (K) and R is the 

universal gas constant (8.31 J mol-1 K). 

∆H and ∆S values were calculated, for different QDs concentrations in a range from 0.05 

to 1 µmol L-1, from the slope and intercept, respectively, of the straight line obtained by 

plotting KL versus 1/T. Free energy change (∆G) was calculated for concentrations of QDs 

between 0.05 and 1 µmol L-1, in a range of temperature between 298.15 and 353.15 K. 

 

Table 6: Thermodynamic parameters of GSH QDs adsorption on solid supports. 

[QD] 

(µmol L-1) 

[QD] 

(mg L-1) 

∆S 

(J mol-1 K-1) 

∆H 

(J mol-1) 
r2 

∆G (kJ mol-1) 

298,15 

K 

305,65 

K 

313,15 

K 

333,15 

K 

353,15 

K 

0.05 7.84 7,86 -1634,29 0,944 -5,67 -8,90 -7,20 -5,31 -9,39 

0.1 15.68 13,82 -3846,65 0,890 -2,61 -8,46 -6,97 -5,18 -9,41 

0.2 31.37 19,24 -5759,01 0,952 -0,13 -7,26 -4,99 -4,32 -9,38 

0.3 47.05 22,40 -7155,12 0,946 3,53 -4,44 -2,37 -1,13 -7,31 

0.4 62.74 25,09 -7669,78 0,936 2,60 -4,79 -3,14 -2,32 -9,36 

0.5 78.42 27,17 -8598,95 0,986 3,89 -4,00 -2,67 -2,89 -8,90 

0.6 94.11 29,19 -9323,56 0,976 4,80 -2,93 -2,47 -2,14 -9,06 

0.8 125.48 30,60 -9882,24 0,888 5,95 -2,26 -1,06 -1,37 -8,55 

1 156.85 25,45 -7871,16 0,997 0,006 -0,002 -0,001 -0,007 -0,01 
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As it can be observed in Table 6, the majority of the obtained ∆G values were negative, 

confirming the spontaneous nature of the reactions. Only at 298.15 K, for concentrations 

of QD between 0.3 and 1 µmol L-1, the ∆G values were positive, bucking the previous 

trend. The non-spontaneous nature of the reaction, for this temperature and QDs 

concentrations, can be correlated with the lower adsorption efficiency previously verified 

(see Figure 7). 

Except with these conditions, the ∆G values for the adsorption of QDs, range from -0.01 

to -9.41 kJ mol-1. According to Jaycock and Parfitt 30, that classified the process as 

physisorption when the ∆G value ranged from -20 to 0 kJ mol-1 and chemisorption when 

∆G ranged from -400 to -80 kJ mol-1, the obtained ∆G values suggested that the 

immobilization of QDs onto the solid supports was based mostly on a physisorption 

process.  

In all tested situations, the obtained ∆H values were negative, sustaining that the process 

was exothermic, while ∆S were positive, indicating an overall entropy increase. 

 

3.9 Effect of the immobilization on QDs optical properties 

 

Anticipating their potential application in distinct fields, a fundamental requirement for the 

immobilization of photoluminescent nanoparticles, such as semiconductor QDs, is that 

they should retain their optical properties. In this regard, after the selection of the best 

conditions, the effect of immobilization on the QDs photoluminescence emission was 

studied aiming at better understanding its mechanism and its potential usefulness. For 

that, the photoluminescence emission spectra of immobilized and non-immobilized QDs 

were monitored. As showed in Figure 9, for GSH-QDs, MPA-QDs and CYS-QDs, no shift 

on the maximum emission wavelengths were noticeable when they were immobilized. 
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Figure 9: Effect of the immobilization of QD on the PL emission wavelength. (__) 

immobilized QDs, (---) aqueous dispersion of MPA (A), GSH (B), CYS (C) and TGA (D) 

QDs. 

 

However, for TGA-QDs it was observed a red shift of 10 nm. The red shift was already 

described for others QDs immobilization methods 18, 31 and it can be explained by an 

increased proximity of the loaded QDs that are forced together by the solid support. When 

immobilized, the distance between two QDs become small enough as to allow energy 

transfer (ET) phenomena between adjacent QDs. These phenomena could be explained 

by two different mechanisms. a) the transmission of the exciton from a nanoparticle to the 

emitting trap states existing on the surface of a contiguous QDs with an increase in defect 

related emission 32-33, and b) a ET mechanism between smaller and bigger QDs, since the 

nanoparticles population is a distribution of sizes 34.  

When comparing the photoluminescence of the QDs, both immobilized and in aqueous 

dispersion, a decrease was perceptible in the first case. It could be explained by a 

“shadow” effect: some QDs that were immobilized on the opposite side of the irradiation 

source were not excited and consequently their photoluminescence was not measured. 
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Another possible explanation is an eventual FRET effect. However, this situation is more 

probable for TGA-QDs as a red shift of the maximum emission wavelength was observed 

upon immobilization (Figure 9D). 

 

3.10 Stability of the immobilized QDs 

 

The stability of the immobilized QDs versus time is also of primary importance in order to 

verify their applicability in different fields like in chemical, biochemical, electronic and 

optical devices. The immobilized QDs stability was monitored during a wet and a dry 

storage. To evaluate the stability during the wet storage, the QDs leaking into water was 

monitored. The supernatant photoluminescence were measured as a signal of QDs 

presence. By establishing a relationship between the measured photoluminescence and 

the QDs concentration it was possible to quantify the amount of QDs leached. This 

procedure was accomplished for each combination of solid support/immobilization 

method/ QD capping. In all situations the adsorbed QDs could be considered stables 

several months. During this period the most part of the immobilizations showed a 

maximum leaching effect around 0.1%. Only in the case of CYS-QDs the leaching effect 

was slightly higher (5.7%). Nevertheless, this value remained low. 

To evaluate the stability of the immobilized QDs during dry storage, their 

photoluminescence while dried and after the rehydration was evaluated. This 

photoluminescence was compared with the one of immobilized QDs that were kept in a 

water suspension, throughout the entire assay. It was verified that the dried QDs had their 

photoluminescence decreased, but when rehydrated their photoluminescence was 

recovered, reaching values similar to those verified for the QDs in the water suspension. 

 

4. Conclusions 

 

In this work, distinct strategies, both chemical and physical, were thoroughly evaluated 

aiming at carrying out the immobilization of CdTe quantum dots onto two different porous 

solid supports exhibiting aminated surface groups. The chemical immobilization processes 

were based on the pre-activation of the solid supports with two covalent bonding 

promoters, glutaraldehyde or EDC/NHS. The obtained results demonstrated that QDs 

immobilization was mostly dictated by adsorption phenomena and that the physisorption 

prevails regarding the chemical ones in what concerns the QDs retention efficiency and 

leakage restriction. Subsequent adsorption studies showed that the adsorption efficiency 

of each adsorbent, at equilibrium, reached maximum values of 8 and 16 mg for CPG and 
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CB, respectively, and that the adsorption process followed of a Freundlich fitting model. 

Furthermore, the adsorption rate, independently of the selected QD, matched a pseudo-

second order kinetics. Thermodynamic analyses also revealed that the CdTe QDs 

adsorption was exothermic and spontaneous. In all situations, the immobilized QDs 

remained stable for several months. 
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Supplementary material 

 

Table S1: Effect of pH and of the presence/absence of EDC/NHS or glutaraldehyde in the 

MPA/GSH/TGA/CYS QDs immobilization onto different solid supports. 

solid support QD pH immobilization 

CPG 

MPA 
7 with EDC/NHS 

7.5 physical 

GSH 7.5 and 8.0 physical 

TGA 
H2O with EDC/NHS 

H2O physical 

CYS 
7 with glutaraldehyde 

7 physical 

CB 

MPA 7.5 and 8 physical 

GSH 8 physical 

TGA 
7.5 with EDC/NHS 

7.5 and 8 physical 

CYS 
7 and 7.5 with glutaraldehyde 

7 physical 

 

 

 

 

 

 

160



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 8 
 

Final Conclusions 
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The work developed under the scope of this thesis focused on the synthesis, 

characterization and application of CdTe quantum dots, with distinct chemical and 

physical properties, as chemo-sensors in chemical analysis. 

The achievement of the first specific objective of this project involved the exploitation of 

the direct QDs aqueous-phase synthetic route, employing short-chain thiols as 

surfactants, which confirmed, to be cheaper, easier implemented, more kinetically 

controllable, lesser toxic and producing more water-soluble and biocompatible 

nanocrystals than the commonly used organometallic synthesis. The reproducibility of all 

synthesis procedures combined with the use of capping-agents like TGA, MPA, CYS, 

GSH and MES allowed obtaining nanoparticles exhibiting different reactivity, with the 

intended size, possessing excellent optical properties and narrow size-distribution, as 

confirmed during the characterization stage. All capping ligands enabled attaining a wide 

range of available particles size and the possibility of shifting the emission wavelength in 

the visible region.  

In agreement with the objectives of this thesis, all accomplished works were related to and 

took advantage of QDs photoluminescence. It is well known that the optical properties of 

CdTe QDs strongly depend on the nature of their surface and the interactions that it could 

establish with specific analytes which can result in dramatic changes in the nanoparticles 

properties. Therefore, the developed work contemplated the study and evaluation of 

distinct approaches, namely the enhancement or quenching of CdTe QDs fluorescence in 

the presence of the target analyte. The as-prepared CdTe QDs capped with distinct thiol-

containing compounds were applied in the monitoring of metals and inorganic compounds 

that, by selectively interacting with the QDs, quenched or enhanced their PL emission. 

Different sensing mechanisms were also developed by using QDs as chemo-sensors. For 

example, a QDs quenching mechanism was used to determine trace metals in complex 

organic matrices (Chapter 3), proving to be a valuable alternative for determination of iron 

in biodiesel samples when compared with conventional methods. The quenching process 

showed to be dependent of iron concentration, wherein for lower iron concentrations the 

mechanism was attributed to the binding of the metal onto the nanoparticles surface, 

inducing new recombination centers for electrons and holes. For higher iron 

concentrations, one believes that the aggregation of QDs might occur as consequence of 

the loss of the passivating layer, leading to a PL quenching. Another sensing mechanism, 

based on the PL quenching of MPA-CdTe nanocrystals, was used to determine sulphide 

in white wines and hydrothermal waters (Chapter 5). In this case, dynamic and static 

quenching processes were responsible for the decreasing of PL intensity. More 

specifically, for lower S2- concentrations the PL quenching was based on dynamic 
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processes while for higher concentrations the quenching mechanism was attributed to the 

depassivation of the surface ligands, replaced by sulphide, resulting in the QDs 

aggregation. The fluorescence quenching effect of EDTA on TGA-CdTe nanoparticles, 

was also adopted as sensing approach and used to determine Ca2+ in mineral waters. 

This quenching effect was ascribed to a ligand-depletion mechanism in which EDTA 

promoted the breakage of the Cd–TGA bonding at the surface of QDs, yielding a new Cd–

EDTA complex. The determination of free calcium ions was based on the monitoring of 

the enhancement of the PL intensity of QDs, previously quenched by EDTA, by means of 

the formation of the Ca-EDTA complex, which limited the free EDTA available for the 

nanoparticles quenching. In Chapter 4, a sensing mechanism based on the enhancement 

of the properties of CdTe nanocrystals was applied for hydrogen peroxide determination in 

lens care solutions. Reduced glutathione was used to improve the surface passivation of 

the nanoparticles by the binding of thiol group of GSH to Cd2+. H2O2 oxidizes GSH and the 

surface passivation of QDs is attenuated which restrain the enhancing effect. 

The results obtained confirmed that the study of pH is very important because it affect the 

extension of the quenching or enhancing reactions. Additionally, it was also confirmed that 

the nature of the capping ligand, as well as the size of nanoparticles, have a strong 

influence on the reactivity of the CdTe QDs for a given analyte, namely, in terms of 

selectivity and sensitivity. 

Quantum dots proved to be extremely promising nanoparticles with a vast potential in 

different analytical applications, even as nanoprobes, combining great functionalization 

simplicity with an immense operational versatility, as confirmed by the results obtained in 

this thesis. However, they present some shortcomings, related mainly with nanoparticles 

solution stability, which could impair detection and measurements. Aiming at overcoming 

these drawbacks and at increasing the analytical potential and applicability of CdTe QDs, 

another important objective of this project was the development of fully automatic 

analytical methodologies resorting to multipumping flow concept. These would be used in 

the automated handling of sample and reagent solutions, as well as reaction zone 

measurement, for implementing of the reaction schemes that involved the interaction 

between the CdTe QDs and the target analyte. Indeed, QDs-based flow systems 

represent a remarkable contribution for extending the analytical scope and the efficiency 

of these nanomaterials, both with respect to the improvement of the performance of used 

discrete approaches and by providing new ways for developing versatile and fast 

alternatives. Compact and miniaturized MPFS based on the utilization of solenoid micro-

pumps as unique active elements, performing multiple tasks, enable the automatic 

handling of sample and reagent solutions with great operational simplicity as well as a 
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reduction of cost and power consumption. The optimization process is also simplified and 

the obtaining of the optimal conditions is performed in a simpler and faster way. The 

hydrodynamic characteristics of the pulsed flowing stream generated by each micro-

pumps actuation allowed the achievement of very stable flow rates and, at same time, a 

fast homogeneous mixture between sample and reagents solutions, improving the 

reaction development and, as a consequence, the sensitivity of the proposed 

methodologies. In addition, the sampling strategies used in all automatic methodologies 

present in this thesis, namely, the merging zone and binary sampling strategies, allowed 

the reduction of the time required for the analysis and also the reagent consumption. So, 

the versatility, feasibility and robustness of the multipumping systems, highlighted in 

Chapters 4, 5 and 6 were explored and demonstrated to be well suited for the 

implementation of sensing schemes based on QDs nanotechnology. In addition, the 

advantages of the characteristics of the multi-pumping flow system, namely great flexibility 

in handling solutions and a strict and reproducible control of the reaction conditions, were 

highlighted in Chapter 4, by combining the sensitivity of the MPA-CdTe QDs and the high 

selectivity granted by the gas-diffusion module. 

Taking into consideration that the use of nanoparticles with analytical purposes could 

have a strong environmental impact because of the high toxicity of the core metals, such 

as cadmium, the carrying out of immobilization strategies was also studied. Accordingly, 

the physical and chemical immobilization of QDs onto a solid support was optimized in 

order to obtain the more suitable materials for subsequent use in analytical applications. 

This way, it would be possible to reduce QDs consumption and avoid or minimize the 

environmental concerns. In Chapter 7, the immobilization of CdTe QDs capped with 

different ligands onto solid supports by using distinct immobilization approaches was 

successfully achieved, wherein the adsorption process demonstrated to be the more 

efficient strategy. The higher immobilization efficiency was obtained when using MPA -

capped CdTe QDs at pH 7.5 and CYS-capped QDs at pH 7 absorbed onto CB solid 

support while GSH – capped QDs at pH 8 and TGA in water had the higher adsorption 

rate onto CPG solid support. 

As overall conclusion, it can be highlighted that the work performed under the scope of 

this project confirmed the great versatility and analytical applicability arising from 

combining CdTe quantum dots with the high automation level of flow-based methods, 

which allows the implementation of distinct reaction schemes and to circumventing most 

of the drawbacks associated with manual analytical methodologies. 

In the future, the development of QDs-based flow systems resorting to nanoprobes 

adsorbed or bonded onto a solid support should be further explored in order to obtain 
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more environmental friendly analytical tools with, for instance, continuous multiuse 

reactors or re-usable detectors allowing, at the same time, a higher stability of 

nanoparticles without impairing QDs optical properties. 
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