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Dissertation Outline

The main goal of this Doctoral work was to develop a fluorescent biomarker to
identify antigenic proteins associated with specific parasites. Although it is
known that fluorescent techniques making use of standard organic dyes are
widely used for this purpose, the development of a new method was proposed
using nanotechnology; in particular the use of nano optical reporters also
called quantum dots (QDs). In order to achieve this goal, the research work
was divided into four main tasks: (1) synthesis and characterization of
CdSe/ZnS core-shell QDs; (2) design of dihydrolipoic acid (DHLA) ligands
appended to oligo and poly (ethylene) glycols (PEG) with different functional
groups to generate biocompatible QDs; (3) bioconjugation of QDs to
monoclonal antibodies based on sophisticated protocols and (4) some
chemical and biological applications of the synthesized non-conjugated and

conjugated nanoparticles.

Chapter 1 of this thesis is a general introduction related to nanotechnology,
particularly on the subject of quantum dots. This includes a general overview
of reported work related to the synthesis, functionalization, bioconjugation,

toxicity and possible applications of these nanopatrticles.

Chapter 2 describes protocols for the synthesis of CdSe cores and surface
passivation with a ZnS multishell. Moreover, the structural and optical
characterization of these nanoparticles making use of diverse techniques is
also presented. Data shown in this chapter has been published in a book
chapter called “Synthesis and Functionalization of CdSe/ZnS QDs using the
Successive lon Layer Adsorption Reaction and Mercaptopropionic Acid Phase
Transfer Methods” within the “Nanoparticles in Biology and Medicine.
Methods and Protocols.” from Springer. Ana S. Miguel is the first author of this
book chapter.

Chapter 3 describes a simple and versatile scheme for the preparation of a
family of heterobifunctional ligands incorporating i) dihydrolipoic acid as QD
ligand, ii) a hydrophilic spacer such as polyethylene glycol with different
molecular weights and iii) different functional end termini. With these ligands,

different water-soluble QDs were produced by the ligand exchange method

Xix



Dissertation Outline

for posterior conjugation with biomolecules. In parallel, the production of
hydrophilic nanoparticles with shorter ligands such as 3-mercaptopropionic
acid by the phase transfer method was also carried out and discussed. The
hydrophilic nanoparticles were characterized in terms of size, surface charge
and fluorescence making use of light scattering techniques and quantum yield
measurements respectively. When appropriate, colorimetric assays were also
used to characterize the presence of some functional groups in the QD
surface. The overall data resulting from this characterization is also described
and discussed in this chapter. Part of the data obtained in chapter 3 has also
been published in the book chapter previously mentioned and edited by

Springer.

Chapter 4 focuses on the conjugation of luminescent water-soluble QDs with
monoclonal antibodies. The conjugation of MPA and DHLA-QDs with
monoclonal antibodies against a recombinant antigenic protein was performed
based on EDC/NHS amide bond forming chemistry. To better understand the
experimental conditions necessary to carry out this reaction, the
bioconjugation assay was proven by studies of the electrophoretic mobility of
carboxy-QDs. Confirmation of the success of the bioconjugation process,
characterization of the binding properties of the bioconjugated-QDs as well as
the capacity that these bioconjugated complexes had to recognize their
antigen, were analysed and discussed. The antibody/QD molar ratio was also

determined.

Biological and chemical applications of the conjugated and non-conjugated
QDs respectively are described in Chapter 5. This chapter is divided into two
sections. The first part is related to the use of bioconjugated samples as
fluorescent biomarkers to detect the RAP-1 antigenic protein in erythrocytes
infected with Babesia bovis. The second part comprises the work with QDs
developed in collaboration with other research groups. For example, the
cytotoxic and genotoxic effects caused by the non-conjugated nanoparticles in
higher plant cells was studied and is discussed. In addition, application of the
native CdSe/ZnS core-shell QDs in the electronics field is described in this

chapter. The work related to the study of the QD cytotoxic has been published
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in Journal of Nanobiotechnology and in the book chapter entitled “Evaluation
of Cytotoxicity of 3-Mercaptopropionic Acid-Modified Quantum Dots on
Medicago sativa Cells and Tissues”, edited by Springer (Nanoparticles in
Biology and Medicine. Methods and Protocols). The work related to the
chemical applications of the native CdSe/ZnS QDs has been published in
Journal of Physical Chemitry C and is also submitted in Physica Status Solidi
A. The study of genotoxic effects of the non-conjugated nanoparticles in

higher plant cells has been submitted in Particle and Fibre Toxicology.

Chapter 6 gathers all the results/findings obtained in this Doctoral work

together to form general conclusions along with suggestions for future work.

A printed version of the published, in press or submitted papers/book chapters
related to the work described in this thesis can be found in Chapter 7

(appendix chapter).
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Abstract

During the past few decades, technology has made great improvements to
enable visualisation, identification and quantitation in biological systems. In
recent years, nanoparticles have become the center of attention of many
researchers. The integration of inorganic synthetic methods with techniques to
produce nano-sized particles of semiconducting materials has led to the
creation of a class of fluorescent optical reporters, called quantum dots (QDs).
These nanometer-sized crystalline particles are composed of elements of
periodic groups of 1I-VI or 1lI-V elements but so far the CdSe/ZnS core-shell
QDs are the most used. These nanoparticles possess unique optical and
electronic properties, compared to organic dyes such as size-tuneable light
emission, superior signal brightness, superior resistance to photobleaching
and simultaneous excitation of multiple fluorescence colours.

One of the main goals of this doctoral work was to synthesize core-shell
CdSe/znS QDs and design ligands that permit the preparation of compact
hydrophilic functionalized QDs amenable to conjugation with a variety of
biomolecules via simple covalent and non-covalent binding strategies. In
order to achieve this objective, detailed protocols for the preparation of CdSe
nanocrystals coated with a multishell structure of ZnS were developed and
described. For the controlled formation of the ZnS shells the Successive lon
Layer Adsorption and Reaction (SILAR) method was used. To analyse the
size, size distribution, shape and fluorescence of the nanoparticles, a
combination of optical and structural characterization techniques was used
including electron transmission microscopy, dynamic light scattering and
quantum yield measurements. To promote the hydrophilicity of the native QDs
in aqueous environments a variety of dihydrolipoic acid (DHLA) ligands were
synthesized appended to a hydrophilic spacer, such as polyethylene glycol, of
various lengths. These ligands also included a functional terminus such as an
amine, a carboxylate or a sugar moiety for the posterior covalent attachment
of the biomolecules. Similarly 3-mercaptopropionic acid (MPA), a short
hydrophilic ligand, was attached using the phase transfer method for ligand
exchange thus forming compact water soluble QDs.

Having available surface functionalized QDs, a further interesting step was
their bioconjugation with antibodies and other proteins. QD/antibody

bioconjugation can be carried out by several different sophisticated methods
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and some of them involve the subtle modification of the antibody presumably
without reduction of bioactivity. The most used procedures are covalent
antibody-QD-conjugation based on cross linking reactions, between the amino
groups that decorate the stem of the antibody and carboxylic acid groups
which terminate the ligand chains connected to the QDs (random
bioconjugation, amide bond formation catalysed by carbodiimide). Taking
advantage of this methodology, the coupling of MPA and DHLA-QDs with
antibodies using EDC/NHS coupling chemistry was carried out. Monoclonal
antibodies against recombinant RAP-1 Babesia bovis protein were attached
using this method. The bioconjugated nanoparticles were characterized by
comparing their molecular weight and electrophoretic mobility with non-
conjugated nanoparticles as well as their functional and binding properties,
using SDS-PAGE, agarose gels and western blotting techniques.

Finally, the application of the developed bioconjugated nanoprobes in the
biological field, namely in the detection of recombinant RAP-1 antigenic
protein in infected Babesia bovis erythrocytes was carried out. Babesia bovis
is an intraerythrocytic protozoan parasite transmitted by Ixodid ticks and
responsible for great economic losses in cattle industry in many tropical and
subtropical regions worldwide. Over the years many different methods have
been applied to identify early infections in whole blood of the animals, in
particular immunofluorescence antibody test (IFAT). However, one of the
significant limitations presented by this method is photobleaching. Using the
QDs conjugated with anti-RAP 1 antibody for detection of rhoptry associated
antigenic protein (RAP-1) present in the apical complex of different B. bovis
parasites in infected blood, these nanoparticles proved to be a good
alternative to traditional IFAT and also useful tools in biosensing applications
since they are much less prone to photodegradation.

Concerns about the toxic and genotoxic effects of these nanoparticles in
biological systems have been raised since they contain toxic elements such
as cadmium and selenium. Another interesting area of development is for
possible applications in electronics for the creation of biosensors, lasers or
high performance devices. This interest has led to the creation of
collaborations with other research groups from different institutes/universities

located in Portugal, Spain and Italy with the aim of studying the cytotoxic and

XXXii



Abstract

genotoxic effects in Medicago sativa cells (higher plant cells) when exposed
to CdSe/ZnS core-shell QDs coated with 3-mercaptopropionic acid as well as
the use of a recent laser-based deposition technique to immobilize the native
QDs onto solid substrates for further application in electronic devices. For the
cytotoxicity and genotoxicity studies, in general, the resulting work
demonstrated that these effects are dependent on a number of factors
including the QD’s properties, dose and environmental conditions of
administration. It was concluded that, QD concentrations between 1 and 5nM
should not be exceeded for such biological applications. On the other hand,
the native CdSe/ZnS core-shell QDs could prove to be useful tools in the
electronics field since they are resistant to laser deposition techniques
creating a specific network-like surface morphology of the deposited material
and after the immobilization process, their functional properties (fluorescence)
were not altered.

This doctoral work has demonstrated the numerous advantageous properties
and some of the potentialities of the chosen QDs not only in the biological
field but also in other areas.

Key-words: Quantum dots, SILAR method, biocompatible, bioconjugation,
immunofluorescence assays, Babesia bovis, cytotoxicity, genotoxicity and
MAPLE technique.
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Durante as ultimas décadas, a tecnologia tem produzido notaveis avancos
para permitir a identificacdo, a visualizacdo e a quantificacdo em sistemas
biolégicos. Nos Ultimos anos, as nanoparticulas tornaram-se o centro das
atencées de muitos investigadores. A integracdo de métodos sintéticos
inorganicos com técnicas de producdo de nanoparticulas, constituidas por
materiais semicondutores, levou a criagdo de uma classe de reporteres
Opticos fluorescentes, denominados de quantum dots (QDs). Estas particulas
cristalinas de tamanho nanométrico podem ser compostas por elementos dos
grupos lI-VI ou llI-V da tabela periédica, mas até agora as que possuem um
nacleo de seleneto de cadmio (CdSe) e uma cobertura de sulfureto de zinco
(ZnS) tém vindo a ser as mais utilizadas. Estas nanoparticulas possuem
propriedades Opticas e electrénicas Unicas, quando comparadas com
corantes organicos, tais como um tamanho definido de acordo com a
emissdo de luz pretendida, um superior sinal de brilho, uma elevada
resisténcia a foto-degradacdo e podem ser excitadas em diferentes
comprimentos de onda permitindo obter miltiplas cores de fluorescéncia.

Um dos principais objectivos deste trabalho Doutoral foi sintetizar
nanoparticulas semicondutoras com a estrutura nucleo-cobertura CdSe/ZnS
e criar ligandos organicos que permitissem a obtengdo de nanoparticulas
compactas, funcionalizadas e hidrofilicas de forma a serem posteriormente
conjugadas com diversas biomoléculas fazendo uso de ligagbes simples
covalentes e ndo-covalentes. De forma a alcancgar este objectivo, foram
desenvolvidos e descritos protocolos detalhados para a preparacao destes
nano-cristais. A formacao controlada das coberturas de sulfureto de zinco foi
efectuada com base no método SILAR (successive ion layer adsorption and
reaction). Para analisar o tamanho, a distribuicdo de tamanho, a forma e a
fluorescéncia das nanoparticulas, foi utilizada uma combinacéo de técnicas
de caracterizagdo estrutural e Opticas, nomeadamente microscopia de
transmissao electrénica (TEM), dynamic light scattering (DLS) e medic¢des do
rendimento quéantico. Para promover a hidrofilicidade das nanoparticulas
semicondutoras nativas em ambientes aquosos, foi sintetizada uma
variedade de compostos derivados do acido dihidrolipéico (DHLA) contendo
anexada uma molécula hidrofilica, como o caso do polietileno glicol (PEG), de

diferentes comprimentos. Estes ligandos contém também na sua estrutura,
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um terminal funcional que pode ser constituido por diferentes grupos
funcionais, como por exemplo, uma amina, um acido carboxilico ou um
glicido para uma posterior ligacao covalente das biomoléculas. Da mesma
forma, embora se trate de um ligando hidrofilico de pequeno tamanho, o
acido 3-mercaptopropionico (MPA) foi também acoplado a superficie das
nanoparticulas, usando o método de transferéncia de fase, originando assim
QDs compactos e solUveis em meios aquosos.

Apo6s a superficie dos QDs se encontrar funcionalizada, um passo posterior
interessante foi a sua conjugacdo com anticorpos e proteinas. A conjugacao
QD-anticorpo pode ser efectuada utilizando diferentes métodos sofisticados e
envolvendo, alguns deles, uma modificacdo suave do anticorpo, sem que
haja uma presumivel redugdo da sua actividade biolégica. Um dos
procedimentos utilizados para a conjugacdo covalente QD-anticorpo €
normalmente baseado em reacc¢des cruzadas entre 0S grupos amino, que
decoram a regido Fc do anticorpo, e os acidos carboxilicos, que terminam as
cadeias dos ligandos que se encontram ligados a superficie dos QDs
(bioconjugacao aleatéria em que a formacgéo da ligagdo amida é catalizada
por uma carbodiimida). Tirando partido desta metodologia, neste trabalho, a
reaccdo de conjugacdo entre os QDs funcionalizados com MPA e DHLA e
anticorpos monoclonais contra a proteina antigénica recombinante RAP-1 de
Babesia bovis foi realizada usando a via quimica de acoplamento EDC/NHS.
As nanoparticulas bioconjugadas foram posteriormente caracterizadas
utilizando técnicas de biologia molecular. Nesse sentido, foi efectuada uma
comparacdo do peso molecular e da mobilidade electroforética, entre as
particulas conjugadas e ndo conjugadas, usando géis de agarose.
Adicionalmente, usando SDS-PAGE e immunoblotting, as particulas
bioconjugadas foram também analisadas de forma a avaliar as propriedades
de ligagdo dos anticorpos a superficie dos QDs assim como a sua actividade
biologica.

As nanoparticulas bioconjugadas desenvolvidas neste trabalho foram
aplicadas no campo biolégico, nomeadamente na deteccdo da proteina
antigénica recombinante RAP-1 B. bovis, em eritrécitos provenientes de
bovinos infectados com Babesia bovis. A Babesia bovis € um parasita

protozoario intra-eritrocitario transmitido por carracas da familia Ixodidae, e é
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responsavel por elevadas perdas econdmicas na induUstria bovina em
diversas areas tropicais e sub-tropicais a nivel mundial. Ao longo dos anos,
diferentes métodos tém sido aplicados para identificar infeccdes precoces no
sangue dos animais, em particular, IFAT (immunofluorescence antibody test).
No entanto, uma das limitagBes significativas apresentadas por este método
€ a foto-degradacdo. De forma a ultrapassar este problema, os QDs
conjugados com o anticorpo anti-RAP 1 foram testados na detecgdo da
proteina antigénica RAP-1 presente no complexo apical de diferentes
parasitas B. bovis, em sangue animal infectado. Os resultados obtidos
demonstraram que estas nanoparticulas, quando conjugadas com o anticorpo
especifico, podem ser uma boa alternativa ao método tradicional IFAT. Para
além disso, também revelaram ser ferramentas Uteis em aplicagdes como
biosensores uma vez que sdo muito menos propensas ao processo da foto-
degradacéo.

Actualmente um dos temas que tem vindo a ser desenvolvido na area da
nanobiotecnologia e que tem levantado alguma preocupacgéo sdo os efeitos
citotoxicos e genotoxicos que estas particulas semicondutoras podem
provocar em sistemas bioldégicos, uma vez que sdo constituidas por
elementos téxicos, como o cadmio e o selénio. Outro campo de aplicagéo, e
que também tem sido alvo de estudo, € a possivel utilizacdo deste tipo de
particulas na éarea da electrénica, nomeadamente para a criacdo de
biossensores, lasers ou dispositivos electrénicos de elevado desempenho.
Estes dois topicos levaram a criacdo de colaboragBes com outros grupos de
investigacdo de diferentes institutos/universidades localizados em Portugal,
Espanha e Itadlia. Um dos principais objectivos destas colaboracdes foi
estudar os efeitos citotoxicos e genotdxicos destas nanoparticulas em células
vegetais superiores de Medicago sativa quando expostas a QDs de
CdSe/znS revestidos com acido 3-mercaptopropiénico (MPA-QDs). Outro
dos objectivos foi testar a imobilizacdo das nanoparticulas hidrofébicas em
substratos sélidos usando uma técnica recente de deposicdo com laser para
posterior aplicacdo em dispositivos electronicos. Relativamente aos estudos
de citotoxicidade e de genotoxicidade efectuados, de uma forma geral,
demostrou-se que estes efeitos sdo dependentes de uma série de factores

nomeadamente das propriedades das nanoparticulas, da dosagem e ainda
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das condicdes em que sdo administradas. Com estes estudos foi possivel
concluir que, para este tipo de aplicacfes bioldgicas, concentracées de QDs
entre 1 e 5nM nédo deverdo ser excedidas. No que se refere as aplicacdes
electrénicas, os QDs nativos de CdSe/ZnS provaram ser ferramentas Uteis
neste tipo de area, uma vez que sao resistentes a técnicas de imobilizacédo
com laser. Estas particulas demonstraram ter a capacidade de criar na
superficie uma morfologia de rede especifica, as quais apés o processo de
imobilizagdo mantém as suas propriedades funcionais (fluorescéncia)
inalteradas

Com este trabalho Doutoral foi possivel demonstrar, tanto no campo biolégico
como em outras areas, as inUmeras propriedades vantajosas e algumas das
potencialidades das nanoparticulas semicondutoras escolhidas para a
realizagcdo deste trabalho.

Palavras-chave: Quantum dots, método SILAR, biocompativel,
bioconjugacéo, ensaios de imunofluorescéncia, Babesia bovis, citotoxicidade,
genotoxicidade e técnica MAPLE.
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Introduction

The term Nanotechnology has been employed to describe the creation and
exploitation of materials with structural dimensions between those of atoms
and bulk materials, with at least one dimension in the nanometer range
(lnm:10'9m)[1]. During the last decade, engineered nanoparticles have
become an important class of new materials with several properties that make
them very attractive for commercial development @, Among the various
classes of nanoparticles, Quantum Dots (QDs) have attracted much attention
in biotechnology and biomedical fields due to the wide availability of
precursors, straightforward synthesis and the unique optical and electronic
properties. In particular, biosensing, drug delivery, and in vitro and in vivo
imaging are the areas which have most benefitted from bioconjugated QDs (1,
Core/shell QDs are nanocrystals composed of a core of a semiconductor
material, coated within a shell of another semiconductor material with a larger
spectral band gap. They were initially prepared in colloidal solutions in 1982
™ but the systematic advancement in the science and technology of these
nanoparticles was fuelled only after 1984 when Louis Brus ® ® derived a
relationship between size and band gap for semiconductor nanoparticles by
applying a patrticle in a sphere model approximation to the wave function for
bulk semiconductors . QD cores are usually composed by elements from
groups Il and VI such as CdSe (most common) or groups Il and V like InP,
while the shell is typically a high band gap material such as ZnS [ The best
available QD fluorophores for biological applications are made of CdSe cores
coated with a layer of ZnS because their chemistry is the most refined. The
ZnS passivates the core surface, protects it from oxidation, prevents leaching
of the Cd/Se into the surrounding solution and also produces substantial
improvement in the photoluminescence (PL) yield B9 These nanoparticles
possess distinct properties that give them their unique capabilities when
compared with standard organic dyes. Quantum dots in general are very
small with a diameter in the range between 4 and 12nm and their unique
optical and electronic properties originated from a combination of bulk
semiconductor properties (e.g. band gap of the semiconductor material) and
guantum confinement effect™®. In small nanocrystals their electronic structure

is intermediate between discrete levels of an atomic system and the band
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structure of a bulk solid, due to the confinement of the electron wave function
within the physical dimensions of the particle. This phenomenon is called
quantum confinement and this is why nanocrystals are known as oDs™. In
these particles, the highest occupied atomic levels of the atomic (or ionic)
species interact with each other to form the valence band of the nanoparticle.
Similarly, the lowest unoccupied levels combine to form the conduction band
of the particle. The energy gap between the valence and conduction bands

results in the band gap of the nanoparticle!?.

Figure 1 | Electronic Energy Levels Depending on the Number of Bound Atoms.
By binding more and more atoms together, the discrete energy levels of the atomic
orbitals merge into energy bands (here shown for a semiconducting material). Adapted
from reference [10].

The most striking evidence of quantum confinement in semiconductor
nanocrystals is their size-tuneable optical properties. In other words, the shift
in the optical absorption and emission spectra of QDs is dependent on their
size. When a semiconductor absorbs a photon, an electron is promoted from
the valence band to the conduction band, creating an exciton (electron-hole
pair) or leaving behind a region of positive charge (hole) in the valence band.
During this process, both electron and hole can move around in the bulk
material, but since the exciton is composed of an electron and a hole that

have opposite charges, a strong Coulomb attraction causes them to remain
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relatively localized within a nanometer-sized crystal. This means that due the
small size of the nanocrystals, the electron-hole separation is confined and
smaller than the Bohr radius of the semiconductor ™ *?. Hence, when core
nanocrystals are made progressively smaller, more energy is required to
confine the exciton, and the energy of the emitted photons increases.
Therefore, larger nanocrystals absorb and emit in the red while smaller
nanocrystals absorb and emit in the blue. By controlling the core size it is
possible to develop a range of nanocrystals with distinct emission spectral
characteristics. The spectral characteristics of QDs offer other distinctive
advantages over those of organic dyes and fluorescent proteins, particularly
with regard to implementation of spectral multiplexed detection schemes (e.g.
multicolour imaging). The broad absorption spectra of QDs and the fact that
the absorption coefficients increases towards shorter wavelengths facilitates
single wavelength excitation of multiple QD nanocrystal types. In addition to
large molar absorptivity coefficients (~10°-10° Mcm™), the emission spectra
of core-shell QDs are narrow, symmetric (Gaussian in shape) and can span a
broad range of wavelengths by a careful choice of particle size and
composition. QDs also possess high quantum yields due the large capacity
for photon absorption which is propagated into emission of fluorescence
photons 3,

Another property of QDs is their high photostability when not exposed to
extreme conditions. This is because, generally, the core material with a
narrow band gap is enclosed within a shell coating, comprised of a different
semiconductor material with higher band gap. This core-shell architecture not
only confines excitation and emission of the core but also enhances quantum
yield and protects the core from photobleaching 4.

These unique properties show why these nanomaterials of excellence have
been applied in a variety of biological applications and have been allowing
investigators to unravel biological function at the molecular level 2.
Quantum Dots, despite their many advantages, possess also some issues
that must be considered, prior to their widespread adoption, including blinking,
biocompatibility, larger relative size as compared to standard fluorophores
and conjugation. However, all of them have been overcome to some extent

and are continually being studied and improved 04 In this chapter, past and
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ongoing efforts in synthetic methods, surface modification and bioconjugation

will be addressed as well as general applications of these nanopatrticles.

Figure 2 | Quantum Dots. (a) Absorption and Emission spectra of a standard organic
dye (rhodamine red) and a genetically encoded DsRed2 protein. (b) Absorption and
Emission spectra of six different QD dispersions, showing how multiple narrow and
symmetric QDs emission can be used in the same spectral window when compared
with an organic or genetically encoded dye. (c) Photo demonstrating the size-tuneable
fluorescence properties of colloidal CdSe quantum dots dispersed in hexane. (d)
Structure of a lipophilic CdSe/ZnS core-shell QD with TOPO and HDA as surrounding
organic ligands. Images (a) and (b) adapted by permission from Macmillan Publishers
Ltd: Nature Materials[15] , copyright 2005.

Synthesis of QDs
Semiconductor nanoparticle synthesis was reported for the first time in the

“ | 1 who in

1980's by Alexei Ekimov™ and Louis Brus™, but it was Murray et a
1993 brought radical changes to the basic research and applications of QDs.
This protocol produced QD samples that were highly monodisperse, regular in
core structure, size-tuneable and possessed a surface capping. Briefly, the
CdSe core-QDs were synthesized using dimethyl cadmium (CdMe,) and
trioctylphosphine selenide (TOPSe) as cadmium and selenium precursors
respectively in a coordinating solvent mixture composed of trioctylphosphine
(TOP) and its oxide (TOPO). The synthesis was carried out in an inert
atmosphere and the precursors were dissolved at 300°C followed by the

growing of the nanocrystals at 230-260°C. Taking this method as the base for
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the colloidal synthesis of QDs, different semiconductor nanocrystals were also
obtained such as CdS or CdTe by simply replacing TOPSe by bis
(trimethylsilyl) sulphide (BTSS) or TOPTe . Although this approach produced
narrow size-distributed QDs with individual luminescence colours, the quality
of the core-shell nanocrystals was not high in terms of size and size
distribution control and the use of extremely toxic, pyrophoric, explosive
and/or expensive substrates such as CdMe, represented a drawback. For
these reasons, since that date many modifications have been made to this
procedure in order to overcome these issues. The hazardous CdMe, was
substituted by non-volatile cadmium precursors as demonstrated by
Vossmeyer et al’® who accomplished the synthesis of colloidal QDs by
replacing the CdMe, with cadmium perchlorate (CdClO,). However, it was
Peng and co-workers in 2001 that more significantly contributed to the
synthesis of CdX semiconductor nanocrystals eliminating the use of CdMe,
with cadmium chloride (CdCl,)™, cadmium acetate (CdAc,)® or cadmium
carbonate (CdCOg)[Zl]. More recently the synthesis of QDs was simplified and
optimized by the use of metal oxides such as cadmium oxide (CdO) %,

Another important point that has also been developed in the synthesis
process of colloidal QDs is the choice of coordinating solvents. This type of
solution has the ability to stabilize the bulk semiconductors and prevent
aggregation as the QDs grow " 2. Originally the preparation method of high
quality QDs include the use of TOPO and TOP, but the synthesis of CdX
nanocrystals was improved when the mixture TOPO/TOP was supplemented
by alkylphosphoric acids such as dodecylphosphoric acid or more importantly
by alkylamines such as 1-hexadecylamine (HDA) which proved to be very
good for the production of core nanocrystals with much smaller size
distribution and high PL * %, It is important to point out that in the search for
green synthetic methods for colloidal nanocrystals, non-coordinating solvents
such as 1- octadecene (ODE) % % 2"l as also implemented. Among other
advantages, the lower reactivity of ODE with the precursors and the excellent
solvation power, made it very useful for the growth of high quality QDs in
general. With the many developments made over the years, it is clear that the
central synthetic methodology to provide protocols that enable core-QDs with

customised properties is currently straightforward and reproducible; however
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the semiconductor core material needs to be protected from degradation and
oxidation to maintain optimum QD performance.

Shells on core QDs, in general, possess many functions including the
protection of the core against oxidation and leaching and serve as a platform
for ligand exchange and bioconjugation reactions. In addition, these shells are
also made up of suitable semiconductor materials which preserve and
improve the optical properties of the core . The CdSe cores coated with a
ZnS shell have been the most investigated. The ZnS shell does not
incorporate into the core or alter the core structure but increases the quantum
yield of the CdSe core 14 As has happened with the core-QDs, the core-shell
nanocrystals have also undergone some modifications regarding the
semiconductor precursors. Dabbousi et al®® accomplished the preparation of
core-shell QDs by the epitaxial growth of ZnS shells using diethyl zinc (Et,Zn).
Zinc stearate and zinc oxide (ZnO) were introduced by Reiss and co-workers
) to avoid the use of pyrophoric dialkyl zinc precursors. In general,
semiconductor shells grown epitaxially by addition of shell precursors into the
reaction mixture containing the core nanocrystals. This shell growth process

5] put the search for

was traditionally carried out by drop-wise addition
homogeneous monolayer growth of the shell precursors onto all core
nanocrystals in solution led to the introduction of the successive ion layer
adsorption and reaction (SILAR) method. This method was introduced in 2003
by Peng et al 22 and was developed for the growth of the shell where each
monolayer is grown one at a time by alternating the injection of air-stable and
inexpensive cationic and anionic precursors into the reaction mixture. The
shell thickness may be controlled by various parameters including growth
temperature, concentration and rate at which the reagents are added. The
temperature is a crucial factor because if the shell growth temperature is too
close to that of the core synthesis temperature, core seeds can continue to
grow and negatively affect the size distribution. On the other hand, if the shell
growth proceeds at lower temperatures, the cristallinity of the shell decrease
leading to imperfect passivation of the core surface. The concentration and
rate of addition of the shell precursors are also important to promote the

14]

heterogeneous growth 04 In this way a series of discrete monolayers is
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produced under controlled conditions and usually does not exceed more than
five.

Although semiconductor shells have been demonstrated to provide important
protection, contributing to the stability of the core against degradation and
photobleaching, they are poorly soluble in aqueous solutions. Thus, surface
modification of QDs is needed for further stability, biocompatibility and

bioconjugation.

Surface Modification of QDs for Stability and Biocompatibility

The inorganic core-shell semiconductor nanoparticles such as CdSe/ZnS
QDs, once prepared, are covered and are initially only soluble in organic
solvents. To be useful in biological applications, these nanoparticles must be
soluble in aqueous solutions. The three main strategies used to make QDs
biocompatible are: ligand exchange with bifunctional molecules, silica coating
and encapsulation with amphiphilic polymers and phospholipids micelles.

The ligand exchange method is a surface exchange reaction which results in
the addition of a heterobifunctional ligand and so far seems to be the
methodology most applied. This ligand employs a hydrophobic and chelating
end to displace the native organic ligands such as TOPO, TOP or HDA from
the QD, while the hydrophilic end extends out into the aqueous phase, aiding
solubility 4 Common heterobifunctional ligands applied for this procedure
are mono and dithiols which complex with the metal ions at the surface, and
having a hydrophilic group such as a carboxylic acid at the other end of a
carbon chain. Since 1998, various methods for the synthesis of thiol-capped
QDs have been developed. The first work was reported by Warren et al
where CdSe/ZnS core-shell QDs were solubilized with mercaptoacetic acid
(MAA). These mono-mercapto liganded QDs are obtained either commercially
or by simple synthesis, but have short shell lives due to dynamic thiol-ZnS
interactions "*.. The substitution of the mono by the dithiol dihydrolipoic acid
(DHLA) emerged with Mattoussi and co-workers to improve the long-term
stability of the hydrophilic nanoparticles . Although DHLA allows QD
dispersion in basic buffer solutions, the aggregation of DHLA-QDs under
acidic conditions was registered. To overcome these limitations a coating with

polymers (e.g. polyethyleneglycol) on the QD surface provides increased
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stability and biocompatibility of the QDs. These polymers were introduced by

several groups 23

and offer several advantages including protection against
hydrolysis and biochemical reactions, improved solubility and adapt the
surface of QD for bioconjugation due to their ability to append different
functional end groups (e.g. COOH, NH, or sugar moieties) for further coupling
with biomolecules.

Silica shells and amphiphilic polymers/phospholipids micelles constitutes
other alternatives to provide solubility/stability to the QDs in aqueous
environments. Silane derivatives have been used to displace the coordinating
ligands on the QD surface which resulted in a layer of silica around the QD.
This approach is more complicated when compared for example with
monothiol-capped QDs; however the difficult nature of their synthesis is
countered by considerable advantages. QDs coated with silica are more
stable due to the high degree of crosslinking between the silane molecules.
Moreover, the experimental procedures do not change if a different type of
siloxane is used. In the case of amphiphilic polymers such as octylamine-
modified polyacrylic acid ®* !, the non-polar QD shell is used to interact with
the hydrophobic region of the polymer while the hydrophilic portion of the
polymer become free to increase solubility. The process of growing an
amphiphilic polymer shell around quantum dots is similar to that used for silica
coating but instead of forming the shell by displacing the coordinating ligands
(e.g. TOPO) from QD surface, the amphiphilic polymer takes advantage of the
hydrophobic nature of these ligands and creates a network with them. This
methodology provides higher stability over a broader pH range however the
resulting water-soluble QDs are significantly larger in terms of size which can
be a limitation for certain biological applications ** 2.

It is clear that whatever be the surface capping methodology, the introduction
of a shell is very important, not only for the improvement of the solubility but
also for protection against chemical/physical/biochemical damage and
ultimately for the appendage of functional groups for further bioconjugation.
However, it's important to point out that the hydrodynamic size of the QDs is a
parameter that has to be controlled for the optimum efficiency of the

hydrophilic nanoparticles in the various biological applications.
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Figure 3 | Surface Modification of QDs. Schematic diagram with some selected
surface coatings applied for surface modification of QDs™ *!. Common surface
modification strategies include: (a) monothiols, (b) bidentate thiols, (c) silane
derivatives, (d) PEG-phospholipids micelles and (e) amphiphilic polymers.

Conjugation of Biomolecules to QDs

For biological applications, QDs must be linked to biomolecules without
altering the biological activity of the conjugated form. Various chemistries are
available to conjugate biologically active molecules onto the surface of the
nanocrystals, including covalent and non-covalent attachment methodologies.
Specific conjugation methods include direct adsorption on the QD surface, the
use of inert polymers coatings or biotin-streptavidin linkages. In general the
choice depends on the features of the biomolecule of interest which can be
divided into three main classes: antibodies, peptides and small molecules
(oligonucleotides or serum albumins). If an antibody exists for an extracellular
epitope of the target, normally the simplest and quickest labelling route is to
use an antibody-QD conjugate whereas if the ligand-target interactions are
facilitated by a peptide epitope of a protein or a known peptide, the logical

reagent to utilize in labelling is peptide-QD conjugate. Small molecules are
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normally used when ligands with high affinity and selectivity can carry the QD
directly to the binding site of the protein of interest. A variety of small
molecules have already been conjugated to QDs (e.g. PEGylated serotonin
derivative, dopamine, etc.), however, this approach could represent a
disadvantage because sophisticated organic chemistry is required to
synthesize an optimized ligand (12,14,

The antibody-conjugates are often the method of choice to modify the QD
surface in order to direct it to a target. For the labelling of QDs with antibodies
many different strategies have been applied. The covalent attachment of
biomolecules to QDs is achieved through direct linkage to the QD surface
coating containing reactive groups such as an amine or carboxylic acid or
using cross-linker molecules. The most used procedures for this purpose are
based on cross linking reactions, (1) between carboxylic acid (-COOH) coated
QDs and primary amines (-NH,) (random bioconjugation, catalyzed by
carbodiimide), (2) between amine coated QDs and sulfhydryl groups from
antibody fragments obtained via disulphide reduction (coupling between
Michael acceptor and sulphydryl groups), (3) between a hydrazide (or amine)
function and an aldehyde formed by oxidation of carbohydrate groups located
on the antibody’s Fc region (reductive amination)[37]. Other usual conjugation
chemistry is the strong biotin-streptavidin linkage. This method could be
advantageous because not only a variety of antibodies but also proteins can
be biotinylated for further coupling with streptavidin-coated QDs, however the
increased hydrodynamic diameter could represent a limitation for certain
biological applications % . Non-covalent biomolecular attachment has also
been employed and the simple electrostatic interactions and direct adsorption
are commonly used.

Electrostatic interactions’ coupling was introduced by Mattoussi and co-
workers. In this strategy the bifunctional recombinant protein of interest
consisting of positively charged attachment domains interacts electrostatically
with the negatively charged surface of the QD ?®. The bioconjugated QDs
formed in an electrostatic fashion are less stable than those formed by
covalent attachment and the method is limited to nanocrystals with charged
surfaces, but allows the self-assembly of a variety of individual proteins

amenable to alterations of the interaction domain. Direct adsorption has also
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been demonstrated, in particular, for chemically modified peptides which
adsorb spontaneously on the QD surface. This conjugation strategy permits
the coupling of multiple peptides to one QD leading to an increase in the
binding capacity of the resulting complexes through multivalent interactions.

The reagents used are usually N-hydroxysuccinimidyl iodoacetate (SIA) or 2-

{38

iminothiolane-HCI commonly known as Taut’s reagen 1 Non-specific binding

has also been used to couple small biomolecules to QD surface. This kind of
strategy normally depends of the ionic strength, pH, temperature and surface
charge of the biomolecule. However, this approach although observed in
several systems, could negatively impact the results of an experiment

because nonspecific attachment of unintended molecules and aggregation is

[7, 12]

possible to occur . For this reason, several alternatives have been

reported to address this issue, including the coating of QDs with an inert

hydrophilic polymer such as polyethylene glycol (PEG)[?’g].

Figure 4 | Bioconjugation Strategies. An illustration of some selected biomolecule
conjugation strategies applied to QDs" . The grey periphery around the QD
represents a general coating. Common strategies for bioconjugation include: (a) thiol
modifications, (b) polyhistidine, (c) electrostatic association with coating, (d) nickel
mediated assembly of polyhistidine to carboxyl coatings, (e) maleimide activation and
coupling, (f) active ester and coupling and (g) biotin-labelling and streptavidin-QD
conjugates.
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With the variety of methods available and described above for the conjugation
of biomolecules on QD surfaces it is easy to understand the amount of works
that has been reported over the years to facilitate biolabeling. However, it is
important to point out that bioconjugation is directly related to the
development of new caps and work in this field continues in order to improve

and expand the application of QDs to biological labelling.

Some Applications of QDs
Core-shell QDs possess physical and chemical properties that provide
advantages for a number of different life science applications when compared

d [14]

with the standard fluorophores currently employe . These nanoparticles

are mainly used for controlled drug delivery, bioimaging, cell labelling,
biosensing, diagnosis, histochemistry and tissue engineered applications!*".

Cellular labelling applications of QDs have been most successful and much
progress has been made in the last decade. Many reports works 14244 has
shown that QD labelling permits extended visualization of cells under
continuous illumination as well as multicolour imaging, highlighting the
advantages offered by these nanoparticles related to the standard
fluorophores[ls]. The first labelling experiments were performed in 1998 by
Alivisatos and Warren groups separately using protein interactions to
specifically label 3T3 fibroblast and HelLa cells respectively to QDs?® *°,
These early studies demonstrated a lack of efficacy and specificity which are
required requisites for QD labelling in live cell studies. However, then many
developments have been made especially in surface coatings to improve
aqueous solubility and the use of bioconjugation approaches such as avidin-
biotin, antibody-antigen and ligand-receptor interactions to provide specificity
in fixed and live cells “®. In general the labelling of fixed cells preparates is a
harsh treatment to facilitate the entry of the QD reagent while in live cells the
process must be handled carefully to maintain cellular viability. One issue of
cellular labelling is the entry of the relatively large QD into the cell across lipid
bilayer of the cellular membranes. Some strategies have been developed to

47 and

accomplish this process including non-specific uptake by endocytosis
mechanical delivery methods such as microinjection or electroporation. In the

cellular uptake, the QDs are taken up into cells by natural transport processes
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(e.g. uptake of nutrients or viruses) and can be stored in granular
compartments around the nucleus, without penetrating the nucleus (endocytic
compartments). The micro/nano-injection of micro/nano-volumes of QDs into
the cytoplasm and nucleus of individual cells was demonstrated™®, but this
strategy is a time consuming approach and the number of cells labelled
limited. The electroporation process uses charge to physically deliver QDs
through the membrane, but this method result in aggregation of QDs in the
cytoplasm and widespread cell death!*®. Summarizing, the labelling of cells
with QDs can be carried out by methods applied by man or by methods
adopted by cells and several works have been developed in this way to
improve the specificity of these nanoparticles for the study of relevant
biological problems.

Another important biological application of the QDs is the molecular imaging
in vitro and in vivo. Due to their photostability and great resistance to
photobleaching, QDs allow the acquisition of images over a longer period of
time without damaging the specimen. When QDs are employed in biological
imaging, some biochemical factors should be considered namely their
solubility in aqueous media in order to be compatible with the biological
environment. In this particular case, surface modification and conjugation of
QDs plays an important role. The various surface coatings enhance solubility
and provide a variety of functional groups for conjugation to antibodies,
peptides and other biomolecules and/or reduce non-specific binding to the cell
surface™ °”. One of the most immediately successful applications of QDs in
Vivo is their use as contrast agents for the two major circulatory systems of

mammals, the cardiovascular system B! 52

and the lymphatic system
However, the active targeting of cancer antigens has become a unique
challenge in the field of medicine because of the urgent need for sensitive and
specific imaging agents for diagnostic and therapy. Since 2002 many
protocols have been proposed for the conjugation of QDs with an affinity

agent for various tumour cells and their vasculatures ®* >4

. More recently,
QDs labelled with a monoclonal antibody against human epidermal growth
factor receptor 2 (HER2) were used to study the delivery mechanism of
quantum dots in human breast cancer cells in a mouse model®®. Also in

another study QDs conjugated with specific protein biomarkers were used for
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the molecular mapping of tumour heterogeneity on human prostate cancer
tissue specimens tse1, Regarding the application of QDs in in vitro molecular
imaging, has been described that QDs can be microinjected into the
cytoplasm of fixed cells, but another interesting in vitro application relies on
the immunostaining of fixed cells and tissue specimens. QD-based
immunohistochemistry (IHC) can improve both diagnostic sensitivity and
specificity. In addition, it can also provide correlated molecular and
morphological information at the same time. However, this technique has had
limited success, particularly in medical applications. A major drawback is the
lack of robust protocols to define the key parameters and steps. For example,
there is no consensus on methods for QD-antibody conjugation, tissue
specimen preparation, multicolour QD staining, imaging processing and data
quantification " "1,

Owing to their unique spectral properties and physicochemical stability, QDs
have also been used for biosensing applications. Besides immunoassays and
nucleic acid detection, the Forster resonance energy transfer (FRET) is the
technique that has been most extensively described in biosensing studies
associated with QDs. This powerful technique allows the probing of very small
changes in distance between donor and acceptor fluorophores because the
efficiency of energy transfer depends in addition to this distance, also the
spectral overlap and relative orientation of both donor and acceptor. This
technique is commonly used to monitor biological events such as ligand-
receptor binding, protein-protein interactions and conformational changes. In
the large number of works already reported, QDs are predominantly used as
donor molecules due their long fluorescent life time, broad absorption spectra

[12, 58

and high extinction coefficients. In these studies 1 bioconjugated QDs

have been applied to several such studies For example, Willard et al used

QDs conjugated to bovine serum albumin (BSA) in a protein-protein assay[sg],

Medintz and co-workers utilized QDs surrounded by maltose binding proteins

(MBP) labelled with Cy3 for the detection of maltose sugar in solution in a

[60]

dose-dependent manner™. In another example, Zhang et al constructed a

single QD-FRET biosensor for accurate and sensitive DNA detection in

solution using streptavidin conjugated QDslGl].

18



Introduction

Despite the extended use of core-shell QDs in the biological field, QDs can
also be applied in electro-optic devices. The basic advantage of this type of
particles is the shell material coating the core surface, which increases the
colloidal stability and prevents photodegradation of the core particle U The
colloidal nanocrystals possess tunability of the emission colour from UV to
near-Infrared by simply varying the nanocrystals size or narrow emission
band, which has made them very useful in light-emitting devices (LEDS) 2]
development in the last decade. For this purpose, QDs have been
incorporated into thin film LEDs that use a combination of semiconducting
polymers, small organic molecules, IlI-V materials, and ceramics as charge
transport layers 3 This class of colloidal core-shell QDs offer opportunities
for inexpensive device fabrication using for example solution-based
techniques such as spin or dip-coating, leading these particles to be used in
thin film solar cells. The combination of CdSe QDs with polymers or the
coupling of these QDs with wider gap materials such as titanium oxide (TiO,),
tin oxide (SnO,) or zinc oxide (ZnO) maximize the efficiency of charge
separation and led to the investigation of photoinduced charge transfer
processes which constitute basic steps in the operation of photovoltaic

devices [+ ¢,

QD Toxicity

Due to their chemical composition from toxic elements, such as cadmium and
selenium, CdSe/ZnS core-shell QDs have raised many concerns about their
use and application in biological systems (cells and animals) %1 cadmium is
the element most widely used for QD cores and for this reason various works
have been reported describing methods to quantify the amount of free

6769 sStudies on the

cadmium ions (Cd2+) in different biological systems
exposure of cells to QDs have demonstrated the cytotoxic manifestations
derived from the intracellular release of free cadmium from the QDs. The Cd**
ions can be released through oxidative degradation of the QD and may then
bind to sulfhydryl groups on a variety of intracellular proteins, causing

1 The cadmium was

decreased functionality in subcellular organelles
determined to be the primary cause of cytotoxicity but the tendency for

nanoparticles to aggregate, precipitate on cells in culture, non-specifically
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adsorb to biomolecules, and catalyse the formation of reactive oxygen
species (ROS) are also possible factors that contribute to this toxicity. To
reduce or eliminate this drawback, the adding of surface coatings have been
the strategy most applied. For this methodology, different kinds of coating
have been used including a semiconductor shell such as ZnS or small ligands
such as 11-mercaptoundecanoic acid. However, the CdSe/ZnS core-shell
QDs when encapsulated in amphiphilic polymers or cross-linked with silica
have been found to reduce toxicity showing to be practically inert in both living
cells and animals. It is clear that nanoparticle toxicity could be affected by a
variety of factors. But, many different aspects have yet to be clarified and
optimized such as the variety of surface coatings used by different labs, the
disparity in experimental conditions tested (e.g. duration of nanoparticle
exposure or media choice) or even the units of concentration used (e.g.
mg/mL versus nM)°,

Cellular death or the functionality decrease of some subcellular organelles is
not the only type of toxicity exhibited by QDs. Despite the lack of information
and the limited published results in this area, it has been found that these
nanoparticles can also damage DNA by factors such as surface coatings, in

particular those bearing carboxylic acids ™.

Concluding Remarks

Quantum dots present a highly attractive platform for a diverse array of
biological applications and they are becoming a frequent tool in this field. Due
to their numerous advantageous properties, in particular high fluorescence
yields, stability against photobleaching and the size-dependent luminescence
features, these nanoparticles are also becoming very useful in other areas.
Nowadays, a selected number of QD synthetic methods, advanced surface
coatings and bioconjugation techniques are available and optimized to
produce nanopatrticles with tailored properties. However, the challenge remain
in the development of new and more efficient surface coatings to preserve
bioaffinity, provide for ligand diversity and offer bioactive and stable
interfaces. Issues such as biocompatibility, long-term stability and toxicity of
the functionalized/bioconjugated QDs need to be more extensively studied in

order to clarify and expand QD research.
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Chapter 2

Synthesis and Characterization of
CdSe/ZnS QDs

This chapter contains data published in:

Ana Sofia Miguel, Christopher Maycock and Abel Oliva. Synthesis and
Functionalization of CdSe/ZnS QDs Using the Successive lon Layer Adsorption
Reaction and Mercaptopropionic Acid Phase Transfer Methods. Nanoparticles in
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Abstract

This chapter describes the synthesis and surface passivation of CdSe
nanocrystals for subsequent bioconjugation with a view to the development of
a biomarker for antigens associated with specific parasites. Detailed protocols
for the preparation of CdSe nanocrystals and their multishell coating
(passivation) with ZnS based on the Successive lon Layer Adsorption and
Reaction (SILAR) method are described. Parameters such as experimental
procedure, nature of the precursors materials, choice of coordinating solvent
and temperature where optimized and revealed to be crucial not only in the
obtention of small core-shell QDs with narrow size distribution but to allow the
construction of shell layers in solution with the same thickness around each
core. To analyse the size, size distribution, shape and fluorescence of the
nanoparticles a combination of optical and structural techniques was used. In
general, the results obtained demonstrated a CdSe/ZnS core-shell system
with 5 monolayers of ZnS due to the presence of a red-shift in both absorption
and emission spectra and also a narrow size distribution with a low
polydispersity index; consistent with core-shell QDs.

Key-words: quantum dots, SILAR method, photoluminescence quantum

yield, dynamic light scattering.

Introduction

Semiconductor nanocrystals, also known as Quantum Dots (QDs), are mainly
composed of atoms from groups II-VI (e.g. CdSe, CdTe, CdS and ZnSe) or IllI-
V (e.g. InP and InAs) elements in the periodic table and are defined as
particles with physical dimensions smaller than the exciton Bohr radius
L2345 CcdSe QDs have become the most extensively developed
nanocrystals in terms of the methods to prepare samples with narrow size

67 and also methods for surface modification in order to

8.9]

distributions
completely passivate the nanocrystals
This interest has arisen because of their potential use in many applications
from electronics to biomedical tags. One of the most attractive properties
associated with QDs is the size dependent emission. It is possible to

synthesize differently sized CdSe nanocrystals that emit from blue to red with
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very pure colour. For this reason, the control of the photoluminescence (PL)
properties of these particles has been in constant development 19 This
property is significantly improved if the nanocrystals are passivated on their
surface by a shell of a larger band gap semiconductor and the core/shell
systems, CdSe/CdS and CdSe/znS are the most common and intensively

d ®*'2 The CdSe cores are covered with CdS or ZnS in order to

studie
establish a core/shell system. Basically, there are two main requirements to
create “ideal” core/shell nanocrystals, one from a crystallographic and other
from an electronic point of view. To produce particles with high crystallinity,
the core and shell materials should have similar lattice parameters such that

M without the formation of

the shell-growth happens in an epitaxial manner
structural defects. Second, the shell material should possess a much higher
band gap than the core to supress tunnelling of the charge carriers from the
cores to the newly formed surface atoms of the shell ¥, Furthermore, these
core/shell QDs are more robust against chemical degradation or photo-
oxidation ™!

Since the discovery of QDs, it is clear that their synthesis has been refined

tremendously by the variety of developed methods ™

and it is now possible
to synthesize high quality, monodisperse samples of nanocrystals under
relatively benign conditions or even purchase them commercially. In 2002
Quantum Dot Corporation appeared as the first commercial supplier of
gquantum dots and since then many different companies worldwide (e.qg.
Evident Technologies, Invitrogen, Nanoco, etc) have available quantum dots
with a core of cadmium selenide, measuring about 2-10 nm in diameter and
surrounded by a shell. Usually, this shell is composed of another
semiconductor material, and an outer polymer or inorganic layer 15 However,
one the key barriers for purchasing these type of particles commercially is
their high price. In addition, the poor reproducibility and homogeneity between
samples from different batches and the lack of information about the nature of
shell material is a constant. For these reasons, but particularly due to the high
cost of these nanoparticles, it was decided to synthesize CdSe/ZnS core-shell
QDs.

The CdSe/ZnS core-shell QD sytem was chosen because their shell-

thickness dependent optical properties provided a convenient probe to
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determine the size and size distribution of the resulting nanocrystals during
growth. Moreover, these core-shell QDs, over the years, have been shown to
be generally more robust against chemical degradation or photo-oxidation and
more importantly exhibit tuneable emission colours covering most of the
visible optical window making them a powerful tool to be applied in many
scientific areas.

As precursors, metal oxides (ZnO and CdO) and elementary selenium and
sulphur were used exclusively to completely avoid expensive and hazardous
compounds. A mixture of TOPO/HDA was used as solvent for the preparation
of the CdSe cores. Alkylamines have proven to be a very good ligand for
highly luminescent plain CdSe/ZnS core-shell nanocrystals and ODE was the
non-coordinating solvent used to prepare the Zn and S precursor solutions for
the ZnS shell growth. The ZnS coated CdSe dots were characterized
spectroscopically and structurally using a variety of techniques. The optical
absorption and photoluminescence spectra of the composite dots were
measured and transmission electron microscopy (TEM) and dynamic light
scattering (DLS) measurements used to determine the size, shape and size

distribution of the final samples.

Experimental Section

Materials

All of the reagents used for the synthesis of CdSe/ZnS QDs were stored at
room temperature, unless indicated otherwise and were purchased from
Sigma-Aldrich and all common solvents were p.a. ACS grade. All solutions
were freshly prepared under an Argon atmosphere. We recommend using Pt
100 probe and a digital thermometer for the temperature control. Place the
probe inside the reaction flask. The purification of the nanocrystals by
centrifugation was performed using an Eppendorf 5804R centrifuge and the
nanocrystals were dried with a high vacuum pump from Edwards. For optical
and dynamic light scattering measurements, precision cells made of Quartz
were used (Supracil®, type Nr 101-QS, 10mm, Helma) and the solutions were
filtered using 0.2um PTFE membrane (0.2um pore size, filter-&: 15mm,
Macherey-Nagel).

33



Chapter 2

CdSe-core Nanocrystals Components

Cadmium oxide (CdO, 99, 99%), trioctylphosphine oxide (TOPO, technical
grade), oleic acid (OA, Ph Helv), 1-hexadecylamine (HDA, tech 90%),
chloroform and methanol (puriss, p.a. Reag. ACS).
Selenium/trioctylphosphine (Se/TOP) solution: In a 10mL two-neck flask

under an argon flow, 0.0632g of selenium powder (99,5%, powder, 100 mesh)
was placed and 2.4mL of trioctylphosphine (TOP, tech. 90%) was added and
the solution was sonicated (ultrasound bath Branson 1200) until a colourless

optically clear solution was obtained.

CdSe/zZnS core-shell Nanocrystals Components
Trioctylphosphine Oxide (technical grade), 1-hexadecylamine (tech. 90%),
chloroform, methanol, hexane and acetone (puriss. p.a., Reag. ACS).

Zinc Oxide precursor stock solution 0.1M: In a 10mL two-neck flask, under an

argon flow, 0.041g of zinc oxide (ZnO, metal basis, 99, 99%) and 1.4mL of
oleic acid (Ph. Helv.) were placed. The mixture was heated at 300°C until the
solution was completely clear. 3.6mL of 1-octadecene (tech. 90%) was added
and the final solution was kept at 80°C until the growth shell procedure was
completed.

Elemental Sulphur precursor stock solution 0.1M: In a 10mL two-neck flask,

under argon, containing 0.016g of elemental sulphur (99, 98%, powder), 5mL
of 1-octadecene was added. The solution was heated until a clear solution
was obtained, indicating that the sulphur was completely dissolved in the
solvent. The solution was kept at 80°C until the shell growth procedure was

completed.

Synthesis of CdSe-core Nanocrystals

HDA
1. Mixture TOPO/HDA, 280°C
CdOin 2. [Se/TOP]=0.34M, 280°C CdSe
Oleic Acid 3. 280°C, 2min
4. Cool to room emperature TOPO

5. Nanoparticles precipitation

6.Purification )
CdSe core nanoparticle

Scheme 1 | Reaction scheme for the synthesis of TOPO/HDA capped-CdSe QDs.
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(TOPO/HDA)-capped CdSe nanocrystals were synthesized using standard
procedures with some modifications to the reagents used®*”. In a 100mL
three-neck flask, under an argon atmosphere, 0.042g of cadmium oxide
(CdO) and 0.6mL of oleic acid were placed. The mixture was heated using a
heating mantle under stirring to 100°C until a yellow optically clear solution
was obtained. Then, the flask was removed from the heat source and 2g of 1-
hexadecylamine and 2g of trioctylphosphine oxide were added. The solution
was heated again, but this time at to 280-300°C. When all was completely
dissolved, the temperature was stabilized at 280°C and the mixture was
optically clear. While keeping the mixture at 280°C, in one single injection,
2.4mL of a Se/TOP solution prepared previously was added (see Note 1).
After 2 minutes at 280°C, the heating mantle was removed. When the
temperature reached 85°C, 20mL of methanol was injected, leading to the
precipitation of the nanoparticles. The reaction mixture was let cooling until to
room temperature.

The nanoparticle suspension was transferred to five 50mL polypropylene
centrifuge tubes (10mL in each tube) and 20mL of chloroform was added to
each tube and each shaken manually to force the precipitation of
nanocrystals. The tubes were left to stand for 90 minutes at room temperature
and then were centrifuged at 5000g at room temperature for a period of 10
minutes. The cloudy supernatant was discarded and the concentrated pellet
at the bottom of each tube was washed at least three times with 20mL of
methanol and centrifuged at 50009 for a period of 10 minutes each time.

The final red-brownish pellet was dried under vacuum. These nanocrystals
can then be dispersed in chloroform or hexane for further processing.
Otherwise, they can be stored as a powder in the dark at 4°C for several
months. This procedure typically yields CdSe nanocrystals with the first

absorption peak at 568nm with a diameter of about 3.5nm.

Synthesis of CdSe/ZnS core-shell Nanocrystals based on Successive
lon Layer Adsorption Reaction (SILAR) Method

For shell growth, the SILAR method (18 was found to be the best approach.
This technique is based on alternating injections of precursor solutions

containing metal oxides such as ZnO and elemental sulphur into the solution
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containing the CdSe-core nanocrystals. Using this method, layers of ZnS can

be grown successively around the core.

Choice of reaction system: The non-coordinating solvent, 1-octadecene was

the most appropriate solvent for the growth of the shell of high-quality
nanocrystals. 1-hexadecylamine was also used as ligand for the core-shell
nanocrystals because alkylamines have proven to be very good ligands for

highly luminescent plain CdSe/ZnS core-shell nanocrystals 2.

Calculations of the amount of precursor’'s solutions for shell growth: The

growth of core-shell nanocrystals using the SILAR technique is based on
alternating injections of the Zn and S precursors into the solution containing
the CdSe cores. The amount of each precursor was determined by the
number of the surface atoms of a given core/shell system. The theoretical
calculations were based on experiments already reported in the literature el
namely, the wurtzite structure of CdSe, the average thickness of one
monolayer of ZnS as 0.31nm and in the concentration of the CdSe NC’s as
estimated by UV-visible spectra 19 Hence, for a typical reaction with 1.01x10
* mmols of 3.5nm CdSe cores it was injected 0.47mL of Zn and S precursors
from 0.1M stock solution for the first monolayer, 0.64mL of each stock solution
for the second monolayer, 0.84mL for the third monolayer, 1.064mL for the
fourth monolayer and 1.32mL for the fifth monolayer with a period of 10

minutes between each addition.

Table 1 | Amount of each precursor solution added for the ZnS shell growth procedure
around the CdSe cores.

Amount of each Nur;r?gr of
Reaction time precursor Precursor monolaver
(min) solution added solution added y
(mL) (ML) being
formed
0 0.47 Zn .
10 0.47 S
20 0.64 Zn )
30 0.64 S
40 0.84 Zn 3
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50 0.84 S
60 1.064 Zn
70 1.064 S ‘
80 1.32 Zn
90 1.32 S >

Preparation of the core/shell nanocrystals using the SILAR method: The

SILAR technique allows the growth of shells around a given CdSe-core
particle. Using the reaction conditions already reported by Li et al and Xie et al
818 with slightly modifications, a typical SILAR synthesis was performed as

depicted in Scheme 2.

HDA

HDA

1. [ZnO/Oleic acid/ODE]= 0.1M
CdSe [S/ODE]=0.1M, 245°C, 1h30m

2.260°C, 30 min
TOPO 3. Cool to room temperature

4. Nanoparticles precipitation TOPO

. 5. Purification
CdSe core nanoparticle CdSe/ZnS core-shell nanoparticle

Scheme 2 | Reaction scheme for the surface passivation of CdSe/ZnS core-shell QDs
with 5 monolayers of ZnS based on SILAR method.

3mL of 1-octadecene and 1g of 1-hexadecylamine were placed in a 100mL
three-neck flask and the flask heated under vacuum at 70°C during 1h to
remove any traces of water and then cooled to room temperature. About
30mg of CdSe-core nanocrystals as synthesized previously, were dispersed
in 15mL of chloroform and filtered using a 0.2um PTFE membrane. The
chloroform suspension containing the CdSe nanocrystals was placed in a
flask and the chloroform and other volatiles were removed by heating under
vacuum at 70°C for 30 minutes (see Note 2). Subsequently, the vacuum was
removed and the system was heated under an argon atmosphere to 245°C
where the shell growth procedure starts.

To calculate the amount of Zn- and S-precursor for the growth of the first
monolayer, it was assumed that the surface of the CdSe-cores consists
equally of Se and Cd atoms. For a solution containing CdSe nanocrystals with
3.5nm (1.01x10*mmols) 0.47mL of Zn and S precursor’s stock solutions were

added for the first layer; 0.64mL of each injection solution for the second
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layer; 0.84mL of each injection solution for third layer; 1.064mL of each
injection solution for the fourth layer and 1.32mL of each injection solution for
the fifth layer (see Note 3). After the final injection, the reaction mixture was
kept for 30 minutes at 260°C. Then, the reaction was cooled to room
temperature and 30mL of hexane were added. For purification, the solution
was transferred to a 250mL glass extraction funnel and the unreacted
compounds and possible by products were removed by successive MeOH
extractions (20mL, 6-8 washes) (see Note 4). The hexane/ODE phase
containing the nanoparticles was then transferred to a 50mL centrifuge tube,
washed with acetone and centrifuged at 8000g at room temperature for 10
minutes (see Note 5).

The final pellet was suspended in 15mL of hexane, the nanoparticles
precipitated with the addition of the same volume of MeOH and centrifuged at
8000g at room temperature for 10 minutes. The colourless supernatant was
discarded and the final red-brownish pellet was dried under high vacuum for
1h. The final QDs could be dispersed in chloroform or hexane for further
processing. Otherwise, it was stored as a powder in the dark at 4°C and was

stable for several months.

Characterization of the CdSe/ZnS core-shell Nanocrystals

Optical Measurements

UV-visible absorption spectra were measured with a Beckman DU-70
spectrophotometer and photoluminescence (PL) spectra were measured with
a SPEX Fluorolog from Horiba Jobin Yvon. Fluorescence quantum yields
(QY) were measured at room temperature and relative to rhodamine 6G with
excitation at 530nm. A typical procedure for QY measurement was as follows:
Using standard 10mm path length Quartz cuvettes, the UV/visible absorbance
spectra of the CdSe/ZnS QDs in chloroform and rhodamine 6G (dye) in
ethanol were recorded. The optical density for sample and dye at the
excitation wavelength was below 0.1. The emission spectra with an excitation
wavelength of 530nm of the solutions prepared previously were recorded in
the 10 mm fluorescence cuvettes. The obtained fluorescence spectra were
corrected for both samples and dye for differences in refractive index and

concentration and the integrated fluorescence intensity calculated, using the
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appropriate spectrometer software. Finally, to calculate the QY the following

[20]

expression - was used (see Note 6):

QYQD = QYDye X (ADye/AQD) X (EQD/EDye) X (77QD solvent) 2/ (77Dye solvent) 2
Equation 1 | Expression applied to calculate the quantum yield.

Concentration Determination of QD solutions

The determination of QD concentration in solution, water or a given medium is
not straightforward (see Note 7). Measurements of optical density can in
principle be used to find molar concentrations if there are established
extinction coefficients for these materials. However, the published extinction
coefficients for quantum dots vary by more than an order of
magnitude™®??%% These discrepancies may arise in part from the sensitivity
of absorption coefficients to both quantum dot diameter and composition.
According to Peng et al*®?! the absorption spectrum method seems to be
the most practical and convenient way to determine the particle
concentrations. Thus, the optical density of the synthetic CdSe/zZnS QDs in
chloroform solutions was measured applying this approach and using an
absorption coefficient reported in the literature. To calculate the concentration

of the quantum dots solutions, the Lambert-Beer’'s Law was applied:

A=¢CL

Equation 2 | Expression of Lambert-Beer’s Law given to calculate the concentration of
QDs solutions.

In Equation 2, A is the optical density or absorbance at the peak position of
the first exciton absorption peak for a given sample, C is the molar
concentration (mol/L) of the nanocrystals of the same sample, L is the path
length (cm) of the radiation beam used for recording the absorption spectrum
(in this measurements L was fixed at 1cm) and ¢ is the extinction coefficient
per mol of nanocrystals (L/mol.cm).

To determine the concentration of a QD solution a typical procedure was

performed as follow:
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In a small glass vial, ~10mg of CdSe core QDs were suspended in 1.5mL of
chloroform. Then, the solution was transferred for a 10mm standard path
length Quartz cuvette and the UV-visible absorbance spectra were recorded.
From the UV-visible spectra obtained in the previous step, the absorbance
value of the highest absorption wavelength between 400 and 700nm was
taken and the concentration calculated. For example, for CdSe core
nanocrystals obtained previously with the first excitonic absorption peak at
568nm, according to a sizing curve from Peng et al™®?! the typical size is
around 3.5nm and consequently the size-dependent extinction coefficient of
nanocrystals is about 1.5x10° M'cm™. If the solution has A=1.5 measured in a
lcm pathlenght, then according to Lambert-Beer function: C=Alel <
C=1.5/1.5x10°x1 < C=1x10"M (10pM).

Transmission Electron Microscopy (TEM)

Electron transmission microscopy was the technique used to analyse the size
and size distribution of CdSe/zZnS core-shell QDs. Two kinds of transmission
electron microscopes were used: a JEOL 200CX transmission electron
microscope operating at an acceleration voltage of 200kV was use for the low
resolution images and a JEOL 2011 High Contrast Digital transmission
electron microscope operating an acceleration voltage of 600kV was used for
the high resolution images. The nanocrystals were deposited from diluted
chloroform solutions onto cooper grids with a carbon support (Agar, 300mesh,
S160-3).

Dynamic Light Scattering Measurements

Light scattering analysis was performed using a Zetasizer Nano ZS dynamic
light scatterer from Malvern Instruments. With this equipment it was possible
to determine the hydrodynamic diameter (HD) of synthetic lipophilic
CdSe/znS QDs. For the HD analyses, the samples were suspended in
chloroform with concentrations between 0.06 and 0.3uM and filtered through
a 0.2um PTFE membrane before analyses. HD was obtained from number-
weighted size distribution analysis and reported as the mean of triplicate
measurements. Values are reported as the average of triplicate runs

consisting of 20 measurements at 25°C.
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The procedure suggested by the instrument manufacturer was followed for
determining the hydrodynamic diameter and was performed as follow:

10mm precision cells made of Quartz were used to ensure that the optimum
signal was achieved (avoid optical interferences) in size measurements and
due to their high resistance to non-aqueous solutions (e.g. chloroform). 2mL
of CdSe/znS QDs in CHCI; of different concentrations between 0.06 and
0.3uM were prepared. The sample concentration was adjusted to
accommodate the scattering properties of the sample and/or the optical
requirements of the specific instrument. 1mL of each sample solution using a
1mL disposable syringe was filtered with a 0.2um PTFE membrane before the
sample was introduced into the cuvette for analysis. The cuvette was filled
slowly to avoid the formation of air bubbles. Then, the cuvette was closed and
placed correctly in the sample holder (quartz windows should face the incident
beam and detector) and 3 measurements of 20 runs each were performed per
sample at 25°C and with an equilibration time of 2 minutes. This equilibration
time was used to ensure that the sample temperature was equal to the cell
temperature allowing the measurement of Brownian motion of the particles
and not thermal motion due to temperature gradients. The obtained data was
analysed using the instrument’s software (Zetasizer software, version 6.2) to
evaluate parameters such as the hydrodynamic diameter, autocorrelation

data, size distribution, and the polydispersity index.

Notes

1. After the addition of the Se/TOP solution, there was always a lowering of
the temperature of the mixture inside the flask and normally dropped to
temperatures between 255-265°C. In this case, it is necessary to wait until the
temperature stabilized again to 280°C to control the crystal growth time.

2. As the system was under high vacuum, the temperature could not exceed
70°C in order to avoid possible evaporation of the mixture of solvent/ligand 1-
octadecene/1-hexadecylamine from the reaction vessel.

3. With fast stirring, there was no need for dropwise injections. A period of 10
min, between each addition was sufficient for the reaction to be complete. The
whole procedure for covering CdSe-cores with five monolayers ‘of ZnS took
about 1h30m.
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4. In the extraction procedure, the undesired products were soluble in MeOH.
Therefore, this phase was discarded and the hexane/ODE phase which
contains the nanocrystals was kept.

5. This step is important for the elimination of excess of ODE. This non-
coordinating solvent can be retained by the nanoparticles during the MeOH
washes. If it is not removed completely, it may appear on the walls of the tube
in the form of a pale yellow powder. Washing with acetone helped to eliminate
ODE, which was discarded in the yellow cloudy supernatant. This wash was
repeated four times for complete removal of ODE.

6. To calculate the QY use the expression from the literature™, where: QYp,e
is the QY of the solution containing the rhodamine 6G dye in EtOH (0.95); A is
the absorbance of the solutions; E is the corrected intensity areas and 7 is the
average of refractive index of QDs and dye solvents.

7. The published extinction coefficients for QDs can vary by more than an

24]

order of magnitude. Some authors 4 measure the optical density of the core-

shell structured QDs in a medium applying an absorption coefficient that is the

(19212223 1 this case a large error

average of three reported in the literature
on the extinction coefficient could exist and the optical density can at best give

concentrations that are only accurate to 50%.

Results and Discussion

Core-QDs Synthesis and Reaction Conditions for ZnS Shell Growth

Due the broad variety of methods and lack of consistency in some of them, in
this research work, for the synthesis of CdSe/zZnS QDs different approaches
were tested based on several protocols® % 12 13 25 281 {5 achieve the best
synthesis to produce small QDs with narrow size distribution. These different
experimental conditions were carried out by varying key parameters such as
nature and concentration of the core and shell precursors, the choice of
coordinating solvent, the type of surfactant to permit the solubilisation of core
and shell materials and temperature and/or time at core synthesis and shell
growth should occurred.

The synthesis of CdSe-core QDs was achieved based on the protocol

17] [zl

reported by Aldana et al™ and posteriorly modified by Xie et al"™> with some

modifications in the reagents used. As cadmium source, cadmium oxide was
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the reagent used and to solubilise its inorganic nature, oleic acid was the
surfactant applied forming cadmium oleate which becomes soluble in organic
solvents. As anionic source, a selenium/TOP (Se/TOP) solution with a molar
concentration of 0.34M was prepared and used as described in the protocol
taken as base ™, however herein tributylphosphine (TBP) was replaced by
trioctylphosphine (TOP). TOP was the coordinating solvent used to suspend
the selenium while the mixture TOPO/HDA was found the best solvent system
for the quantum dots growth. TOP and TOPO demonstrated, as previously

shown & 27

, to have the ability to stabilize the bulk semiconductors and
prevent aggregation as the core-QDs growth. HDA was used because over
the years have been proven to be the best primary alkylamine to allow
monodispersity and permit the achievement of QDs with high PL [ 2|
Regarding the temperature at which Se/TOP solution should be injected and
CdSe cores should growth, it was found that higher values such as 280°C
were the best temperature. This result was based upon an optimization by
carrying out the synthesis of CdSe cores at different temperatures in the
range between 250 and 320°C. At 280°C, it was found to be easier to control
the time at which the CdSe cores should leave to increase to reach
nanoparticles with the desired size. It is important to point out that
temperatures in the range between 70 and 150°C were also performed.
However, it was observed that such temperatures do not permit the formation
of CdSe QDs and in the cases that the formation and growth was achieved
the fluorescence of the obtained nanoparticles was practically absent.

Even though alkylamines have the capacity to improve the
photoluminescence of core-QDs, the CdSe passivated by organic ligands
(TOPO alone or TOPO/HDA mixtures) does not have the quantum efficiency
commonly observed for organic dyes. In order to achieve high quantum
efficiency, it is known that a core nanocrystal must be coated with a layer of a
wider band gap semiconductor and for this purpose many methods were
already been developed 4 As before for the synthesis of core-QDs, different
protocols were also tested and parameters such as procedure, temperature
and solvent used were again considered in order to maintain the size
distribution of nanocrystals during the growth of shell materials but more

importantly to permit the construction of shell layers in solution with the same

43



Chapter 2

thickness around each core. After several attempts based on reported work
25. 28] ‘the successive ion layer adsorption and reaction (SILAR) method was
found the best protocol for the surface passivation of CdSe cores with a ZnS
shell. This method was first applied by Park et al ?* to achieve accurate
control of film thickness in the deposition of thin films onto solid substrates in
solution. Peng et al (18] extended this process for the growth of core-shell
semiconductor nanocrystals with precise thickness control. According to this
method it is possible to build several monolayers of the shell material in an
alternating fashion, depositing first the cation and then the anion. Moreover,
only two subsequent additions (one addition of each precursor) are required
for the growth of a complete layer of the shell semiconductor. Although, this
approach was revealed to be the best way to achieve the accurate control of
ZnS shell thickness, an important doubt that emerged was the number of ZnS
monolayers that should be constructed around each core QD. In 1997
Dabbousi et al *¥ carried out the synthesis of CdSe/ZnS QDs by varying the
ZnS shell thickness from 0.65 to 5.3 monolayers. According to his work it was
found that as the coverage of ZnS on the CdSe surface increased, a huge
increase in the fluorescence quantum vyield was observed followed by a
steady decline after 1.3 monolayers of ZnS. Taking this into consideration and
keeping in mind the constant desire to obtain CdSe/zZnS QDs with high
quantum vyield, initially, the synthesis of the core-shell system was performed
with only 2 monolayers of ZnS. However, during later attempts (chapter 3) to
functionalise these QDs with water-soluble ligands the fluorescence was lost.

This led to the conclusion that with only two monolayers of ZnS the shell
thickness was too thin and the CdSe core was more susceptible to possible
oxidation or chemical degradation imposed by the ligand exchange
procedure. Furthermore, the performance of some biological goals proposed
for this doctoral work could become affected or even compromised. Thereby,
the number of monolayers around the CdSe cores was adjusted and designed
taking into account the future applications of such nanoparticles. In this way,
CdSe/znS core-shell QDs were synthesized with 5 monolayers of ZnS. After
ligand exchange with different aqueous ligands, although a decrease in
quantum yield was observed, these water-soluble QDs were more stable for

further biological application.
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According to this procedure, initially the CdSe core nanocrystals were placed
in the surface-passivating ligand. Normally, this ligand was an alkylamine
such as octadecylamine (ODA), but for the reasons mentioned above, 1-
hexadecylamine (HDA) was used in the protocol developed here. In this work,
the precursor solutions (0.1M in ODE) were prepared using ZnO and
elemental S. The zinc oxide was solubilised using oleic acid at high
temperature (300°C). The zinc oleate solution was kept at 80°C until the shell
growth procedure was complete to avoid possible cooling and consequent
precipitation of the components from the solution. The sulphur precursor
solution was kept at 80°C for the reasons presented before.

Another crucial parameter which was also tested and that really affects the
ZnS shell growth was the temperature at such reaction should be carried out.
In the protocol developed herein the choice of temperature was based on an
optimization procedure in the range between 200 and 260°C developed again
by Peng et al U8 In this reported work, the parameter analysed was the
fluorescence quantum vyield of the obtained CdSe/ZnS core-shell
nanoparticles after the shell growth procedure. The experimental results
reported, demonstrated that at an optimum temperature of 240°C for the CdS
shell resulting in nanocrystals with a narrow size distribution and a high PL
quantum yield. For ZnS shell growth, the experimental results indicated that a
high QY could be achieved if the growth of the shell took place at 245°C.
Moreover, it was also found that a period of 10 minutes between each
precursor addition was sufficient for the reaction to be completed once UV-
visible spectra and PL spectra showed no further changes after this period of
time. For that reasons, the surface passivation reaction of CdSe core with five
monolayer's of ZnS was carried out at 245°C during 90 minutes with
alternating injections of Zn and S precursor solutions with a period of 10
minutes between each addition to the solution initially containing the CdSe-
cores. After the final injection, the reaction mixture was incubated for an extra
period of 30 minutes at 260°C for the complete stabilization of the ZnS shell.

A crucial step that is commonly described but is poorly explained in the
several methods reported is the work-up and purification of the core-shell QDs
after semiconductor shell growth is complete. According to the procedure

developed by Xie et al™® the nanocrystal purification is usually performed by
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adding hexane to the vessel containing the reaction mixture to suspend the
nanocrystals formed and the unreacted compounds and by-products were
posteriorly removed by successive MeOH extraction. This type of purification
was applied in the synthesis of core-shell QDs developed in this work. The
hexane phase containing the nanocrystals was transferred to an extraction
funnel and was extracted until the MeOH phase became clear. However, one
of the problems encountered was the incomplete elimination of the ODE by
the MeOH phase. According to some authors, the nanocrystals suspended in
the hexane/ODE can be precipitated using acetone ™9 Hence, to overcome
the ODE issue, it was found that washing the hexane/ODE phase with the
same volume of acetone followed by centrifugation, the excess of ODE
became soluble in the acetone phase and was completely removed 0],
Posteriorly, the final pellet obtained was processed by redissolving it in
hexane and the nanoparticles precipitated by adding the same volume of
MeOH. After centrifugation, the colourless supernatant was discarded and the
final red-brownish pellet containing the CdSe/ZnS QDs dried under high
vacuum and kept at 4°C in the dark. Otherwise, they were dispersed in

solvents such as chloroform or hexane for further processing.

Structural Characterization

The characterization of synthetic CdSe/zZnS QDs in terms of size and size
distribution was carried out using transmission electron microscopy of low
(TEM) and high resolution (HRTEM) and dynamic light scattering
measurements. Figure 5 shows two TEM images and one HRTEM image of
the synthesized QDs with a shell of five monolayers of ZnS of different

syntheses performed during this work.
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Figure 5 | Transmission Electron Microscopy Analysis. TEM (a, b) and HRTEM (c)
images of CdSe/ZnS QDs synthesized and passivated with 5 monolayers of ZnS shell.
Scale bar=100nm (a) and 20nm (b, c).

The obtained nanoparticles were slightly elongated after the growth process
already described in Experimental Section, were monodisperse and the size
diameter is around 6 to 7nm, which is consistent with the results previously
reported in the literature. In some syntheses, it was found that the CdSe/ZnS
QDs showed some lattice defects or irregular shapes. This can be associated
with a deficient growth of ZnS shell or with the formation of individual ZnS
nanocrystals at high temperatures (245°C) that may occur when the shell
thickness is more than four monolayers. These ZnS nanocrystals remained in
the hexane/ODE layer as previously discussed for the reaction conditions for
ZnS shell growth. In the micrographs (Figure 5) of the final CdSe/zZnS
samples the results of nucleation of ZnS particles on the surface were not
observed. On the other hand, the large difference in lattice parameters
between CdSe and ZnS materials can also be an explanation for the

presence of the elongated shape. For the growth of nanocrystals with high
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crystallinity the core and shell materials should have similar lattice parameters
but unfortunately this requirement is not fulfilled for CdSe and ZnS where the

lattice mismatch is about 12% ¢

. Initially the growth is coherent at low
coverage; however as the thickness of the shell increases, the strain due to
the lattice mismatch between CdSe and ZnS is large leading to the formation
of dislocations and low-angle boundaries, relaxing the structure and causing

the growth to proceed incoherently =

In Figure 6, a typical size distribution histogram (size/number) of the QDs

analysed by dynamic light scattering is shown.
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Figure 6 | Size determination by dynamic light scattering. Hydrodinamic diameter
(histogram size/number) and polydispersity index obtained for synthetic CdSe/ZnS
QDs. The results obtained were the average of triplicate runs.

DLS, also known as photon correlation spectroscopy (PCS), is probably the
scattering technigue most commonly used for characterizing the
hydrodynamic size of nanomaterials since it is simple, non-invasive, non-
destructive and relatively cheap to apply although the instrument itself can be

costly®

. Hence, with this technique it was measured the hydrodynamic
diameter of the obtained nanoparticles and the size distribution of the same
particles. Briefly, due the Brownian motion of small molecules in solution, the
size of a particle is calculated from the translational diffusion coefficient by
using the Stokes-Einstein equation (Equation 3) where HD means the

hydrodynamic diameter, D translational diffusion coefficient, k Boltzmann’s
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constant, T absolute temperature and 7 viscosity. Moreover, the translational
diffusion coefficient depend not only the size of the particle core, but also on
any surface structure, as well as the concentration and type of ions in the
medium®.

HD=kT/37znD

Equation 3 | Stokes-Einstein equation for the hydrodynamic diameter.

This means that during the HD measurement, not only the CdSe/ZnS core-
shell system was measured but also the mixture of ligands TOPO/HDA
around the surface of the nanoparticles. The results displayed in Figure 6
showed an HD of about 9.3nm which is consistent with a typical behaviour for
CdSe/znS QDs when covered with more than 4 monolayers of ZnS.
Nevertheless, HD is not the only information that could be obtained from DLS
size measurements. Polydispersity or polydispersity index (PDI) is also
additional information that can be achieved. PDI is known as an estimative of
the width of the distribution. In other words, the size distribution obtained by
this technique is a plot of the relative intensity of light scattered by particles in
various size classes and is therefore known as an intensity size distribution®®?.
According to histogram displayed also in Figure 6, apparently the CdSe/ZnS
QDs synthesized in this work, shows a narrow size distribution and seems to
form well-dispersed aggregates —free solutions as expected for this kind of
system. This behaviour could be demonstrated by the obtained polydispersity
index which is low (PDI~0.116) and similar with values reported in the
literature ¥% 34,

Figure 7 shows typical autocorrelation data obtained when the hydrodynamic

diameter of the CdSe/ZnS QDs was determined by DLS.
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Figure 7 | Correlation Data. Measured autocorrelation function in the measurements
of hydrodynamic diameter for synthetic CdSe/ZnS QDs.

An important feature of DLS is that the speed of particles that are undergoing
Brownian motion is related to the size of the particles (Stokes-Einstein
equation, Equation 3). Large particles move slowly, while smaller particles
move quickly. As the particles move around, the constructive and destructive
phase addition of the scattered light will cause the bright and dark areas to
grow and diminish in intensity, or in other words, the intensity appears to
fluctuate. This behaviour is translated by the correlation function and therefore
the results obtained are the correlation data. If large particles are being
measured, then, as they are moving slowly, the intensity of the speckle
pattern will also fluctuate slowly and correlation persists for a long time. If
small particles are being measured then, as they are moving quickly, the
intensity of the speckle pattern will also fluctuate quickly and the correlation
will reduce sooner. The data shown in Figure 7 indicates that the CdSe/ZnS
QDs developed in this work are small. After 1-10ps the signal of correlogram
starts to decay indicating the presence of small particles when comparing with

large particles that in general starts to reduced only after 500-1000us (2, 38]
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Concentration Determination of QDs solutions

CdSe/znS QDs have been applied in many different applications and for
many of those applications it is crucial to determine the actual concentration
of the semiconductor nanocrystals in solution or a given medium. The simple
determination of concentration using spectrophotometry uses the Lambert-
Beer's expression (Equation 2) and thus requires the extinction coefficient ().
If the extinction coefficient is known, it is easy to obtain the concentrations of
the QDs by simply taking an absorption spectrum of the sample. Over the
years, many different studies have been performed for the determination of
this parameter and the results obtained from the different groups differed

considerably from each other. According to Schemelz et alt*®

using atomic
absorption spectroscopy (AAS), the extinction coefficient per particle in the
size range between 1.5 and 4.5nm increases as the size of the nanocrystal
increases in a cubic dependence. On the other hand, Striolo et al®® by an
osmotic method confirmed the cubic sized dependence observed by
Schemelz for the extinction coefficient of nanocrystals in the size range

between 2.5 and 6nm. Bawendi’'s group[zs]

used the absorption cross section
of the nanocrystals for the determination of the same parameter. Some of the
methods applied by these groups were not compatible with the concentration
determination of colloidal nanocrystals because of the number of ligands on
their surface which are difficult to identify and may vary significantly under
different conditions (e.g. concentration of the reactants or reaction time). So,

Peng et all*®?!

suggested two approaches, atomic absorption (AA)
measurements and controlled etching of the nanocrystals in a solution with a
defined volume, for the accurate determination of the extinction coefficient for
QDs. The results obtained show that the extinction coefficient of CdSe
nanocrystals in the strong quantum confinement size regime increases as
their size increases approximately as a square to a cubic function. Moreover,
the integrated ¢ of the first absorption peak seemed to be independent of
temperature, nature of the surface capping groups, the refractive index of the
solvents, the photoluminescence and the methods employed for the synthesis
of the QDs. Hence, for the advantages demonstrated, the absorption
spectrum method was applied and consequently the Lambert-Beer’'s Law was

used to determine the concentration of the synthetic QDs. The nanoparticles
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were suspended in chloroform and the extinction coefficient for each sample
was chosen based on the sizing curve (Figure 8, (a)) and size-dependent
extinction coefficient per mole (Figure 8, (b)) at the first excitonic absorption of

CdSe cores obtained by Peng'’s group.

Size (nm)

Figure 8 | Determination of the extinction coefficient of QDs. Sizing curve of CdSe
cores (a) and size-dependent extinction coefficient per mole of nanocrystals at the first
absorption peak of CdSe nanocrystals (b). Reprinted with permission from reference
[19]. Copyright 2003, American Chemical Society.

The experimental procedure for the synthesis of CdSe cores reported
previously in the Experimental section normally yields nanocrystals with the
first absorption peak at 568nm. Making use of the sizing curve obtained by
Peng et al was easy to obtain the size expected for the synthetic CdSe cores
which is around 3.5nm and the corresponding extinction coefficient, &
=1.5x10°> M-*cm-". Finally, the concentration was directly calculated using the

Lambert-Beer’s function using the measured optical density/absorption.

Optical Characterization

The synthesis presented earlier produced ZnS coated CdSe dots and Figure
9 shows the absorption spectra of CdSe dots before (black dashed line) and
after (black solid line) coating with 5 monolayers of ZnS. The same figure also
shows the room-temperature photoluminescence spectra (PL) (dashed green
line) of the final samples (CdSe/zZnS QDs) with 12% of quantum yield (QY). In
the absorption spectra of the CdSe/ZnS QDs it was observed a broader and
slightly red-shift from their respective cores spectra. This data could indicate

that the coating of the CdSe cores with the 5 monolayers of ZnS must have
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occurred as expected. On the other hand, the position of the band maxima in
photoluminescence spectra represented in green is also red-shifted and the
spectra broader than the corresponding absorption spectra (black solid line)
with a low QY. This could be associated with the fact that PL quantum yields
are based on the structural characterization of ZnS coverage.

According to Dabbousi et al*®

, as the coverage of the ZnS on the CdSe
surface increases, a dramatic increase in the fluorescence quantum yield
followed by a steady decline after 1.3 monolayers of ZnS was observed and a

value of 50% was demonstrated for this coverage.
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Figure 9 | Optical Measurements: Absorption spectra of CdSe cores (black dashed
line) and CdSe/ZnS core-shell QDs (black solid line) and Photoluminescence spectra
(dashed green line) of CdSe/ZnS QDs after the surface passivation of 5 monolayers of
ZnsS.

The low QY obtained for the CdSe/ZnS QDs synthesized in this work could be
associated with the increase of size distribution in the samples with high
coverage (~5 monolayers) and the elongated shape of some particles due to
an incoherent shell growth leading to some defects in the ZnS structure. It is
important to point out that this incoherent growth derives from the large lattice
mismatch between CdSe and ZnS materials (~12%) causing misfit

dislocations when the thickness of the ZnS layer exceeds more than 4
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monolayers. Another possible explanation could be related to the use of
primary alkylamines during the synthetic procedure e,

It was shown that the QY obtained for the core-shell system developed herein
is not as high as expected, however, it is noteworthy that the CdSe/ZnS QDs
with high coverage are more stable, showing a much higher photochemical
stability and higher long-term fluorescence for further biological applications
as desired. These enhanced properties are due to the higher band offset and
lattice parameters introduced by the ZnS material when compared with other
core-shell systems, namely CdSe/CdS QDs which results in a lower charge
density of the photogenerated charge carriers on the particle surface and

hence a lower probability of surface oxidation ™.

Conclusion

A synthetic procedure for the production of core-shell QDs whose emission
spans most of the visible spectrum that made use of the advantages of non-
coordinating solvents and alkylamines as organic ligands was used. The
synthesized QDs were analysed optically and structurally using different
techniqgues. TEM and HRTEM demonstrated the elongated shape of the
obtained nanoparticles and sometimes the presence of some structural
defects. This derives from a deficient growth of ZnS shell that could occur at
high temperatures and also the differences in lattice parameters between the
ZnS and CdSe materials. The shifts present in absorption and emission
spectra and the relatively low quantum yield obtained were explained as a
function of the high coverage. Dynamic light scattering analysis evaluates the
narrow size distribution with a very low polydispersity index which is in
agreement with observations made by others for this kind of system. The high
coverage sometimes bring some structural disadvantages, but in general
CdSe/znS QDs are robust and very stable nanoparticles with optical and
electronic properties that makes them very appealing for applications in many

scientific areas.
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Glossary

Table 2 | Glossary of terms related with quantum dots®23"%1,

Term Definition

Autocorrelation data Is a result from the correlation function

measured during the HD measurement of
the particles. Due to the Brownian motion
of the particles the correlation function
could provide information about particle
size. For large particles the decay of
correlation is slow because particles are
moving slowly. Small particles move
rapidly and the decay of correlation is also
sooner.

Absorption cross section For physics, a cross section is the
effective area which governs the
probability of some scattering or
absorption event. For QDs, it is a crucial
parameter for the design of nanocrystal
quantum dot devices and to the
interpretation of spectroscopic data.

Band gap Also called energy gap, is the energy
range in a solid where no electron states
can exist. This means, the energy
difference (normally in eV) between the
valence band and a conduction band of a
semiconductor.

Band-offset Describes the relative alignment of the
energy bands in the interface that occurs
between two layers of a semiconductor.

Bohr radius The natural separation distance between
the positive and negative charges in the
excited state of a material.

Epitaxial growth Refers to the deposition of a crystalline
overlayer on a crystalline substrate, where
the overlayer is in registry with the
substrate. In other words, there must be
one or more preferred orientations of the
overlayer with respect to the substrate for
this to be termed epitaxial growth. The
overlayer is called an epitaxial film or
epitaxial layer.

Etching In semiconductors, this is the process of
removing unwanted material from the
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HOMO-LUMO gap

Hydrodynamic diameter (HD)

Lattice parameters

Photoluminescence

Polydispersity Index (PDI)

Quantum confinement

surface using acids, bases or other
chemicals. This process is also used to
bring certain physical and chemical
changes within the semiconducting
materials so they become operable at
desired voltages and temperatures.
Semiconductor etching is carried out by
three different methods: plasma, wet and
orientation —dependent etching.

Is the energy difference between the
highest molecular orbital occupied
(HOMO) and lowest molecular orbital
unoccupied (LUMO).

Effective diameter of a particle in a liquid
environment. For DLS measurements the
size of a sphere that moves in the same
manner as the scatterer. It is useful to
point out that the obtained size will include
any other molecules or solvent molecules
that move with the particle. (e.g. for
nanoparticles with a layer of surfactant will
appear larger by dynamic light scattering
(which includes the surfactant layer) than
by transmission electron microscopy
(which does not "see" the layer due to
poor contrast).

This term is related with the epitaxial
growth .Lattice constant or lattice
parameter is a measure of the structural
compatibility between different materials.
Lattice constant matching is important for
the growth of thin layers of materials on
other materials.

Also called fluorescence quantum vyield. Is
the number of emitted photons occurring
per number of absorbed photons. ¢ is
typically determined relative to a dye of
known fluorescence quantum vyield.

Is the width of the size distribution.

Is responsible for the increase of energy
difference between energy states and
band gap. A phenomenon tightly related
with the optical and electronic properties
of the materials. Thus, quantum dots of
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QD surface passivation

Stokes shift

Wurtzite structure

the same material but with different sizes,
can emit light of different colours (the
energy levels of QDs is dependent of its
size).

Modification of the surface of bare QD
core to improve properties such as the
fluorescence quantum yield or the
resistance to chemical reaction. Achieved
either by deposition of a layer of
inorganic, chemically inert material and
organic ligands or of a layer of organic
molecules only.

Difference (usually in frequency units)
between the spectral position of the
maxima of the lowest energy (that is,
longest wavelength) absorption and the
luminescence arising from the same
electronic transition. In the case of QDs,
this is the difference between the first
excitonic absorption band and the
emission maximum.

Is a crystal structure for various binary
compounds and it's an example of a
hexagonal crystal system. The
semiconductors such as ZnO, CdS and
CdSe are wurtzite itself.
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Abstract

One of the common strategies to promote the transfer of QDs to an aqueous
environment has relied on surface ligand exchange. Herein, is described a
simple and versatile scheme for the preparation of a family of
heterobifunctional ligands incorporating dihydrolipoic acid, a hydrophilic
spacer such as polyethylene glycol with different molecular weights and
different functional end termini for further covalent attachment to
biomolecules. These ligands permit strong and stable interactions with
colloidal semiconductor nanocrystals and render them soluble in aqueous
media. The series of water-soluble QDs created exhibit small hydrodynamic
diameter, tuneable surface charge, good quantum yield and great resistance
to environmental changes, making them very amenable for use in many
biological and biotechnological applications.

Key-words: water-soluble QDs, multidentate ligands, hydrodynamic

diameter, &potential, absorbance and fluorescence quantitation.

Introduction

Recent advances in water-soluble and bioconjugated QDs have made them
very appealing for biosensing and bioimaging M The best available QD
fluorophores for biological applications are made of CdSe cores coated with a
layer of ZnS. The ZnS layer passivates the core surface, protects it from
oxidation, prevents leeching of the Cd/Se into the surrounding solution and
also produces substantial improvement in the PL yield **. Although thin zZnS
(1-2 monolayers) shells often produce the highest PL yields, thicker ZnS
shells (4-6 monolayers) provide more protection against oxidation and the
harsher conditions presented by biological media (e.g. acidic buffers)[‘”. These
CdSe/znS QDs are commonly synthesized at high temperatures in
coordinating solvents. As described in chapter 2, these QDs are capped with
mixtures of trioctylphosphine/trioctylphosphine oxide (TOP/TOPO) and
alkylamines (HDA) which are hydrophobic ligands and therefore are not
suitable for use in aqueous buffers.

Since 1998, different methods have been developed to make CdSe/ZnS QDs

water-soluble, so that biomolecules can be either covalently or noncovalently
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attached on the surface of the QDs. These methods include silica coating[S'G],

encapsulation of the hydrophobic (TOP/TOPO) capped QDs with amphiphilic

I8 or lipid micelles®” and exchanging the native caps with

[10,11]

polymer shells
hydrophilic ligands . All of these approaches have advantages and
disadvantages. In the case of encapsulation with micelles or polymers, the
water-soluble QDs show relatively high quantum yields because it preserves
the native ligands. However, this approach tends to produce nanoparticles
with larger diameter (> 15nm). This could represent a drawback in biological
assays because can hamper intracellular mobility especially in mammalian
cells. In comparison, the cap exchange method seems to be relatively simple
and provide more compact nanocrystals (5-15nm), which may represent an
advantage for size-sensitive applications such as intracellular uptake and
imaging™*2.

In the ligand exchange method, the development of hydrophilic QDs starts
with mercaptocarbonic acids™*¥ (e.g. 3-mercaptopropionic acid (MPA) and
mercaptoacetic acid (MAA)) which seemed to be greatly advantageous due to
its simplicity and also because the availability of the carboxyl group for further
coupling to other biomolecules. But, for this strategy the advantages were
carefully analysed against the drawbacks. MPA or MAA are mono-compact
thiol ligands obtained either commercially or by simple synthesis. MPA or
MAA QDs have short shelf lives (~1week) due to dynamic thiol-ZnS
interactions'. This issue was overcome by the strong interactions with QDs
surface provided by the bidentate chelate effect introduced by dithiol
Dihydrolipoic acid (DHLA) thus improving the long term stability of the water-
soluble QDs. Capping QDs with DHLA permitted their dispersion in basic
buffer solutions, aggregate-free dispersions that were stable for long periods
of time when compared with the mono-thiol MPA. However, the aggregation
of DHLA-QDs occurs under acidic conditions ™%,

To address these limitations and to further expand the range of techniques to
prepare hydrophilic nanoparticles and also taking advantage of bidentate
DHLA ligand, a poly(ethylene glycol) (PEG) has been used with success by
several groups™ "8 This polymer has great interest in the biotechnical and
biomedical areas due to its suitable properties. Primarily, PEG exhibits a very

low degree of nonspecific interactions with other polymers and biomolecules
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in aqueous environments. In addition, it is non-toxic and does not harm active
proteins or cells, although it interacts with cell membranes. It is readily
amenable to chemical modification and attachment to other molecules and
surfaces, and, when attached to other surfaces, it has little effect on their
chemistry but controls their solubility and also increases their size thus,
slowing down their diffusion and providing additional steric hindrance 1. 191,

DHLA-PEG-OH uses the bidentate chelate interactions with the nanopatrticles
surface afforded by the dithiol on DHLA, combined with the hydrophilic nature
of PEG chain. The presence of the PEG removes the need for charged
groups to provide the solubility of the QDs 7 as in the case of DHLA or MPA
and, expanded the range of pH stability of the nanoparticles under acidic
conditions. However the functional hydroxyl (OH) end group due to the
absence of reactive groups (e.g. carboxyl group, COOH) represents a
limitation for commonly used bioconjugation techniques such as covalent
conjugation chemistry through 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) coupling. Hence, it was useful to expand the above ligand to other
biocompatible functions, such as carboxyl group (COOH) or amine (NH,)
groups that can be further coupled with bifunctional molecules (e.g. dyes,

peptides, proteins or antibodies).

Scheme 3 | DHLA-PEG Hydrophilic Li%ands. Modular design of hydrophilic ligands
with different terminal functional groups 4.

In Scheme 3 can be observed that each ligand contains a central PEG spacer
with tuneable length to promote hydrophilicity, a dithiol group for anchoring
onto QD surface at one end, and, a lateral/reactive group that promotes

biological linkage with target biomolecules at the other end 2.
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Much is already known about the structure, interactions and function of
nucleic acids and proteins ?”. However, carbohydrates are also molecules
that together with proteins regulate many important biological processes f21)
(e.g. cell-cell communication) but the role of these carbohydrates in the
biological systems is less clear. As is known, QDs have been used for

1?2 ysed

biolabeling and imaging applications so, in 2003 Rosenzweig et a
carboxymethyldextran and polylysine to protect CdSe/znS QDs and
demonstrated that these glyco quantum dots (glyco-QDs) are a useful tool for
studying carbohydrate-protein interactions that are critical steps in many
glycobiological events. Since this report many other works have been
developed using carbohydrate moieties to prepare glyco-QDs. Very recently,

Seeberger et al

used the hydrophilic nature of PEG and its ability to attach
carbohydrates moieties on the surface of QDs and so the construction of
glyco-QDs to be used in vitro and in vivo applications.

Once the CdSe/znS QDs were prepared and well characterized as described
in chapter 2, one of the major goals of this work was to design ligands that
permit the preparation of compact hydrophilic QDs amenable to conjugation
with a variety of biomolecules via simple covalent and noncovalent binding
strategies.

Herein, general procedures for the ligand synthesis and design, purification
and characterization will be described. The family of ligands synthesized
include a series of compounds made of polyethylene glycols (PEGs) with two
different lengths, PEG4 and PEG,yg, Where the length represents the
average of molecular weight of the hydrophilic spacer. These PEG
compounds were appended to dihydrolipoic acid to make use of the bidentate
thiol group for further interaction with the nanoparticle surface. On the other
end of the PEG, functional groups such as hydroxyl, amino or carboxyl group
were created for future bioconjugation with different biomolecules as shown in
Scheme 3.

The same modular design of hydrophilic ligands, DHLA-PEG-FN (where FN is
the functional group), was also used to construct hydrophilic ligands with
carbohydrate moieties as terminal functional group. The sugar used was
mannose and the hydrophilic spacer was PEG,qo and triethyleneglycol (TEG).

Although simple 3-mercaptopropionic acid and dihydrolipoic acid ligands have
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demonstrated limitations in terms of pH stability and interaction with
biomolecules due to the absence of a hydrophilic spacer, these two ligands
were also used in this work to obtain water-soluble QDs.

For the DHLA and their corresponding PEG derivatives with different
functional groups, the ligand exchange method was the approach applied. In
the case of 3-mercaptopropionic acid the ligand exchange was affected by the
phase transfer method?”. Hence the nanoparticles initially soluble in
chloroform, become water soluble and the ligand exchange could be followed
by this change of solubilty. The general procedures for surface
functionalization for both kinds of ligands will also be described here.

The water-soluble QDs were characterized by several techniques. In general
all of them were analysed by optical and dynamic light scattering
measurements to obtain the absorbance and photoluminescence spectra and
to tune the size and the charge density of the hydrophilic QDs respectively. In
addition, some of these water-soluble QDs capped with some of the DHLA-
PEG-FN ligands were analysed using specific methodologies. When the
functional group (FN) was an amine, the number of functional groups around
the surface of nanoparticles was quantified by the fluorescamine assay (2]
and for ligands with a carbohydrate moiety as a terminal functional group the
number of sugars available in the surface of QDs were quantified using the
phenol-sulphuric acid assay *°..

The results obtained, show a family of water-soluble CdSe/ZnS core-shell
QDs that exhibit small hydrodynamic diameter which is substantially smaller
than polymer encapsulated QDs. The QDs display a tuneable charge density
and good solution stability, enhanced by the addition of a hydrophilic spacer.
The presence of heterobifunctional ligands with different terminal functional
groups on the surface of the QDs, make them very appealing for coupling

chemistry with a variety of biomolecules.

Experimental Section

Materials and Analysis

All syntheses and manipulations of air-sensitive solutions were carried out
under an argon atmosphere. Air sensitive materials were handled in a Braun

MB150-Gl glove box. All chemicals and solvents used in this work were
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obtained from Sigma-Aldrich or Fluka and used as received unless otherwise
specified. The solvents were all p.a. ACS grade. The synthesized compounds
were purified by flash chromatography using silica gel 60 (0.040-0.063mm)
from Merck. The analytical thin layer chromatography (TLC) plates
(aluminium-backed silica gel 60 GF254, Merck) were visualised in ninhydrin
solution for amine-bearing compounds, bismuth nitrate solution/aqueous
barium solution (2:1) in the case of compounds containing polyethylene
glycols. For all the others TLC plates an ethanolic solution of
molybdatophosphoric acid was used as staining ?”. The melting points were
determined with a capillary apparatus Buchi B-540. The NMR spectra were
recorded on a Brucker Avance II*. The 'H-NMR spectra were obtained at
400MHz with chemical shifts values (6) in ppm downfield from
tetramethylsilane. For spectra in D,O the residual water peak was used as
reference **C-NMR spectra were obtained at 100MHz in CDClz.and D,O. All
coupling constant (J) values are reported in hertz and the number of attached
protons is found in parentheses, following the chemical shift value. Peak
assignments were supported by 2D data. ESI-MS was measured on a
Brucker MICROTOF mass spectrometer and samples were dissolved in a
solution of chloroform or water. Infrared (FTIR) spectra were recorded on a
FT-IR Research series from Mattson. Samples were measured as thin films
on KCI windows or as KBr discs. UV-visible absorbance spectra were taken
using a Beckman DU-70 spectrophotometer. Corrected photoluminescence
spectra were recorded with a SPEX Fluorolog from Horiba Jobin Yvon and a
SpectraMax Gemini EM from Molecular Devices Corporation. Dynamic light
scattering measurements were performed in a Zetasiser Nano ZS from
Malvern Instruments. The samples of hydrophilic QDs were centrifuged in an
Eppendorf 5804R centrifuge. pH measurements were performed on a

Metrohm pH meter.

Solvent and Reagent Purification
Some of the solvents and reagents used needed prior purification. Table 3

describes these processes.
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Table 3 | Solvent and reagent purification

[28]

Solvent/Reagent

Description

Acetic Anhydride

Anhydrous dichloromethane

Anhydrous dimethylformamide

Anhydrous pyridine

Anhydrous tetrahydrofuran

Anhydrous toluene

Anhydrous triethylamine

Anhydrous triphenylphosphine

Boron trifluoride diethyl etherate

Trifluoromethanesulfonic acid

trimethylsilylester

Thionyl Chloride

Was distilled under reduced pressure
(20mmHg).

Was refluxed and distilled from
phosphorous pentoxide and stored
over molecular sieves.

Was kept over calcium hydride for
24h and then distilled under vacuum
(25mmHg) and stored over molecular
sieves

Was distilled twice from potassium
hydroxide and stored over molecular
sieves.

Was kept 24h over calcium hydride
and distilled. It was then refluxed
over sodium wire and benzophenone
until it acquired a violet colour. The
still was always kept at low reflux,
under an inert atmosphere and only
distilled immediately before use.

Was distilled from calcium hydride
and stored over sodium wire.

Was distilled from calcium hydride
and stored over molecular sieves.

Was dried under vacuum (0.1mmHg)
at 60°C for 4h.

Was distilled under reduced pressure
(20mmHg).

Was distilled under reduced pressure
(20mmHg).

Was freshly distilled from commercial
reagent.
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Ligand Synthesis and Design
Significant improvements were made to existing protocols for the synthesis of
many of the ligands described below. Hence the full experimental and

characterisation data is included.

Experiment 1: Synthesis of Dihydrolipoic acid (DHLA) (1) el

Thioctic acid (0.250g, 1.21mmol) was dissolved in 5mL of 0.25M NaHCO; and
cooled to 0°C in an ice bath. NaBH, (0.184g, 4.85mmol) was added slowly
and the temperature kept below 4°C while stirring for an additional 2h. The
reaction mixture was acidified with a solution of HCI 6M until pH=1. The
aqueous phase was extracted with toluene (3x25mL). The combined organic
phases were dried over Na,SO, and filtered. Evaporation of the solvent
yielded 1 (0.218g, 98%) as a clear colourless oil.

'H-NMR (400MHz, CDCLy): & (ppm) 2.94-2.91 (m, 1H, CHSH), 2.75-2.64 (m,
2H, CH,CH,SH), 2.38 (t, J=7.28Hz, 2H, CH,COOH), 1.92-1.88 (m, 1H,
CH,CH,SH), 1.77-1.71 (m, 1H, CH,CH,SH) 1.70-1.47 (m, 6H, 3xCH,), 1.35 (t,
J=7.96Hz, 1H, SH), 1.30 (d, J=7.64Hz, 1H, SH)."*C-NMR (100MHz, CDCl,) &
(ppm) 22.3 (1C, CH,), 24.3 (1C, CH,), 26.4 (1C, CH,), 33.8 (1C, CH,), 38.7
(1C, CH,), 39.3 (1C, CH), 42.7 (1C, CH,), 179.6 (1C, C=0).L.R (KCI) Vinax:
2935, 1707, 1427, 1135, 1282, 933cm™.

Experiment 2: Synthesis of TA-PEG 00-OH (2) **

Neat PEG,y (average MW 400g/mol) (10g, 25mmol) was heated under
vacuum in a rotavapor at 60°C for 1h with stirring to remove traces of water.
Thioctic acid (0.516g, 2.5mmol), 4-(dimethylamino)-pyridine (0.092g,
0.75mmol), and anhydrous dichloromethane (25mL) were added to the flask
under argon. The reaction mixture was cooled to 0°C in an ice bath, and a
solution of dicyclohexylcarbodiimide (DCC) (0.567g, 2.75mmol) in anhydrous
dichloromethane (10mL) was added dropwise. The reaction mixture was
stirred at 0°C for 1h before it was warmed to room temperature and stirred
overnight. The white precipitate formed was filtered over a plug of celite and
the filtrate washed with a saturated solution of sodium chloride (NaCl)
(3x30mL). The combined organic extracts were dried over Na,SO,, filtered,

and evaporated to give a yellow oil. The crude product was purified by silica
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flash chromatography using a mixture of dichloromethane/methanol (9.5:0.5;
R=0.38) and concentrated under vacuum to afford the product 2 as a yellow
oil (0.779, 77%).

'H-NMR (400MHz, CDCLly): & (ppm) 4.22 (t, J=4.8 Hz, 2H, OCH,-PEG), 3.65
(m, ~32H, PEG), 3.12 (m, 2H, CH,S), 2.67 (br s, 1H, CHS), 2.45 (m, 1H,
CH,CHS), 2.35 (t, J=7.48Hz, 2H, CH,COO), 1.91 (m, 1H, CH,CHS), 1.68-
1.47 (m, 6H, 3xCH,). "*C-NMR (100MHz): &5 (ppm) 24.5 (1C, CH,), 28.7(1C,
CH,), 33.9 (1C, CH,), 34.6 (1C, CH,), 38.5 (1C, CH,S), 40.2 (1C, CH,CH,S),
56.3 (1C, CHS), 61.7 (1C, CH,OH), 63.5 (1C, COOCH,), 69.2 (1C, CH,),
70.3-70.6 (~16C, (CH,CH,0)x~8, PEG), 72.5 (1C, CH,), 173.5 (1C,C=0). I.R
(KCI) vinax.: 3476, 2916, 2870, 2285, 1732, 1620, 1452, 1349, 1299, 1247,
1106, 946, 842cm™.ESI-MS (m/z): [M+Na]" Calculated for C,sHsoNaO1;S;:
625.2654; Found: 625.2687.

Experiment 3: Synthesis of DHLA-PEG40-OH or Hydroxy-PEG  (3) **
Ester 2 (0.768g, 1.92mmol) was dissolved in 7.6mL of a mixture ethanol/water
(2:4 (v/v)) with stirring. NaBH, (0.08g, 2.12mmol) was added and stirred for 1h
or until the solution became colourless. The reaction mixture was diluted with
water (10mL) and extracted with chloroform (3x25mL). The combined organic
phases were dried over sodium sulphate (Na,SO,), filtered, and concentrated
under vacuum. The residue was purified by silica flash chromatography.
Elution with dichloromethane/methanol (9:1; Ri0.59) afforded 3 (0.594g,
77%) as a colourless oil.

'"H-NMR (400MHz, CDCls): 6 (ppm) 4.23 (t, J=4.8Hz, 2H, OCH,-PEG), 3.65
(m, ~32H, PEG), 2.92 (m, 1H, CHSH), 2.69 (m, 2H, CH,SH), 2.35 (t, J=7.4Hz,
2H, CH,COO0), 1.89 (m, 1H, CH,CHSH), 1.79-1.70 (m, 1H, CH,CHSH), 1.69-
1.49 (m, 6H, 3xCH,), 1.35 (t, J=8Hz, 1H, SH), 1.31 (d, J=7.64Hz, 1H, SH).
3C-NMR (100MHz): & (ppm) 22.2 (1C, CH,), 24.5(1C, CH,), 26.5 (1C, CH,),
33.9 (1C, CH,), 38.6 (1C, CH,CH,SH), 39.2 (1C, CH,SH), 42.7 (1C, CHSH),
61.6 (1C, CH,OH), 63.4 (1C, COOCH,), 69.1 (1C, CH,), 70.2-70.6 (~16C,
(CH,CH,0)x~8, PEG), 72.5 (1C, CH,), 173.5 (1C,C=0). I.R (KCI) Vnax.: 3455,
2869, 2386, 1731, 1454, 1349, 1297, 1249, 1105, 948, 846cm ™.
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Experiment 4: Synthesis of Dichloride-PEG,q (4) '8

Neat PEG4qo (5.0 g, 12.5mmol) was heated under vacuum on a rotavapor at
60°C for 1h to remove traces of water. The flask was back-filled with argon
and cooled on an ice bath before thionyl chloride (SOCI,) (2.94mL, 37.5mmol)
was slowly added. The solution was warmed to 25°C and stirred for 2h. The
conversion was monitored by the disappearance of the broad O-H stretch at
3500 cm™ and the appearance of a C-Cl stretch at 739 cm™ in the IR
spectrum. The product was diluted with anhydrous dimethylformamide (DMF)
(6mL) and the solvent removed under reduced pressure. This step was
repeated three (or more) times to remove all residual traces of thionyl
chloride.

I.R (KCI) vinax.: 2873, 1449, 1350, 1298, 1221, 994, 899, 739cm™

Experiment 5: Synthesis of Diazido-PEG,qq (5) *®

Crude dichloride 4 was dissolved in a solution of sodium azide (3.25 g,
50.0mmol) in 86mL of DMF and stirred overnight at 85°C. The solvent was
removed under reduced pressure, and 50mL of dichloromethane was added.
The precipitate was removed by vacuum filtration and the solvent evaporated
in vacuum to yield the intermediate diazide. The conversion was confirmed by
the appearance of a sharp azide stretch at 2100 cm™ and the disappearance
of the C-Cl stretch at 739 cm™ in the IR spectrum. The crude product obtained
was purified by silica flash chromatography with a dichloromethane/methanol
(9:1; R=0.55) mixture to afford 5 (6.0119) as a pale yellow oil.

'H-NMR (400MHz, CDCls): & (ppm) 3.69-3.64 (m, ~31H, PEG), 3.38 (t, J= 5.0
Hz, 4H, 2xCH»-N3).">*C-NMR (100MHz): 5 (ppm) 50.5 (2C, OCH,CH,-N3), 69.9
(2C, OCH,CH»>-N3), 70.3-70.5 (~14C, (CH,CH,0) x~7, PEG). I.LR (KCI) viax.:
2870, 2107, 1676, 1453, 1348, 1299, 1119, 945, 851cm™.

Experiment 6: Synthesis of Diamino-PEGug (6) *®

Diazide 5 (6.011g, 15mmol) was dissolved in 94mL of anhydrous
tetrahydrofuran (THF), and triphenylphosphine (8.67g, 33mmol) was added.
The solution was stirred at 25°C for 4h before adding 1.24mL of water and

stirring overnight. The THF was removed under vacuum, and 26mL of water
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was added. The white precipitate was removed by vacuum filtration and the
filtrate washed with toluene (3x50mL). The water phase was removed in
vacuum to yield the pure product 6 as light-yellow oil (4.85 g, 97%).

'H-NMR (400MHz, D,0): & (ppm) 3.62-3.61 (m, ~27H, PEG), 3.49 (t, J=5.4Hz,
4H, OCH,CH,NH,), 2.71 (t, J=5.4Hz, 4H, OCH,CH,NH, )."*C-NMR (100MHz):
5 (ppm) 39.8 (2C, OCH,CH,-NH,), 69.3-69.6 (~14C,(CH,CH,0)x~7, PEG),
72.1 (2C, OCH,CH,-NHy). LR (KCI) wn4x:2915, 1650, 1567, 1477, 1351,
1309, 1249, 1099, 946, 840cm™.

Experiment 7: Synthesis of TA-PEG40-NH; (7) el

To a solution of diamine 6 (4.29g, 11mmol) and sodium bicarbonate (0.924g,
11mmol) in 36mL of a dimethylformamide/water mixture (1:1) at 4°C was
added dropwise a solution of lipoic acid N-hydroxysuccinimide ester (LA-NHS,
21) (0.607g, 2.0mmol) (see Experiment 20) in 5mL of dimethylformamide over
1h. The solution was warmed to room temperature, stirred overnight, and
extracted with chloroform (3x 20mL). The combined organic extracts were
washed with water (3 x 20mL), dried over Na,SO,, and filtered, and the
solvent was evaporated under vacuum. The crude product was purified by
silica flash chromatography using a mixture of chloroform/methanol/water
(7.5:2.2:0.3; R=0.53) to afford 7 as a yellow oil (0,520g, 65%).

'"H-NMR (400MHz, CDCly): & (ppm) 3.83-3.80 (m, 2H, CH3NH), 3.72-3.54 (m,
~40H, PEG), 3.47-3.39 (m, 2H, CH,NH,), 3.21-3.1 (m, 3H, CHS, CH,S), 2.48-
2.43 (m, 1H, CH,CHS), 2.25-2.18 (m, 2H, CH,COO), 1.93-1.98 (m, 1H,
CH,CHS), 1.73-1.41 (m, 6H, 3xCH,). "*C-NMR (100MHz): & (ppm) 25.4 (1C,
CH,), 28.9 (1C, CH,), 34.7 (1C, CH,), 36.2 (1C, CH,C=0), 38.5 (1C,
CH,CH,S), 39.1 (1C, CH,CH,S), 40.5-40.6 (2C, CH,NH,, CH,NH), 56.5 (1C,
CH,CHS), 69.7-70.6 (~14C, (CH,CH,O)x~7, PEG), 173.2 (C=0). I.R (KCI)
Vmax.: 3472, 2917, 1647, 1549, 1455, 1350, 1250, 1103, 949, 839, 753cm™.
ESI-MS (m/z): [M]" Calculated for C,gHs3N,0S,: 601.3175; Found: 601.3187.

Experiment 8: Synthesis of DHLA-PEG,00-NH; or Amino-PEG,q (8)[18]
To a solution of 7 (0.457g, 1.14mmol) in 6.1mL of a mixture ethanol/water

(4:1) at 4°C was slowly added 4 equivalents of sodium borohydride (NaBH,)
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(0.173g, 4.57mmol) over a 10 min period. The solution was stirred for 2h at
4°C. The mixture was then acidified to pH=2 with 3M HCI, and extracted with
chloroform (3x 15mL). The combined organics were dried over Na,SO, and
filtered and the solvent removed under vacuum. The crude product was
purified by silica flash chromatography. Elution with
chloroform/methanol/water (7.5:2.2:0.3; R=0.38) afforded product 8 as a
colourless oil (0,345g, 75%).

'H-NMR (400MHz, CDCls): & (ppm) 3.92-3.90 (m, 2H, CH,NH), 3.74-3.58 (m,
~36H, PEG), 3.45 (m, 2H, CH,;NH,), 3.20-3.0 (m, 3H, CHS, CH,S), 2.48-2.44
(m, 1H, CH,CHSH), 2.33-2.20 (m, 2H, CH,COO), 1.93-1.88 (m, 1H,
CH,CHSH), 1.71-1.43 (m, 6H, 3xCH,), 1.25-1.24 (m, 2H, 2xSH). *C-NMR
(100MHz): & (ppm) 25.3-25.6 (1C, CH,CH,SH), 28.9 (1C, CH,), 34.6 (1C,
CHy), 35.8-36.2 (1C, CH,C=0), 38.4 (1C, CH,), 39.1 (1C, CH,CH,SH), 40.1-
40.3 (2C, CH,NH,  CH,NH), 56.4 (1C,CH,CHSH), 60.1-70.4
(~14C,(CH,CH,0)x~7, PEG), 173.4 (C=0). I.R (KCI) Vmax.: 3466, 2917, 1648,
1549, 1454, 1350, 1250, 1105, 949, 842, 752cm™.

Experiment 9: Synthesis of TA-PEG4,-COOMe (9)™°!

To a solution of 7 (1.23g, 3mmol) in 20mL of anhydrous dichloromethane at
0°C and under an argon atmosphere was added triethylamine (EtsN)
(0.842mL, 6mmol). Then, a solution of methylmalonylchloride (0.360mL,
3.4mmol) in 10mL of dichloromethane was slowly added at 0°C. The reaction
mixture was kept at room temperature for 4h and the solvent removed under
vacuum. The crude product was purified by silica flash chromatography using
a dichloromethane/methanol (9:1; R=0.52) mixture to yield product 9 as a
yellow oil (0.699g, 57%).

'"H-NMR (400MHz, CDClg): ¢ (ppm) 3.74 (m, 3H, OCHjg), 3.65-3.54 (m, ~34H,
PEG), 3.50-3.45 (m, 4H, 2xCH,), 3.35-3.33 (m, 1H, CHS), 3.18-3.1 (m, 2H,
CH,S), 2.48-2.43 (m, 1H, CH,CHS), 2.23-2.19 (m, 2H, CH,COO), 1.95-1.83
(m, 1H, CH,CHS), 1.71-1.43 (m, 6H, 3xCH,). *C-NMR (100MHz): & (ppm)
25.5 (1C, CH,), 28.8 (1C, CH,), 34.6 (1C, CH,), 36.6 (1C, CH,C=0), 38.5 (1C,
CH,CH,S), 39.5-39.7 (1C, C=0CH,C=0), 40.2(1C, CH,CH,S), 41.4-41.5 (2C,
(CH,NH)x2), 52.4(1C, CHs), 56.4 (1C, CH,CHS), 60.1-70.4
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(~14C,(CH,CH,0)x~7, PEG), 169.4 (3C, C=0). I.R (KCI) ¥max: 3499, 3331,
2918, 2359, 2340, 1742, 1657, 1550, 1439, 1349, 1250, 1105, 949, 845cm ™,

Experiment 10: Synthesis of TA-PEG 4,-COOH (10)"*®

Ester 9 (0.202g, 0.283mmol) was hydrolysed with 0.25M NaOH in 5mL of
methanol for 5h at 60°C. After neutralizing to pH=7 with HCI 3M the solvent
was removed under vacuum. The residue was dissolved in water, acidified to
pH=2 and extracted with chloroform (3x10mL). The combined organic phases
were dried with Na,SO,, filtered and the solvent evaporated under vacuum to
yield the pure product 10 as a pale pink oil (0.181g, 91%).

'"H-NMR (400MHz, CDCl3): & (ppm) 3.66-3.63 (m, ~36H, PEG), 3.51-3.44 (m,
4H2xCH,), 3.38-3.36 (m, 1H, CHS), 3.19-3.1 (m, 2H, CH,S), 2.48-2.43 (m,
1H, CH,CHS), 2.25-2.17 (m, 2H, CH,COO), 1.93-1.88 (m, 1H, CH,CHS),
1.73-1.43 (m, 6H). *C-NMR (100MHz): & (ppm) 25.4 (1C, CH,), 28.8 (1C,
CH,), 34.6 (1C, CH,), 36.1 (1C, CH,C=0), 38.4 (1C, CH,CH,S), 38.8-39.2
(1C, C=0CH,C=0), 39.5 (1C, CH,CH,S), 40.2 (2C, (CH,NH)x2), 56.4 (1C,
CH,CHS), 69.2-70.5 (~14C,(CH,CH,0)x~7, PEG), 168.6-168.7 (1C, C=0),
168.8-168.9 (1C, C=0), 173.2-173.3 (1C, C=0). I.R (KCI) Vinay.: 3496, 3324,
2917, 1731, 1650, 1548, 1454, 1349, 1249, 1105, 948, 842, 752cm™. ESI-MS
(m/z): [M]" Calculated for CHssN,NaO;,S,: 709.3021; Found: 709.3010.

Experiment 11. Synthesis of DHLA-PEG4,,-COOH or Carboxy-PEG,q
(1)

To a solution of 10 (0.130g, 0.186mmol) in 0.25M sodium bicarbonate buffer
(1.8mL) at 4°C was slowly added 4 equivalents of sodium borohydride
(NaBH,) (0.028g, 0.743mmol). The solution was stirred for 2h at 4°C, acidified
to pH=2 with HCI 3M and extracted with chloroform (3x10mL). The combined
organic phases were dried with Na,SO,, filtered and evaporated under
vacuum to afford 11 as a colourless oil (0.123g, 95%).

'H-NMR (400MHz, CDCly): & (ppm) 3.66-3.55 (m, ~30H, PEG), 3.51-3.45 (m,
4H, 2xCH,), 3.39-3.37 (m, 2H, CH,), 2.99-2.91 (m, 1H, CHSH), 2.74-2.63 (m,
2H, CH,SH), 2.27-2.21 (m, 2H, CH,COO), 1.93-1.88 (m, 1H, CH,CHSH),
1.79-1.71 (m, 1H, CH,CHSH), 1.69-1.40 (m, 6H, 3xCH,), 1.36 (t, J=8.0Hz,
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1H, SH), 1.32 (d, J=7.8Hz, 1H, SH) *C-NMR (100MHz): & (ppm) 22.2 (1C,
CH,CH,SH), 25.2 (1C, CH,), 26.2 (1C, CH,), 29.7 (1C, CH,), 36.1 (1C,
CH,C=0), 38.7 (1C, C=OCH,C=0), 39.3 (1C, CH,CHSH), 39.5 (2C,
(CH,NH)x2), 42.7 (1C, CH,CH,SH) 69.1-70.5 (~14C,(CH,CH,0)x~7, PEG),
168.72 (2C, C=0), 173.5 (1C, C=0). I.R (KCI) Vinay: 3402, 2917, 2360, 1729,
1650, 1550, 1454, 1349, 1249, 1103, 948, 836, 752cm ™.

Experiment 12: Synthesis of Ditosyl-PEGqq (12)

To a solution containing PEG2gg (8.75g, 4.38mmol) in 15mL of dry pyridine at
0°C, p-tosyl chloride (p-TsClI) (3.34g, 17.5mmol) and a catalytic amount of 4-
(dimethylamino) pyridine (DMAP) was added The reaction mixture was kept
under stirring at room temperature during 48h. The pyridine was evaporated
under vacuum and the white residue obtained was dissolved in
dichloromethane (30mL). A saturated solution of sodium bicarbonate
(NaHCO3) was added and the aqueous phase extracted with ethyl acetate
(8x30mL). The combined organic phases were dried with Na,SO,, filtered and
evaporated under vacuum. The crude product was purified by silica flash
chromatography. Elution with dichloromethane/methanol (9:1; R{=0.5)
afforded product 12 as a yellow oil (4.882g, 48%).

'"H-NMR (400MHz, CDCls): & (ppm) 7.8 (d, J=8.2Hz, 4H, Ar), 7.34 (d, J=8Hz,
4H, Ar), 4.15 (t, J=5Hz, 4H, 2xCH,OTs), 3.64 (m, PEG), 2.45 (s, 6H, 2xCHs).
3C-NMR (100MHz): & (ppm) 21.5 (2C, 2xCH,), 68.6 (1C, CH,), 69.1 (1C,
CH,), 70.5-71.3 (~80C, (CH,CH,0)x~40), 126.9-130.1 (8C, Ar), 132 (2C, q),
144.7 (2C, q). I.R (KCI) vmax: 2872, 1596, 1466, 1352, 1296, 1249, 1177,
1109, 946, 842, 772cm™.

Experiment 13: Synthesis of Diazido-PEG,qqg (13)

The reaction was carried out as in Experiment 5 using compound 12 (4.85g,
2.1mmol), sodium azide (NaNjz) (1.63g, 25mmol) and 43mL of dried
dimethylformamide (DMF). The product 13 was obtained without purification
as a pale yellow oil (4.02g, 96%).

'"H-NMR (400MHz, CDCls): & (ppm) 3.64 (m, PEG), 3.39 (t, J=5Hz, 4H,
2xCH,). **C-NMR (100MHz): & (ppm) 50.6 (2C, OCH,CH,-N3), 69.9 (2C,
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OCH,CH,-N3), 70.3-70.6 (~78C, (CH,CH,0) x~39, PEG). I.R (KCI) Vmax:
2882, 2360, 2103, 1467, 1359, 1279, 1147, 1114, 1060, 945, 842cm™.

Experiment 14: Synthesis of Diamino-PEGyqy (14)

The reaction was carried out as in Experiment 6 using diazide 13 (4.017g,
2mmol) dissolved in 25mL of dried THF, triphenylphosphine (PPh3) (2.32g,
8.84mmol) and 0.332mL of water. The THF was removed under vacuum, and
10mL of water was added. The white precipitate was removed by vacuum
filtration and the filtrate washed with toluene (3x50mL). The water phase was
removed in vacuum to yield product 14 as pale yellow oil (3.722g, 93%).
'"H-NMR (400MHz, D,0): & (ppm) 3.62 (m, PEG), 3.51 (t, J=5.4Hz, 4H,
2XCH,), 2.75 (t, J=5.4Hz, 4H, 2xCH,). >*C-NMR (100MHz): & (ppm) 39.7 (2C,
OCH,CH»>-NH,), 69.3-69.8 (~78C, (CH,CH,O)x~39, PEG), 715 (2C,
OCH,CH,-NH,). I.R (KCI) Vmax: 2885, 1467, 1344, 1280, 1241, 1147, 1112,
1060, 962, 842cm™.

Experiment 15: Synthesis of TA-PEGp00-NH, (15)

The reaction was carried out as in Experiment 7 using compound 14 (1.38g,
0.69mmol) dissolved in 28mL of a dimethylformamide/water mixture, sodium
bicarbonate (0.058g, 0.69mmol) and LA-NHS (21) (see Experiment 20)
(0.038g, 0.125mmol) dissolved in 5mL of DMF. The crude product was
purified by flash chromatography. Elution with chloroform/methanol/water
(7.5:2.2:0.3; R=0.63) afforded amine 15 as a yellow oil (0.197g, 79%).
'H-NMR (400MHz, CDCly): 3.91 (t, J=4.8Hz, 1H, CH,NH), 3.81 (t, J=5Hz, 1H,
CH,NH), 3.76-3.52 (m, PEG), 3.49-3.42 (m, 2H, CH,NH,), 3.19-3.1 (m, 3H,
CHS, CH;S), 2.48-2.42 (m, 1H, CH,CHS), 2.19 (t, J=7.5Hz, 2H, CH,COO),
1.95-1.88 (m, 1H, CH,CHS ), 1.73-1.43 (m, 6H, 3xCH,). *C-NMR (100MHz):
5 (ppm) 25.3 (1C, CH,), 28.9 (1C, CH,), 34.6 (1C, CH,), 36.3 (1C, CH,C=0),
38.4 (1C, CH,CH,S), 39.1 (1C, CH,CH,S), 40.1-40.4 (2C, CH,NH,, CH,NH),
56.4 (1C, CH,CHS), 69.7-70.6 (~80C, (CH,CH,0) x~40, PEG), 173 (C=0).
I.R (KCI) vmnax.: 3465, 2885, 1648, 1554, 1467, 1344, 1282, 1243, 1112, 950,
842cm™.
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Experiment 16: Synthesis of DHLA-PEG,p00-NH, or Amino-PEGqqg (16)
The reaction was carried out as in Experiment 8, using compound 15 (0.117g,
0.060mmol) dissolved in 1.56mL of a mixture ethanol/water (4:1) at 4°C and 4
equivalents of NaBH, (0.009g, 0.23mmol). The crude product was purified by
silica flash chromatography using a chloroform/methanol/water (7.5:2.2:0.3;
R=0.51) mixture to yield the product 16 as a colourless oil (0,099g, 85%).
'H-NMR (400MHz, CDCly): & (ppm) 3.92 (t, J=4.8Hz, 1H, CH,NH), 3.81 (t,
J=5Hz, 1H, CH,;NH), 3.76-3.54 (m, PEG), 3.47-3.43 (m, 2H, CH,NH,), 2.92-
2.91 (m, 1H, CHSH), 2.74-2.65 (m, 2H, CH,SH), 2.19 (t, J=7.4Hz, 2H), 1.93-
1.88 (m, 1H, CH,CHSH), 1.78-1.71(m, 1H, CH,CHSH), 1.69-1.41 (m, 6H,
3xCH,), 1.35 (t, J=7.96Hz, 1H, SH), 1.31 (d, J=7.4Hz, 1H, SH). L.R (KCI) Viax:
3527, 2873, 2360, 1650, 1548, 1465, 1348, 1282, 1247, 1112, 948, 844cm™.

Experiment 17: Synthesis of TA-PEG50-COOMe (17)

The reaction was carried out as in Experiment 9 using compound 15 (0.200g,
0.1mmol) and triethylamine (28uL, 0.2mmol) dissolved in 4mL of dried
dichloromethane and methylmalonylchloride (12uL, 0.11mmol) dissolved in
1mL of CH,CI,. The crude product was purified by flash chromatography.
Elution with dichloromethane/methanol (9:1; R;=0.44) afforded methylester 17
as yellow viscous residue (0.197g, 98%).

'H-NMR (400MHz, CDCly): & (ppm) 3.81 (t, J=4.9Hz, 2H, CH,NH), 3.74 (s,
3H, OCHj), 3.66-3.54 (m, PEG), 3.50-3.45 (m, 5H, CH,NH,, CHS), 3.33 (s,
2H, CH,), 3.18-3.1 (m, 2H, CH,S), 2.48-2.43 (m, 1H, CH,CHS), 2.21 (,
J=7.5Hz, 2H, CH,COO), 1.93-1.88 (m, 1H, CH,CHS), 1.71-1.43 (m, 6H,
3XCH,). "*C-NMR (100MHz): & (ppm) 25.4 (1C, CH,), 28.9 (1C, CH,), 34.6
(1C, CH,), 36.2 (1C, CH,C=0), 38.4 (1C, CH,CH,S), 39.2-39.4 (1C,
C=0CH,C=0), 40.2(1C, CH,CH,S), 41.5 (2C, (CH,NH)x2), 52.3 (1C, CHa),
56.4 (1C, CH,CHS), 69.6-70.5 (~80C,(CH,CH,0)x~40, PEG), 165.1 (2C,
C=0), 173 (1C, C=0). I.R (KBr) vinax: 3450, 2888, 1741, 1658, 1550, 1467,
1344, 1280, 1241, 1147, 1112, 1060, 962, 842cm™.
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Experiment 18: Synthesis of TA -PEGq0-COOH (18)

Ester hydrolysis was carried out as in Experiment 10, using compound 17
(0.172g, 0.086mmol) dissolved in 5mL of a NaOH 0.25M solution prepared in
methanol. The product 18 was obtained as a yellow viscous residue (0.134g,
78%).

'H-NMR (400MHz, CDCls): & (ppm) 3.81 (t, J=4.9Hz, 1H, CH,NH), 3.69-3.54
(m, PEG), 3.51-3.44 (m, 5H, CH,NH2, CHS), 3.36 (s, 2H, CH,), 3.18-3.1 (m,
2H, CH,S), 2.50-2.42 (m, 1H, CH,CHS), 2.24 (t, J=7.5Hz, 2H, CH,COO),
1.93-1.88 (m, 1H, CH,CHS), 1.73-1.45 (m, 6H, 3xCH,). ">°C-NMR (100MHz): &
(ppm) 25.4 (1C, CH,), 28.9 (1C, CH,), 34.6 (1C, CH,), 36.1 (1C, CH,C=0),
38.4 (1C, CH,CH,S), 39.3 (1C, C=0CH,C=0), 40.1 (1C, CH,CH,S), 40.2 (2C,
(CH,NH)x2), 56.4 (1C, CH,CHS), 69.1-70.6 (~80C,(CH,CH,0)x~40, PEG),
168.6-168.7 (1C, C=0), 168.8-168.9 (1C, C=0), 173.2-173.3 (1C, C=0). I.R
(KBr) viax.: 3448, 2886, 1735, 1656, 1548, 1467, 1344, 1280, 1241, 1114,
962, 842cm™.

Experiment 19: Synthesis of DHLA-PEGy0-COOH or Carboxy-PEGzqn
(19)

The reaction was carried out as in Experiment 11 using compound 18
(0.1069, 0.053mmol), 1.5mL of 0.25M bicarbonate buffer and 4 equivalents of
sodium borohydride (0.008g, 0.21mmol). The pure product 19 was obtained
as colourless oil (0.105g, 99%).

'H-NMR (400MHz, CDCls): & (ppm) 3.81 (t, J=4.8Hz, 2H, CH,NH), 3.70-3.55
(m, PEG), 3.51-3.45 (m, 3H, CH,NH,), 3.36 (s, 2H, CH,), 2.93-2.88 (m, 1H,
CHSH), 2.74-2.63 (m, 2H, CH,SH), 2.20 (t, J=7.4Hz, 2H, CH,COO), 1.95-1.85
(m, 1H, CH,CHSH), 1.79-1.71 (m, 1H, CH,CHSH), 1.69-1.41 (m, 6H, 3xCHy,),
1.35 (t, J=7.98Hz, 1H, SH), 1.31 (d, J=7.68Hz, 1H, SH). I.R (KCI) Vnay.: 3397,
2883, 1733, 1656, 1548, 1467, 1359, 1344, 1280, 1241, 1147, 1112, 1062,
946, 842cm™.
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Experiment 20: Synthesis of N-hydroxysuccinimidyl (NHS) ester of lipoic
acid (LA-NHS) (21)*®

To a solution of thioctic acid (1.0g, 4.85mmol) and N-hydroxysuccinimide
(0.669 g, 5.82mmol) in 30mL of dried THF at 4°C was added slowly a solution
of dicyclohexylcarbodiimide (DCC) (1.2g, 5.82mmol) in 10mL of THF. The
mixture was warmed to room temperature and stirred for 5h. The precipitate
was removed by vacuum filtration and the solvent evaporated in vacuum. The
crude product was redissolved in 100mL of ethyl acetate and filtered once
more by vacuum filtration. The product was recrystallized from a solution of
ethyl acetate/hexane (1:1; R=0.45) to yield the pure product 21 as a pale-
yellow solid (1.03g, 70%).

m.p.: 90-92°C (Lit.” 90-91°C). *H-NMR (400MHz, CDCl,): & (ppm) 3.60-3.55
(m, 1H, CHS), 3.22-3.1 (m, 2H, CH,S), 2.84 (s, 4H, 2xCH,, NHS), 2.63 (t,
J=7.4Hz, 2H, CH,COO), 2.51-2.43 (m, 1H, CH,CHS), 1.97-1.88 (m, 1H,
CH,CHS), 1.83-1.53 (m, 6H, 3xCHy). ¥C-NMR (100MHz): & (ppm) 24.4 (1C,
CH,), 25.6 (2C, (CH,)x2), 28.3 (1C, CH,), 30.5 (CH,CH,0), 34.6 (1C, CH,),
38.5 (CH,CH,S), 40.1 (1C, CH,CH,S), 56.1 (1C, CH,CHCH,S), 168.4 (1C,
C=0), 169.1 (2C, C=0). I.R (KBI) Vmax.: 2939, 2860, 1811, 1781, 1731, 1455,
1424, 1374, 1206, 1142, 1074, 990, 936, 896, 879, 810, 792, 647cm™.
Experiment 21: Synthesis of N-maleoyl-g-alanine (22)

f-alanine (4.0g, 45mmol) was added to a stirred solution of maleic anhydride
(4.41g, 45mmol) in glacial acetic acid (45mL). After stirring for 3h the reaction
product was filtered off, dried and recrystallized with hexane. The pure
product 22 was obtained as a white solid (7,534g, 90%).

m.p.: 169.2-171.8°C. 'H-NMR (400MHz, (CD3),SO): & (ppm) 9.1 (m, 1H, NH),
6.4 (d, J=12.4Hz, 1H, CH), 6.25 (d, J=12.4Hz, 1H, CH), 3.4-3.35 (dd,
J=6.6Hz, J=5.76Hz, 2H, CH,), 2.47 (s, 2H, CH,COOH). **C-NMR (100MHz): §
(ppm) 32.9 (1C, CH,COOH), 3.5 (1C, CH,), 131.3 (1C, CH), 132.7 (1C, CH),
165.3 (1C, C=0), 165.6 (1C, C=0), 172.6 (1C, C=0).
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Experiment 22: Synthesis of 3-maleimido propionic acid (23) 1]

A mixture of compound 22 (5.052g, 27.3mmol), sodium acetate (4.4769,
54.6mmol) and 26mL of acetic anhydride were stirred for 3h at 55-60°C. The
mixture was allowed to cool to room temperature. After acidifying until pH 1
with HCI 1M, the mixture was extracted with ethyl acetate (3x20mL). The
combined organic phases were dried with Na,SO,, filtered and evaporated
under vacuum. The crude product was purified by silica flash
chromatography. Elution with dichloromethane/methanol (9:1; Rf=0.58) give a
pale yellow solid which was then recrystallized using a ethyl acetate/hexane
(2:1) mixture to afford acid 23 as a white solid (1.110g, 24%).

m.p.: 108.1-109.5°C (Lit.”*? 105-105.5°C). *H-NMR (400MHz, CDCly): & (ppm)
9.5 (br s, 1H, OH), 6.73 (s, 2H, 2xCH), 3.83 (t, J=7.2Hz, CH,), 2.70 (t,
J=7.2Hz, CH,COOH). *C-NMR (100MHz): & (ppm) 32.4 (1C, CH,COOH),
33.2 (1C, CH,), 134.2 (2C, 2xCH), 170.3 (2C, 2xC=0), 176.4 (1C, C=0).

Experiment 23: Synthesis of 3-maleimido propionic acid N-
hydroxysuccinimide ester (24) — via compound 23 2

To a solution of acid 23 (0.113g, 0.67mmol) and N-hydroxysuccinimide (0.093
g, 0.80mmol) in 3mL of dried THF at 0°C was added slowly to a solution of
dicyclohexylcarbodiimide (DCC) (0.166g, 0.80mmol) in 2mL of THF. After 5
minutes at 0°C the solution was stirred overnight at room temperature. The
resulting suspension was filtered. The obtained filtrate was evaporated under
vacuum. The crude product was purified by silica flash chromatography.
Elution with a dichloromethane/methanol (9:1, R=0.95) mixture give a pale
yellow oil which was then recristallyzed with ethyl acetate/hexane (1:1) to
afford NHS ester 24 as a white solid (0.103g, 58%).

m.p.: 167-171°C (Lit.”¥ 164-166°C). *H-NMR (400MHz, CDCly): & (ppm) 6.73
(s, 2H, 2xCH), 3.93 (t, J=6.96Hz, 2H, CH,), 3.0 (t, J=7Hz, 2H, CH,), 2.82 (s,
4H, 2XCH,). *C-NMR (100MHz): & (ppm) 25.5 (2C, 2xCHy), 29.7 (1C, CH,),
32.9 (1C, CH,), 134.3 (2C, 2xCH), 165.7 (1C, C=0), 168.7 (1C, C=0), 170.0
(1C, C=0).
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Experiment 24: Synthesis of 3-maleimido propionic acid N-
hydroxysuccinimide ester (24) — via compound 22 &2

To a solution of 22 (0.580g, 3.13mmol) dissolved in 7mL of anhydrous
dimethylformamide (DMF), NHS (0.450g, 3.91mmol) and DCC (1.292g,
6.26mmol) were added at 0°C. After 5 minutes at 0°C, the solution was stirred
for 4h at room temperature. The resulting suspension was filtered. 20mL of
water was then added to the filtrate. The aqueous phase was extracted with
CH,CI, (3x20mL). The combined organic phases were dried with Na,SOy,,
fitered and evaporated under vacuum. The crude product was purified by
silica flash chromatography. Elution with dichloromethane/methanol (9:1;
Rf=0.95) afforded NHS ester 24 as a white solid (0.362g, 46%).

The spectroscopic characterization of NHS ester 24 was described in the

previous experiment.

Experiment 25: Synthesis of Mannose Pentaacetate (25)
The synthesis of sugar 25 was carried out according to procedure described

in the literature®* *®!

and was obtained in quantitative yield.

Experiment 26: Synthesis of Monotosyl-TEG (26)

TEG (1.0 g, 6.7mmol) was heated under vacuum in a rotavapor at 60 °C for
1h with stirring to remove traces of water and then dissolved in 15mL of dry
pyridine. The flask was back-filled with argon and cooled on an ice bath
before p-tosyl chloride (1.41g, 7.4mmol) was slowly added and a catalytic
amount of DMAP. The solution was warmed to room temperature and stirred
for 30 minutes. The solvent was removed under reduced pressure and the
residue obtained diluted in dichloromethane and stirred with sodium
bicarbonate saturated solution during 30 minutes. The mixture was extracted
with ethyl acetate (3x20mL). The combined organic extracts were dried over
Na,SO, and filtered and the solvent evaporated under vacuum. The crude
product was purified by silica flash chromatography using a
dichloromethane/methanol (9.5:0.5, R=0.29) mixture to yield 26 as yellow oil
(0.922g, 45%).

'"H-NMR (400MHz, CDCls): & (ppm) 7.8 (d, J=8.2Hz, 2H, Ar), 7.3 (d, J=8.1Hz,
2H, Ar), 4.16 (t, J=4.8Hz, 2H, CH,OTs), 3.69 (t, J=4.7Hz, 4H, 2xCH,, TEG),
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3.60 (s, 4H, 2xCH,, TEG), 3.57 (t, J=4.6Hz, 2H, CH,OH), 2.44 (s, 3H, CH,).
BBC-NMR (100MHz): & (ppm) 21.5 (1C, CH3), 61.6 (1C, CH,OH), 68.5 (1C,
CH,0S), 69.1 (1C, CH,), 70.1 (1C, CH,), 70.6 (1C, CH,), 72.4 (1C, CH,),
127.9 (2C, CH), 129.8 (2C, CH), 132.8 (1C, q), 144.8 (1C, q). I.R (KCI) Vinax.:
2877, 1598, 1452, 1353, 1297, 1245, 1176, 1122, 1012, 919, 815, 773,
663cm™.

Experiment 27: Synthesis of AcMannose-TEG-Tosyl (27)

Mannose pentaacetate (25) (0.331g, 0.85mmol) and monotosylated TEG (26)
(0.775g, 2.55mmol) were dissolved in 5mL of CH,Cl, and cooled to 0°C.
Boron trifluoride diethyl etherate (BFs.Et,O) (0.428mL, 3.4mmol) was added
and stirred at room temperature for 48h. The reaction was quenched with
triethylamine and water and extracted with CH,Cl,. The combined organic
extracts were dried over Na,SO,, filtered and the solvent evaporated under
vacuum. The crude product was purified by silica flash chromatography using
a hexanel/ethyl acetate (1:9, R=0.26) to yield 27 as yellow oil (0.130g, 57%).
'"H-NMR (400MHz, CDCls): & (ppm) 7.8 (d, J=8.3Hz, 2H, Ar), 7.3 (d, J=8.1Hz,
2H, Ar), 5.35-5.25 (m, 2H, CH,-O-sugar), 4.86 (s, 1H, sugar), 4.29-4.08 (m,
6H, sugar), 3.71-3.59 (m, 10H, TEG), 2.45 (s, 3H, CHg, OTs), 2.18-1.99 (m,
12H, 4xOAc). *C-NMR (100MHz): & (ppm) 20.9-21.5 (5C, 5xCHs), 62.4 (1C,
CH,) 66.1 (1C, CH), 67.3 (1C, CH,), 68.2-68.3 (1C, CH), 68.7 (1C, CH,), 69
(1C, CH), 69.1-69.2 (1C, CH,), 69.5 (1C, CH), 69.9 (1C, CH,), 70.4 (1C, CHy,),
70.5-70.6 (1C, CH,), 97.6 (1C, CH), 127.9 (2C, CH-Ar), 129.8 (2C, CH-Ar),
133 (1C, q), 144.8 (1C, q), 169.6-170.6 (4C, C=0). I.R (KCI) vmax: 2942,
1752, 1598, 1452, 1369, 1243, 1178, 1139, 1083, 1049, 1018, 977, 921, 817,
757, 665cm ™.

Experiment 28: Synthesis of AcMannose-TEG-CI (28)
The compound 28 was prepared according to a reported procedure ! and

was obtained in 96% of yield.
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Experiment 29: Synthesis of AcMannose-TEG-SAc (29) %
AcMannose-TEG-OTs (27) (0.124g, 0.195mmol) and potassium thioacetate
(0.067g, 0.59mmol) were dissolved in 3mL of dry DMF and stirred at room
temperature for 12h. Ethyl acetate (10mL) was added to the mixture and the
organic phase was washed with water (5x10mL), dried with Na,SO,, filtered
and the solvent evaporated under vacuum. The crude product was purified by
silica flash chromatography. Elution with hexane/ethyl acetate (4.6, R=0.47)
afforded 29 as colourless oil (0,071g, 67%).

'H-NMR (400MHz, CDCls): & (ppm) 5.29-5.26 (m, 2H, CH,-O-sugar), 4.87 (s,
1H, sugar), 4.32-4.27 (m, 1H, sugar), 4.11-4.06 (m, 2H, sugar), 3.81-3.80 (m,
1H, sugar), 3.69-3.59 (m, ~10H, TEG), 3.10 (t, J=6.44Hz, 2H, CH,SAc), 2.33
(s, 3H, SAc), 2.15 (s, 3H, OAc), 2.10 (s, 3H, OAc), 2.05 (s, 3H, OAc), 1.99 (s,
3H, OAc). B¥C-NMR (100MHz): 6 (ppm) 20.6-20.8 (4C, CHs, 4xOAc), 28.7
(1C, CH,, CH,-SAc), 30.5 (1C, CHs, SAc), 62.4 (1C, CH,), 66.1 (1C, CH),
67.3 (1C, CH,), 68.3-6905 (3C, CH), 69.8-70.6 (4C, CH,, TEG), 97.7 (1C,
CH), 166.7-170.6 (4C, C=0, OAc), 195.5 (1C, C=0, SAc). I.R (KCI) Viax.
2933, 1749, 1691, 1434, 1369, 1226, 1137, 1085, 1047, 977, 703, 626cm™.

Experiment 30: Synthesis of thiol linker, Mannose-TEG-SH (30) 23]
AcMannose-TEG-SAc (29) (0.064g, 0.12mmol) and a catalytic amount (0.1
equivalents) of sodium methoxide were dissolved in MeOH at room
temperature for 30 minutes. The reaction mixture was neutralized until pH 7
with Dowex resin (50WX8-100) and water. The resin was filtered off and
washed with MeOH and the solvent evaporated under vacuum. The crude
product was dissolved in CHCIl; and washed with water. The combined
aqueous phase was evaporated under vacuum to yield 30 as colourless oil
(0,023g, 59%).

'H-NMR (400MHz, D,0): & (ppm) 4.81 (s, 1H, CH-sugar), 3.89-3.73 (m, 4H,
4xCH-sugar), 3.69-3.56 (m, 12H, TEG and CHj-sugar), 2.65 (t, J=6.2Hz, 2H,
CH,-SH). **C-NMR (100MHz): & (ppm) 23.1 (1C, CH,-SH), 60.9 (1C, CH,-
OH), 66.4 (1C, CH,, TEG), 66.7 (1C, CH), 69.2-69.6 (3C, 3xCH,, TEG), 69.9
(1C, CH), 70.4 (1C, CH), 72.2 (1C, CH,, TEG), 72.7 (1C, CH), 99.9 (1C, CH).
I.R (KCI) vinax.: 3390, 2925, 1737, 1643, 1461, 1353, 1245, 1133, 1093, 1060,
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975, 885, 809cm™. ESI-MS (m/z): [M+M+Na]" Calculated for C,4HssNaO16S;:
677.2098; Found: 677.2100.

Experiment 31: Synthesis of AcMannose-TEG-N; (31)

Compound 28 (0.652g, 1.3mmol) was dissolved in a solution of sodium azide
(0.254 g, 3.9mmol) in 11mL of DMF and stirred overnight at 85°C. The solvent
was removed under reduced pressure, and 20mL of dichloromethane was
added. The precipitate was removed by vacuum filtration and the solvent
evaporated in vacuum to yield the pure azide 31 as a yellow oil (0.625g,
95%). The conversion was confirmed by the appearance of a sharp azide
stretch at 2109 cm™ in the IR spectrum.

'H-NMR (400MHz, CDCls): & (ppm) 5.31-5.29 (m, 2H, CH,-O-sugar), 4.87 (s,
1H, sugar), 4.30-4.21 (m, 2H, sugar), 4.12-4.08 (m, 2H, sugar), 3.82-3.81 (m,
1H, sugar), 3.72-3.65 (m, ~6H, TEG), 3.41-3.38 (m, 4H, OCH,CH,N5), 2.15 (s,
3H, OAc), 2.10 (s, 3H, OAc), 2.04 (s, 3H, OAc), 1.99 (s, 3H, OAc)."*C-NMR
(100MH2z): 6 (ppm) 20.8 (4C, CHs;, 4xOAc), 50.6 (1C, CH,, CH»>-N3), 62.3 (1C,
CH,-sugar), 66.1 (1C, CH), 63.5 (1C, CH,-O-sugar), 66.1 (1C, CH-sugar),67.3
(1C, CH,CH,N3), 68.3 (1C, CH-sugar), 69.0 (1C, CH-sugar), 69.1 (1C, CH,,
TEG), 69.5 (1C, CH-sugar), 70.0 (1C, CH,, TEG), 70.6 (1C, CH,, TEG), 97.6
(1C, CH-O-sugar), 169.6 (4C, C=0, OACc). |.R (KCI) vmax: 2875, 2109, 1747,
1442, 1371, 1230, 1137, 1085, 1049, 979cm™.

Experiment 32: Synthesis of AcMannose-TEG-NH, (32)

Azide 31 (0.591g, 1.17mmol) was dissolved in 5mL of anhydrous
tetrahydrofuran (THF), and triphenylphosphine (0.337g, 1.29mmol) was
added. The solution was stirred at room temperature for 4h before adding
50uL of water and stirring overnight. The THF was removed in vacuum, and
water (2mL) was added. The resulting white precipitate was removed by
vacuum filtration and the filtrate washed with toluene (3x10mL). The water
phase was removed in vacuum to yield 32 as a light-yellow oil (0.432g, 77%).

Compound 32 was used in the following step without any purification. Due to
the limited solubility in water it was difficult to carry out the purification. For

this reason no spectroscopic characterization is presented.
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Experiment 33: Synthesis of AcMannose-TEG-TA (33)

To a solution of compound 32 (0.430g, 0.9mmol) and sodium bicarbonate
(0.075g, 0.9mmol) in 5mL of a dimethylformamide/water mixture (1:1) at 4°C,
a solution of LA-NHS (21) (0.272g, 0.9mmol) in 1mL of dimethylformamide
was added. This solution was allowed to warm to room temperature, stirred
overnight, and extracted with chloroform (3x 10mL). The combined organic
extracts were washed with water (3 x 10mL), dried over Na,SQO,, filtered, and
the solvent was evaporated under vacuum. The crude product was purified by
silica flash chromatography using a dichloromethane/methanol (9:1) mixture

to give 33 as yellow ail.

Compound 33 (0.428g, 0.64mmol) was dissolved in 5mL of dry pyridine. The
flask was back-filled with argon and cooled on an ice bath before acetic
anhydride (0.364mL, 3.85mmol) and a catalytic amount of DMAP were added
and the mixture was stirred for 12h at room temperature. The mixture was
slowly added with stirring at 0°C to an Erlenmeyer containing a saturated
solution of NaHCO; (20mL). The solution was extracted with CH,CI,
(3x20mL). The combined organic extracts were dried over Na,SO,, filtered
and the solvent evaporated under vacuum. The crude product was purified by
silica flash chromatography. Elution with dichloromethane/methanol (9:1,
R¢=0.55) afforded 33 as a yellow oil (0.329¢, 77%).

'H-NMR (400MHz, CDCl,): & (ppm) 5.37-5.26 (m, 2H, CH,-O-sugar), 4.89 (s,
1H, CH-sugar), 4.30-4.26 (m, 1H, CH-sugar), 4.13-4.05 (m, 2H, 2xCH-sugar),
3.85-3.81 (m, 1H, CH-sugar), 3.72-3.54 (m, ~10H, TEG and CH,-sugar), 3.47-
3.43 (m, 1H, CHS), 3.19-3.09 (m, 2H, CH,S), 2.48-2.43 (m, 1H, CH,CHS),
2.20 (t, J=7.6Hz, 2H, CH,COO), 2.16 (s, 3H, CHs, OAc), 2.10 (s, 3H, CHs,
OAc), 2.04 (s, 3H, CHs, OAc), 1.99 (s, 3H, CH;, OAc), 1.93-1.88 (m, 1H,
CH,CHS), 1.73-1.43 (m, ~6H, TA). >C-NMR (100MHz): & (ppm) 20.7 (4C,
CHs, 4XOAc), 25.3 (1C, CH,, TA), 28.8 (1C, CH,, TA), 34.6 (1C, CH,, TA),
36.3 (1C, CH,CO, TA) 38.4 (1C, CH,S, TA), 39.1 (CH,CH,S, TA), 40.1 (1C,
CH,, CH,-NH), 56.4 (1C, CHS, TA), 62.4 (1C, CH,-sugar), 66.0 (1C, CH-
sugar), 67.4 (1C, CH,-O-sugar), 68.4 (1C, CH-sugar), 69.0 (1C, CH-sugar),
69.5 (1C, CH-sugar), 69.9-70.6 (4C, CH,, TEG), 97.6 (1C, CH-O-sugar),
169.6-169.9 (4C, C=0, OAc), 170.0 (1C, C=0, TA).
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Experiment 34: Synthesis of Mannose-TEG-TA (34)

AcMannose-TEG-TA (33) (0.278g, 0.42mmol) and 1 equivalent of sodium
methoxide (0.022g, 0.42mmol) were dissolved in 2mL of MeOH and reacted
at room temperature for 1h. The reaction mixture was neutralized to pH 7 with
Dowex (50WX8-100) resin and water. The reaction was then filtered, the resin
washed with MeOH and the solvent evaporated under vacuum to yield 34 as
a pale yellow oil (0.205g, 98%).

'H-NMR (400MHz, D,0): ¢ (ppm) 4.80 (s, 1H, CH-sugar), 3.88-3.87 (m, 1H,
CH-sugar), 3.82-3.53 (m, ~16H, TEG/sugar), 3.31 (t, J=5.3Hz, 2H, CHS),
3.19-3.07 (m, 2H, CH,S), 2.45-2.37 (m, 1H, CH,CHS), 2.18 (t, J=7.2Hz, 2H,
CH,, CH,CO), 1.95-1.86 (m, 1H, CH,CHS), 1.69-1.31 (m, 6H, 3xCH,). **C-
NMR (100MHz): & (ppm) 25.0 (1C, CH,, TA), 27.8 (1C, CH,, TA), 33.7 (1C,
CH,, TA), 35.4 (1C, CH,CO, TA) 38.1 (1C, CH,S, TA), 38.9 (CH,CH,S, TA),
40.3 (1C, CH,, CH,-NH), 56.5 (1C, CHS, TA), 60.9 (1C, CH,-sugar), 66.3 (1C,
CH,-O-sugar), 66.7 (1C, CH-sugar), 68.9 (1C, CH,, TEG), 69.4-69.6 (3C,
CH,, TEG), 69.9 (1C, CH-sugar), 70.5 (1C, CH-sugar), 72.7 (1C, CH-sugar),
99.9 (1C, CH-O-sugar), 176.9 (1C, C=0, TA). L.R (KCI) vmax: 3388, 2929,
1643, 1550, 1450, 1351, 1247, 1137, 1060, 1029, 973, 881, 809cm™. ESI-MS
(m/z): [M+Na] " Calculated for C,oHs;NaNOeS,: 522.1824; Found: 522.1859.

Experiment 35: Synthesis of Mannose-TEG-DHLA (35)

To a solution of compound 34 (0.235g, 0.47mmol) in 3.1mL of a mixture
ethanol/water (1:4) at 4°C was slowly added 4 equivalents of sodium
borohydride (NaBH,) (0.071g, 1.88mmol). The solution was stirred for 2h at
4°C. The mixture was then acidified to pH 2 with 3M HCI, and extracted with
chloroform (3x 15mL). The combined organics were dried over Na,SOy,
fitered and the solvent removed under vacuum. The crude product was
purified by silica flash chromatography using a chloroform/methanol/water
(7.5:2.2:0.3, R=0.53) mixture to yield 35 as a colourless oil (0,172g, 73%).
'H-NMR (400MHz, D,0): & (ppm) 4.82 (s, 1H, CH-sugar), 3.90-3.89 (m, 1H,
CH-sugar), 3.83-3.55 (m, ~16H, TEG/sugar), 3.33 (t, J=5.36Hz, 2H, CH,-NH),
2.96-2.91 (m, 1H, CHSH), 2.67-2.65 (m, 2H, CH,SH), 2.21 (t, J=7.2Hz, 2H,
OCH,), 1.93-1.82 (m, 1H, CH,CHSH), 1.75-1.32 (m, 9H, TA). “C-NMR
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(100MHz): & (ppm) 21.4 (1C, CH,SH), 25.0 (1C, CH,, TA), 25.4 (1C, CH,,
TA), 35.5 (1C, CH,CHSH), 37.3 (CH,CH,SH), 38.7 (1C, CHSH), 41.7 (1C,
CH,-NH, TEG), 60.9 (1C, CH,, sugar), 66.36 (1C, CH,-O-sugar), 66.71 (1C,
CH, sugar), 68.9 (1C, CH,, TEG), 69.4-69.5 (3C, CH,, TEG), 69.9 (1C, CH,
sugar), 70.5 (1C, CH, sugar), 72.7 (1C, CH, sugar), 99.9 (1C, CH-O-sugar),
176.9 (1C, C=0, TA).

Experiment 36: Synthesis of Mannose-TEG-NH, (36)
Via Scheme 13, strategy 2, step f): Mannose-TEG-NH, (36) was achieved as

in Experiment 34, using compound 32 (0.360g, 0.75mmol) and NaOMe
(0.041g, 0.75mmol) in 2mL of MeOH. The reaction was stirred for 2h at room
temperature. The title compound was obtained as yellow pale oil (0.080g,
34%).

'H-NMR (400MHz, D,0): & (ppm) 4.80 (s, 1H, sugar), 3.88-3.87 (m, 2H,
sugar), 3.81-3.72 (m, 6H, sugar), 3.69-3.55 (m, TEG), 3.52 (t, J=5.4Hz, 2H,
OCH,CH,NH,), 2.78 (t, J=5.3Hz, 2H, OCH,CH,NH,). "*C-NMR (100MHz): &
(ppm) 39.7 (1C, CH,NH,), 60.9 (1C, CH,OH, sugar), 66.3 (1C, CH,, TEG),
66.7 (1C. CH, sugar), 69.3-69.6 (3C, CH,, TEG), 69.9 (1C, CH, sugar), 70.4
(1C, CH, sugar), 71.5-71.7 (1C, OCH,CH,NH,), 72.7 (1C, CH, sugar), 99.9
(1C, CH, sugar). I.R (KCI) wnax.: 3386, 2891, 1635, 1571, 1483, 1351, 1313,
1247, 1134, 1062, 966, 887, 813cm™.

Via Scheme 13, strategy 3, step j): To a solution of Pd/C (0.016g, 0.015mmol)

previously suspended in 3mL of ethyl acetate and purged three times with H,

was added a solution of compound 37 (0.235g, 0.7mmol) also dissolved in
3mL of ethyl acetate. The reaction was stirred at 50 Psi during 3h at room
temperature. The mixture was filtered by celite and washed thoroughly with
MeOH. The solvent was evaporated under vacuum. The crude obtained was
dissolved in 10mL of water and washed with ethyl ether (3x10mL). The
recovered aqueous phase was evaporated under vacuum to yield pure
product 36 as pale yellow oil (0.208g, 95%).

The compound 36 was analysed spectroscopically as described in the

procedure above.
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Experiment 37: Synthesis of Mannose-TEG-N; (37)

The reaction was carried out as in Experiment 34 using compound 31
(0.4964g, 0.98mmol) and 1 equivalent of NaOMe (0.053g, 0.98mmol) in 5mL of
MeOH. Purification was accomplished by flash chromatography, eluting with a
dichloromethane/methanol (9:1, R=0.19) mixture to yield 37 as a pale yellow
oil (0.240g, 72%).

'H-NMR (400MHz, CDCls): 6 (ppm) 4.81 (s, 1H, sugar), 4.50 (s, 4H, OH,
sugar), 3.96-3.75 (m, 6H, sugar), 3.69-3.54 (m, 10H, TEG), 3.40 (t, J=5Hz,
2H, CH,Ns). C-NMR (100MHz): § (ppm) 50.6 (1C, CH,Ns), 60.9 (1C,
CH,0OH, sugar), 66.3 (1C, CH,, TEG), 66.2 (1C, CH, sugar), 66.7 (1C. CH,,
TEG), 70.0-70.6 (4C, CH,, TEG), 70.8 (1C, CH, sugar), 71.5 (1C, CH, sugar),
72.2 (1C, CH, sugar), 100.1 (1C, CH, sugar). I.R (KCI) vmax: 3401, 2925,
2110, 1642, 1452, 1348, 1299, 1250, 1133, 1062, 975, 916, 882, 810cm™.
ESI-MS (m/z): [M+Na]® Calculated for C;,H3sN3NaOg: 360.1362; Found:
360.1377.

Experiment 38: Synthesis of Monotosyl-PEG4q0-OTs or PEG4p-OTs (39)
Neat PEG,4q (2.0g, 5mmol) was evaporated under vacuum in a rotavapor at
60°C for 1h with stirring to remove traces of water. The flask was back-filled
with argon and 20mL of dried dichloromethane was added. Then, p-tosyl
chloride (1.90g, 10mmol) and dried triethylamine (1.39mL, 10mmol) were
added and the reaction was stirring at room temperature. After 40 minutes the
reaction was stopped with the slowly addition of a saturated solution of
sodium bicarbonate (20mL). The reaction was stirring for 30 minutes. The
aqueous phase was extracted with ethyl acetate (3x30mL) and
dichloromethane (3x30mL). The combined organic phases were dried with
Na,SO,, filtered and evaporated under vacuum. The crude product was
purified by silica flash chromatography. Elution with
dichloromethane/methanol (9.7:0.3, R=0.34) afforded 39 as a colourless oil
(0.9869, 35%).

'"H-NMR (400MHz, CDCly): & (ppm) 7.79 (d, J=8.1Hz, 2H, Ar), 7.34 (d,
J=8.1Hz, 2H, Ar), 4.16 (t, J=4.8Hz, 2H, CH,OTs), 3.72-3.58 (m, ~35H, PEG),
2.45 (s, 3H, CH3, OTs). ®*C-NMR (100MHz): & (ppm) 21.6 (1C, CHs, OTS),
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61.6 (1C, CH,OH, PEG), 68.6 (1C, CH,-OTs), 69.2 (1C, CH,, PEG), 70.1-70.6
(~16C, (CH,CH,0)x~8, PEG), 72.5 (1C, CH,, PEG), 127.9 (2C, CH, Ar),
129.8 (2C, CH, Ar), 132.9 (1C, q), 144.8 (1C, q). L.R (KCI) vimax: 3471, 2875,
1729, 1648, 1598, 1454, 1353, 1294, 1249, 1176, 1099, 1012, 923, 819, 777,
665 cm™.

Experiment 39: Synthesis of AcMannose-trichloroacetimidate (40)
The compound 40 was synthesized according to the procedure described in

the literature®* 3

and was obtained in 90% of yield.

Experiment 40: Synthesis of AcMannose-PEG40,-OTs (41)
AcMannose-trichloroacetimidate (40) (0.847g, 1.72mmol) and monotosylated
PEG40 39 (0.980g, 1.72mmol) were dissolved in 20mL of CH,CI, and cooled
to 0°C. TMS triflate (0.311mL, 1.72mmol) and molecular sieves were added
and stirred at 0°C for 1h. The reaction was quenched with a saturated solution
of NaHCO3; (20mL) and extracted with CH,Cl, (3x20mL). The combined
organic extracts were dried over Na,SQy,, filtered and the solvent evaporated
under vacuum. The crude product was purified by silica flash
chromatography. Elution with dichloromethane/methanol (9.5:0.5, R=0.36)
afforded 41 as a pale yellow oil (1.663g, 98%).

'"H-NMR (400MHz, CDCly): & (ppm) 7.8 (d, J=8.2Hz, 2H), 7.3 (d, J=8.1Hz,
2H), 5.37-5.26 (m, 2H, sugar), 4.87 (s, 1H, sugar), 4.30-4.05 (m, 6H), 3.71-
3.58 (m, ~35H, PEG), 2.45 (s, 3H, OTs), 2.16-1.99 (m, 12H, OAc). **C-NMR
(100MHz): 6 (ppm) 20.9-21.5 (5C, 5xCH3), 62.3 (1C, CH,-OH, sugar) 63.5
(1C, CH,-OTs), 66.1 (1C, CH, sugar), 67.3 (1C, CH,-O-sugar), 68.3 (1C, CH,
sugar), 68.6 (1C, CH,, PEG), 69.1 (1C, CH, sugar), 69.2 (1C, CH,, PEG),
69.5 (1C, CH, sugar), 69.9 (1C, CH,, PEG), 70.4-70.7 (~13C, CH,, PEG),
97.6 (1C, CH, sugar), 127.9 (2C, CH-Ar), 129.8 (2C, CH-Ar), 144.8 (1C, q),
163.4 (1C, q), 169.4-170.6 (4C, C=0). L.R (KCI) vmax: 2879, 1737, 1598,
1454, 1367, 1241, 1176, 1097, 1049, 921, 829, 682, 665cm™.
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Experiment 41: Synthesis of AcMannose-PEG,p,-Ns (42)

The reaction was carried out as described in Experiment 31, using compound
41 (0.3569, 0.39mmol), NaN; (0.076g, 1.17mmol) in 6mL of dried DMF during
3h at 85°C. The azide 42 was afforded as pale yellow oil in 98% of yield.
'H-NMR (400MHz, CDCl3): 6 (ppm) 5.33-5.26 (m, 2H, sugar), 4.87 (s, 1H,
sugar), 4.30-4.20 (m, 2H, sugar), 4.11-4.05 (m, 2H, sugar), 3.83-3.80 (m, 2H,
PEG), 3.71-3.65 (m, PEG), 3.39 (t, J=5Hz, CH,-N3), 2.15-1.99 (m, 12H, OAc).
¥C-NMR (100MHz): & (ppm) 20.8 (4C, CHj, OAc), 50.6 (1C, CH,-Ny), 62.3
(1C, CH,-OH, sugar), 63.5 (1C, CH,, PEG), 66.1 (1C, CH, sugar), 67.2 (1C,
CH,CH;N3), 68.3 (1C, CH, sugar), 69.0 (1C, CH,, PEG), 69.4 (1C, CH,
sugar), 69.8 (1C, CH, sugar), 69.9-70.6 (~13C, CH,, TEG), 97.6 (1C, CH-O-
sugar), 169.6-169.8 (4C, C=0, OAc). I.R (KCI) Vmnax.: 2873, 2107, 1747, 1452,
1371, 1228, 1135, 1105, 1049, 979, 946 848cm™.

Experiment 42: Synthesis of Mannose-PEG,0-N3 (43)

The reaction was carried out as in Experiment 34 using compound 42
(1.029¢, 1.31mmol) and 1 equivalent of NaOMe (0.071g, 1.31mmol) in 5mL of
MeOH. Purification was accomplished by silica flash chromatography, eluting
with a dichloromethane/methanol (9:1, R=0.43) mixture to yield product 43 as
a colourless oil (0.390g, 48%).

'H-NMR (400MHz, CDCly): & (ppm) 4.86 (s, 1H, sugar), 4.69 (br s, 3H, OH,
sugar), 4.1 (br s, 1H, OH, sugar), 3.93-3.76 (m, 6H, sugar), 3.69-3.56 (m,
~37H, PEG), 3.39 (t, J=5Hz, 2H, CH,N3). ">*C-NMR (100MHz): & (ppm) 50.6
(1C, CHsN3), 61.2 (1C, CH,OH, sugar), 66.5 (1C, CH,, PEG), 66.6 (1C, CH,
sugar), 69.9-70.6 (~16C, CH,, PEG), 70.7 (1C, CH, sugar), 71.5 (1C, CH,
sugar), 72.2 (1C, CH, sugar), 100.1 (1C, CH, sugar). I.R (KCI) vax.: 3415,
2875, 2107, 1725, 1644, 1461, 1349, 1290, 1251, 1103, 948, 844, 680cm™.
ESI-MS (m/z): [M+Na]" Calculated for CpsHs7NsNaO..: 624.2929; Found:
624.2950.

Experiment 43: Synthesis of Mannose-PEG,qo-NH, (44)
The reaction was carried out according to the procedure described in
Experiment 36, using compound 43 (0.390g, 0.63mmol) dissolved in 3mL of
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AcOEt and Pd/C (0.015g, 0.014mmol) previously suspended in 3mL of AcOEt
and purged with H,. The product 44 was afforded as a pale yellow oil in 97%
of yield (0.3629).

'H-NMR (400MHz, D,0): & (ppm) 4.80 (s, 1H), 3.88-3.87 (m, 2H, sugar), 3.81-
3.72 (m, 6H, sugar), 3.69-3.53 (m, ~40H, PEG), 2.83 (t, J=5.3Hz, 2H,
CH,NH,). **C-NMR (100MHz): & (ppm) 39.6 (1C, CH,NH,), 60.9 (1C, CH,OH,
sugar), 66.3 (1C, CH,, PEG), 66.7 (1C. CH, sugar), 69.3-69.6 (~16C, CH,,
PEG), 69.9 (1C, CH, sugar), 70.47 (1C, CH, sugar), 70.42 (1C, CH,, PEG),
72.7 (1C, CH, sugar), 99.9 (1C, CH, sugar). |.R (KCI) vmnax.: 3396, 2915, 2875,
1641, 1461, 1351, 1301, 1249, 1093, 952, 883, 835, 809cm™.

Experiment 44: Synthesis of Mannose-PEG4q-TA (45):

The reaction was carried out as described in Experiment 33 using compound
44 (0.360g, 0.61mmol), LA-NHS (21) (0.184g, 0.61mmol) and NaHCO;
(0.050g, 0.61mmol) in 4mL of dried DMF. The purification was accomplished
by silica flash chromatography. Elution with dichloromethane/methanol (9:1,
R=0.3) afforded product 45 as a yellow oil (0.2969g, 61%).

'"H-NMR (400MHz, CDCIls): 6 (ppm) 4.88 (s, 1H, CH, sugar), 4.26 (br s, 2H,
CH,, sugar), 3.94-3.78 (m, 5H, sugar), 3.66-3.54 (m, ~35H, PEG), 3.44 (t,
J=5.2Hz, 2H, PEG), 3.21-3.08 (m, 2H, CH,S), 2.50-2.42 (m, 1H, CH,CHS),
2.20 (t, J=7.5Hz, 2H, CH,C=0), 1.95-1.87 (m, 1H, CH,CHS), 1.73-1.43 (m,
6H, 3xCH,). *C-NMR (100MHz): & (ppm) 25.4 (1C, CH,, TA), 28.9 (1C, CHy,
TA), 34.6 (1C, CH,, TA), 36.3 (1C, CH,CO, TA) 38.4 (1C, CH,S, TA), 39.1
(CH,CH,S, TA), 40.2 (1C, CH,, CH,-NH), 56.4 (1C, CHS, TA), 61.9 (1C, CH,-
OH, sugar), 66.7 (1C, CH»-O-sugar), 67.4 (1C, CH, sugar), 69.9-70.7 (~16C,
PEG), 70.7 (1C, CH, sugar), 71.6 (1C, CH, sugar), 72.0 (1C, CH, sugar),
100.1 (1C, CH, sugar). I.R (KCI) vnax.: 3403, 2919, 2869, 1648, 1550, 1461,
1349, 1297, 1249, 1103, 948, 883, 808cm™. ESI-MS (m/z): [M+Na]"
Calculated for C3,HgiNNaO15S,: 786.3360; Found: 786.3375.

Experiment 45: Synthesis of Mannose-PEG,4-DHLA (46)
The reaction was carried out as described in Experiment 35, but using
compound 45 (0.159g, 0.2mmol), NaBH,; (0.030g, 0.8mmol) in 2mL of
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ethanol/water mixture (1:4). The product 46 was afforded as colourless oil
(0.122g, 77%).

'H-NMR (400MHz, CDCl,): & (ppm) 4.88 (s, 1H, CH, sugar), 3.94-3.76 (m, 6H,
sugar), 3.65-3.53 (m, ~38H, PEG), 3.46-3.42 (m, 2H, CH,-NH), 2.95-2.89 (m,
1H, CHSH), 2.77-2.62 (m, 2H, CH,SH), 2.20 (t, J=7.4Hz, 2H, OCH,), 1.95-
1.86 (M, 1H, CH,CHSH), 1.78-1.40 (m, 9H, TA). *C-NMR (100MHz): & (ppm)
22.3 (1C, CH,SH), 25.3 (1C, CH,, TA), 28.9 (1C, CH,, TA), 34.6 (1C, CH,,
TA), 36.2 (1C, CH,CO, TA), 39.3 (1C, CHSH), 40.2 (1C, CH,NH), 42.7 (1C,
CH,CH,SH, TA), 61.7 (1C, CH,OH, sugar), 67.3 (1C, CH,-O-sugar), 70.0 (1C,
CH, sugar), 70.1-70.6 (~16C, PEG), 70.7 (1C, CH, sugar), 71.6 (1C, CH,
sugar), 72.2 (1C, CH, sugar), 100.2 (1C, CH, sugar), 173.1 (1C, C=0, TA). I.LR
(KCI) Vinax.: 3396, 2915, 2877, 1648, 1550, 1461, 1349, 1295, 1249, 1101,
950, 879, 840, 809cm™.

Water Solubilization of CdSe/ZnS Core-Shell QDs

The surface of native trioctylphosphine oxide /1-hexadecylamine
(TOPO/HDA) capped CdSe/ZnS core-shell QDs synthesized during this work
(chapter 2), was exchanged with a series of designed ligands described in this
chapter and also with commercial 3-mercaptopropionic acid (MPA, 99%). The
exchange method was carried out according to previously reported

procedures [13, 15, 18, 24, 36]

with some modifications to the quantities of
reagents/solvents and incubation times. The resulting hydrophilic samples of
QDs were purified using centrifugal filter devices with PES membrane from
Sartorius (Vivaspin) and with different MWCOs depending on the sample. The
polypropylene centrifuge tubes (15 and 50mL) and polypropylene micro tubes

(1.5 and 2mL) were purchased from Sarstedt.

Preparation of 3-mercaptopropionic acid (MPA)-capped QDs
A stock solution of MPA was prepared in a 10mL volumetric flask by placing
400ul of MPA (4.59mmol) followed by the addition of 500mg of KOH
(14.3mmol) and making up to the volume of the flask with MeOH.
The MPA-capped QDs were obtained by the phase transfer method [13. 24, 361 jpy
the following manner: 10mg of a dried pellet of CdSe/zZnS (TOPO/HDA) QDs

were placed into a 5mL glass vial and dispersed in 1.5mL of chloroform to
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give a highly concentrated solution (optical density , OD=1.5). 200uL of the
MPA stock solution were then added. The vial was closed with a snap cap
and manually shaken. After shaking for two minutes the chloroform solution
flocculated and became turbid (the solution was not optically clear at pH 5-7,
possible due to inter-particle hydrogen bonding between the carboxyl
functions of the ligands). 1.5mL of NaOH solution 10mM (pH 12) was
posteriorly added to the flocculate solution and the mixture of phases were
manually shaken again. Immediately, the transfer of QDs from the organic to
aqueous phase occurred and the aqueous phase became coloured. The two-
phase solution was transferred to a 15mL polypropylene tube, centrifuged at
55009 at room temperature for 5 minutes and the aqueous phase (coloured
phase) was recovered. To ensure the total collection of functionalized water-
soluble QDs, the centrifugation step was repeated two more times with the
addition of fresh 1.5mL of NaOH solution 10mM (pH 12) each time. The
combined aqueous phases containing the MPA-capped CdSe/ZnS QDs were
purified and concentrated using a centrifugal filter device (10kDa MW cutoff)
at 75009, at room temperature for 15 minutes and washed (3 times) with
NaOH solution 10mM (pH 12). The final concentrated sample was dispersed
in ImL of NaOH solution 10mM (pH 12) affording an orange optically clear
solution. The sample was stored in the dark at 4°C and was optically
characterized for further use. With time, the stored functionalized MPA-QDs
formed aggregates. To remove them, the sample was centrifuged in 2mL
polypropylene tube at 2000g at room temperature for 2 minutes. The
supernatant was stored again in the dark at 4°C for further use. In these

cases, the new concentration had to be determined.

Preparation of Dihydrolipoic acid (DHLA)-capped QDs

The use of DHLA (1) in the ligand exchange process with the native
TOPO/HDA nanoparticles was carried out as described previously 0 In a
5mL glass vial, 10mg of a dried pellet of CdSe/ZnS QDs were dispersed in
50mg of pure DHLA (1) and heated to 70°C under argon for 2-3h until the
solution became homogeneous. Dimethylformamide (1.5mL) was added to
the solution, and the nanocrystals were precipitated with 30mg of potassium
tert-butoxide (deprotonation of -COOH terminal group of lipoic acid) The
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precipitated solution was transferred to a 15mL polypropylene centrifuge tube
and centrifuged at 5500g during 5 minutes at room temperature to produce a
pellet of QDs and excess of potassium tert-butoxide. The supernatant, free of
QDs, was discarded, and the precipitate was dispersed in a NaOH solution
10mM (pH 12). The purification/concentration was carried out using a
centrifugal filter device (50kDa MW cut-off) with 5mL of NaOH solution 10mM
(pH 12) through four cycles (3000g, 8 minutes, r.t.). The final sample was
dispersed in 1mL of NaOH solution 10mM (pH12). The sample was stored in

the dark at 4°C and was optically characterized before further use.

Preparation of Carboxy-PEG4, Mannose-TEG and Mannose-PEGyq-
capped QDs

QDs ligand-exchange with carboxy-PEG,4 (11), mannose-TEG (35) and
mannose-PEG,q (46)-capped QDs were prepared based on the same
experimental procedure described previously 18 As an example, carboxy-
QDs were prepared in the following manner: In a 5mL glass vial, 5mg of dried
pellet of CdSe/ZnS QDs were dispersed in 25mg of neat carboxy-PEG,o (11)
and 100puL of MeOH were added creating an homogeneous mixture. The
mixture was heated under argon at 60°C, overnight. The QDs were then
precipitated by adding 0.3mL of EtOH, 0.5mL of chloroform, and 0.5mL of
hexane in succession (the volumes of solvent added could be increased if
needed). The suspension was transferred to a polypropylene centrifuge tube
(15mL) and centrifuged at 3000g for 4 minutes at room temperature. The
clear supernatant was discarded and the red pellet was dispersed in 10mM
NaOH solution (pH 12) and concentrated using a Sartorius Vivaspin-6 (10-
50kDa MW cut-off). The final product was dispersed in 1.5mL of NaOH
solution 10mM (pH 12) and stored in the fridge at 4°C. Optical
characterization was performed before use.

For the hydrophilic QDs containing carbohydrate moieties the functionalization
procedure was carried out as described above but final samples were washed
and dispersed in sodium phosphate (Na-P) buffer 10mM (pH 7).
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Preparation of Amino-PEG, and Mixtures of Amino-PEG,/DHLA-
PEG,0-capped QDs

The amino-PEG,q, (8) ligand was used in the ligand exchange process to
produce amino-QDs but also QDs with mixtures with different mole fractions
of compound 8 with the non-charged DHLA-PEG,q, (3) on their surface. For
convenience, the nomenclature used was amino-QDs when 100% of
compound 8 was coating the total surface of the nanoparticles and
amino/DHLA-PEG (x:y) when mixtures of amino-PEG g, (8) and DHLA-PEG ¢
(3) were applied on the surface of the QDs. x and y represent the percentage
of each ligand respectively. Amino/DHLA-PEG QDs were produced using the

8 iy different mixtures

experimental procedure applied for carboxy-QDs
(20:80), (50:50) and (80:20). As an example for the amino/DHLA-PEG (20:80)
QDs, a mixture of ligands constituted by 5mg of amino-PEG,q, (8) and 20mg
of DHLA-PEG,q, (3) was added to a glass vial containing 5mg of dried native
CdSe/znS QDs. The final samples were washed and dispersed in saline

phosphate (PBS) buffer 10mM (pH 6).

Characterization of Hydrophilic QDs

Concentration Determination in Aqueous Solutions and Optical
Measurements

The experimental procedure for the determination of the concentration of QDs
in aqueous solutions were carried out as described in chapter 2 for the
hydrophobic QDs using the absorption spectrum method. The MPA, DHLA
and carboxy-QD samples were dispersed in NaOH solution 10mM pH 12. For
amino-QDs and mixtures with hydroxy-PEG, the optical density was
measured in PBS buffer 10mM pH 6 and the glyco-QDs were measured in
Na-P buffer 10mM pH 7. The extinction coefficient applied (&= 1.5x10° M cm’
') was previously calculated on the first absorption peak of the CdSe cores
(4=568nm) and the concentration of each sample was determined by the
Lambert-Beer's Law (Equation 2). The QD concentrations in aqueous
solutions obtained were in the range from 1 to 10uM. The QY measurements
and photoluminescence spectra of the same samples were performed using

the experimental conditions also described in chapter 2.
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Dynamic Light Scattering Measurements

Light scattering analysis was performed using a Zetasiser Nano ZS dynamic
light scatterer from Malvern Instruments to characterize the hydrodynamic
diameter (HD) and zeta potential (&potential) of hydrophilic QDs. The
samples were suspended in the aqueous solutions used for the concentration
determination and optical measurements with concentrations between 0.02
and 0.1uM and 0.1 and 0.58uM for HD and &potential measurements
respectively. All the samples were filtered through a 0.2um PTFE membrane
before analyses. HD was obtained from number-weighted size distribution
analysis. For both HD and &-potential measurements values are reported as
the average of triplicate runs consisting of 20 measurements at 25°C.

The experimental procedure for HD measurements was carried out as
described in chapter 2 for hydrophobic QDs. For zeta potential analysis a
typical measurement in aqueous solutions was carried out as the following
procedure:

10mm precision cells made of Quartz (Type Nr. 101-QS, 10mm, Hellma) were
used to avoid optical interferences and to ensure that the optimum signal was
achieved during measurements. Therefore, an additional Universal “dip” cell
(ZEN 1002, Malvern Instruments) was required (according to instrument
manufacturer's specifications) to measure zeta potential of the aqueous
samples. For example, 2mL of MPA- QDs in NaOH solution 10mM pH 12 at
concentration of 0.1uM was prepared. The sample concentration was
adjusted previously to accommodate the scattering properties of the sample
and/or the optical requirements of specific instrument. 1mL of the sample
solution using a 1mL disposable syringe was filtered with a 0.2um PTFE
membrane before the sample was introduced into the cuvette for analysis.
The cuvette was filled slowly to avoid the formation of air bubbles and was
closed by the universal “dip” cell which was inserted inside the cuvette
according to manufacturer’s instructions. The cuvette was placed correctly in
the sample holder (quartz windows should be facing the incident beam and
detector) and 3 measurements of 20 runs each were performed per sample at
25°C and with an equilibration time of 2 minutes.The obtained data was

analysed using the instrument’s software (Zetasizer software, version 6.2) to
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evaluate surface charge (zeta potential values) and electrophoretic mobility of
hydrophilic QDs.

Estimation of the Number of Functional Amines Groups in Amino-QDs
and Mixed-ligand Amino- QDs

Where appropriate, the number of functional amino groups available on the
QD surface was measured using the fluorescamine assay according to

Udenfriend et al

(371

and modified for microplates as described by Lorenzen
and Kennedy
After the water-solubilisation of native TOPO/HDA-capped QDs with pure
amino-PEG,q (8) and mixtures of compound 8 with hydroxy-PEG,q (3), the
water-soluble QDs were purified by ultrafiltration using centrifugal filter
devices Vivaspin 6 (10-50kDa MW cut-off) from Sartorius to remove the
presence of possible free ligand in solution. Series of 4 dilutions of free
amino-PEG,q (8) ligand ranging from 0 to 25uM were prepared in dried DMF
to plot the calibration curve of fluorescence intensity vs. concentration of free
compound 8. The QDs solutions were suspended in PBS buffer pH 6 with a
concentration of 0.25uM. After the dilutions, 150uL of each sample/standard
were pipetted into a black polypropylene 96-well microplate in replicates of
two to improve accuracy. The microplate was then placed in a shaker and
75uL of 10.8mM (3mg/mL) of fluorescamine freshly dissolved in dried DMF,
was added to each well. The control was performed with 150uL of PBS buffer
pH 6 and 75uL of fluorescamine solution. Following the addition of the
fluorescamine, the plate was shaken for one minute. The fluorescence was
then measured using a SpectraMax Gemini EM fluorescence plate reader
from Molecular Devices with a 380-390nm excitation filter. The concentration
of amino-PEG,y (8) in the QDs solutions was obtained according to the
calibration curve based on the integrated fluorescence intensity of standard
with fluorescamine from 460-480nm, along with a linear fit. Finally, the
calculated number of amines on a single QD was according the following
equation:

Na= Camino-peGaco/ CQDs

Equation 4 | Expression given to estimate the number of functional amine groups
available on a single QD surface.
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Where N, is the number of amine groups available on the surface of a single
QD, Camino-PEGaco IS the concentration of amino-PEG,q (8) present in the QDs

solutions and Cqps is the initial concentration of CdSe/ZnS QD particles.

Estimation of the Concentration of Carbohydrates Moieties in Glyco-
QDs

The number of mannose molecules attached to the surface of glyco-QDs was
determined by the phenol-sulfuric acid method in a microplate format
described by Masuko et al ?®.. The water-soluble sugar-capped QDs samples
were first purified by ultrafiltration using centrifugal filter devices Vivaspin 6
(10-50kDa MW cut-off) to remove any kind of aggregates formed with time
and eliminate the possible presence of free ligand in solution. The new
concentration was determined by the absorption spectra method. A series of
10 dilutions of free mannose ranging from O to 200nmol were prepared in
Milli-Q water to plot the calibration curve at 490nm after treatment with
concentrated H,SO,/phenol vs. concentration of free mannose. The sugar-
capped QDs were suspended in Na-P buffer 10mM pH 7.3 with a
concentration ranging between 0.25-0.34uM. 50uL of each standard/sample
were pipetted into a 96-well microplate in triplicate to improve accuracy. Then,
150uL of concentrated H,SO, and 30pL of a fresh solution of 5% phenol in
water were added to each well. 50uL of sugar-capped QD solution and 150uL
of concentrated H,SO, was used as control. After the addition of phenol-
sulfuric acid, the microplate was heated in a water bath at 80°C during 15
minutes followed by 5 minutes at room temperature. The mannose
concentration was estimated using the calibration curve of the absorbance at
490nm of free mannose after treatment with phenol-sulfuric acid, along with a
linear fit and the number of sugar molecules on a single QD surface was

calculated according to the following equation:

Ns= Cmannose / CQDs

Equation 5 | Expression used to estimate the number of sugar molecules available on
a single QD surface.
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Where Ns is the number of sugar molecules available on the surface of a
single QD, Cpannose IS the concentration of mannose present in the QDs

solutions and Cqps is the initial concentration of CdSe/ZnS QD particles.

Results and Discussion
Ligand Synthesis and Design
In earlier reports the use of DHLA and PEG-appended DHLA (DHLA-PEG-
OH) as surface ligands was demonstrated to promote the aqueous dispersion
of the luminescent CdSe/znS QDs ™ **. Scheme 4, illustrates the synthetic

route for the preparation of DHLA and PEGq-appendend to DHLA.
o}

OH
SH SH

Dihydrolipoic acid (DHLA)
()

!
(0]
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thioctic acid (TA) Jb) PEG 00 (n~8)
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TA-PEG 409-OH
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SH SH n

DHLA-PEG 4,-OH
(3)

a) NaBH,, NaHCO; 0.25M, H20, 0°C, 2h, 98%
b) DCC, DMAP, CH,Cl,, 0°C-1h, r.t - overnight, 77%; c) NaBH,, EtOH/H,0, r.t., 1h, 77%

Scheme 4 | DHLA and DHLA-PEGu4p-OH Synthesis. Synthetic route for the
production of compounds DHLA (1) and PEGuago- appended to DHLA (3) based on the
Uyeda et al description ™.
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Dihydrolipoic acid was freshly prepared by reduction with sodium borohydride
(NaBH,;) in the presence of an aqueous solvent; sodium bicarbonate
(NaHCO,) and was obtained in a quantitative yield. The synthetic scheme to
make DHLA-PEG4-OH (3) was relatively simple. PEG,q-appended to
dihydrolipoic acid was obtained by a simple esterification reaction between
PEG with molecular weight (MW) =400 (PEG4q) and thioctic acid mediated by
dicyclohexylcarbodiimide (DCC) and the presence of a catalytic amount of 4-
(dimethylamino)-pyridine (DMAP). The esterification reaction was followed by
the reduction of the 1, 2-dithiolane with NaBH, in a mixture of ethanol and
water to afford the desired product with an overall yield of 60% starting from
thioctic acid (TA). In the synthesis and purification of DHLA-PEG,40-OH (3),
the esterification reaction to appended PEG,q to thioctic acid was performed
using an excess of PEG. This substantially minimized the formation of bi-
substituted species and thus simplified the column chromatographic
purification. The unreacted PEG was eliminated by the extraction with a
saturated sodium chloride (NaCl) solution where most of the glycol stayed in
the aqueous phase. The ring opening of the dithiolane group of thioctic acid-
terminated PEG,q ligand (2) and thioctic acid (TA) was carried out, in both
cases, using NaBH, as described above. However, the conversion of thioctic
acid to dihydrolipoic acid (1) took place in strictly aqueous solvent whereas
the reduction of compound 2 proceeded more cleanly when carried out in a

mixture of ethanol/water > & 39

. The ring opening process was visually
monitored by the gradual disappearance of the yellow colour of the precursor
(oxidized form) to a final colourless solution of the final product (reduced
form). The coupling of the PEG,q, to thioctic acid was demonstrated by NMR
spectroscopic techniques (Figure 10). The esterification product was
successfully obtained in *H-NMR (spectra (c)). The 'H-NMR of the ester 2
(spectrum (c)) is essentially a composite of the two starting materials. The
contribution of the PEG moiety appeared as a large broad multiplet at 3.5-3.6
ppm with an additional two-proton triplet at 4.2 ppm. Using the same
technique it was also possible to analyse the completion of the reductive ring
opening process. The '"H-NMR analyses demonstrated the differences in the
chemical shifts (in ppm) of the oxidized (spectrum (a) and (c)) and reduced

form (spectrum (b) and (d)) of these two compounds. For compounds 1 and 3
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(spectrum (b) and (d)), the thiol protons were clearly displayed by the well-
resolved triplet and doublet at 1.30 and 1.25 ppm respectively with integrated
intensities of one proton each. In addition, new chemical shifts were observed
again for these compounds, at 2.6 and 2.8 ppm which are completely missing
in spectra (a) and (c). On the other hand, the peaks at 3.0 and 2.5 ppm are
unique for the closed form of TA and compound 2 and totally absent in the

reduced forms.

Figure 10 | 1H-NMR spectra of DHLA (1) and DHLA-PEGau-OH (3). 'H-NMR
spectra highlighting the coupling of PEGuago to thioctic acid (compound 2) and
displaying the characteristics shifts resulting from the reduction of the dithiolane
moiety; compounds 1 and 3.

The synthetic route to polyethylene glycol appended dihydroliopoic acid
described above provided a general and simple way to synthesize
heterobifunctional ligands. At one of the ends of PEG molecule it was possible

to modify with TA/DHLA maintaining the bidentate surface functionality and at
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the other end it was possible to modify with other functional moieties (e.g. —
OH).

Using the same type of chemistry, the synthesis and characterization was
expanded to a series of modular ligands with terminal functional groups. The
Scheme 5 shows a modular design of the synthesized ligands. The
hydrophilic spacer used was PEG,4y and PEG,00 and the chosen functional

groups were amine and carboxyl group

Bidentate thiol Hydrophilc Functional
group spacer group
[ | L I
(e}
(0]
SH SH n
DHLA-PEGn-Amino
(8): n~8
(16): n~40
o o ©
(0]
Ao L b
SH SH n
DHLA-PEGn-Carboxy
(11): n~8
(19): n~40

Scheme 5 | Modular ligands with functional terminal groups. General scheme of
the hydrophilic ligands synthesized with different terminal functional groups and
hydrophilic spacers.

Scheme 7 describes the synthetic route for DHLA-PEGn-FN, where FN is an
amine or carboxyl group and n~8 or 40. The steps were almost the same
applied for both PEG,40 and PEG,q. The diamine functionalized polyethylene
glycol 6 (n~8) or 14 (n~40) were synthesized from commercially available
PEG40 and PEGyq respectively. For diamine 6 the route applied was a
simple three step process affording the final ligand in high yield (97% on a 5¢g
scale) with minimal purification steps. Reaction of neat PEG,q with thionyl
chloride as solvent was monitored by the disappearance of the broad OH
stretch at 3500cm™ and the appearance of a C-ClI stretch at 739cm™ in the
infrared (IR) spectra (Figure 11, spectrum (a)). After the elimination of SOCI,
with the help of DMF under reduced pressure the chloride 4 was treated with
sodium azide in order to obtain the diazide 5. In this case, the reaction was
also followed by infrared analysis where the conversion was confirmed by the

presence of a sharp azide stretch at 2107cm™ and the disappearance of the
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C-Cl bond at 739cm™ (Figure 11, spectrum (b)). The diazide 5 in the presence

of triphenylphosphine/water afforded the desired diamine 6 in large quantities.

Figure 11 | Infrared Analysis of dichloride and diazide from PEGuag. Infrared
spectra for the synthesis of compounds 4 and 5 where in spectra (a) is possible to
visualize the presence of a C-Cl band at 739cm™ and in spectra (b) the band 2107cm™
indicating the formation of an azide.

Replacement of SOCI, by p-TsCl to form ditosylate 20 was also carried out
(Scheme 6) but afforded the required compound in only in 26% yield and
required an additional purification step. For this reason the route using

dichloride 4, although more hazardous, was more efficient.

106



Ligand Synthesis and Design for Water-Soluble CdSe/ZnS QDs

o -TsCl, EtzN
OH%\/ %OH _ PR L 1s0 Oors
n CH,Cly, r.t., 3h, 26% n

PEGyq (n~8) (20): n~8

Scheme 6 | General reaction for the synthesis of ditosyl compound 20 from PEGago.

The heterobifunctional ligands were then obtained in a straightforward fashion

from diamine 6.

PEGyqq (n~8) a) CI%\/OJ\/\CI
n
OH{/\/O}/\OH (4):n-8 LI N3/%VOJ\/\N3 _9 , HZN/%\/OJ\/\NHZ
n n n
& OJ\A (5): n~8 (6): n~8
PEG;qqp (n~40) TSO%\/ n ot (13): n~40 (14): n~40

(12): n~40

o o]
HZN%\/OJ/\NW e) HZN%\/O%NM
n n H S—S

SH SH
Amino-PEG,-DHLA (7): n~8
(8): n~8 (15): n~40
(16): n~40
f)
o O o 9 o O o
I A A s WS AULIPAE AP
n $—8 no 1 5—$
(10): n~8 (9): n~8
(18): n~40 (17): n~40
‘ O O o
n H SH SH
Carboxy-PEG,-DHLA
(11): n~8
(19): n~40
Eor PEG,¢o (n~8):

a) SOCI,, 0-25°C, 2h; b) NaN,, DMF, 85°C, overnight; c) PPh, THF, H,0, r.t, overnight, 97%; d) LA-
NHS, NaHCO,, DMF/H20 (1:1), 0-25°C, overnight, 65%; e) NaBH,, EtOH/H,0 (4:1), 2h, 75%; f)
Methylmalonylichloride, Et;N, CH,Cl,, 0-25°C, 4h, 57%; g) 0.25M NaOH, MeOH, 60°C, 5h, 91%; h)
0.25M NaHCO,, NaBH,, 0°C, 2h,95% .

M

or PEG,4q (n~40):

a') p-TsCl, DMAP,py, 0-25°C, overnight, 48%; b) NaN;, DMF, 85°C, overnight; 96% c) PPh3, THF,
H,0, r.t, overnight, 93%; d) LA-NHS, NaHCO3;, DMF/H,0 (1:1), 0-25°C, overnight, 79%; e) NaBH,,
EtOH/H,0 (4:1), 2h, 85%; f) Methylmalonylchloride, Et;N, CH,Cl,, 0-25°C, 4h, 98%; g) 0.25M
NaOH, MeOH, 60°C, 5h, 78%; h) 0.25M NaHCO;, NaBH,, 0°C, 2h,99% .

Scheme 7 | Amino-PEGn-DHLA and Carboxy-PEGn-DHLA Synthesis. General
route for the achievement of hydrophilic ligands with an amine and carboxyl functional
groups with PEGa400 and PEG2000 as spacer.
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TA-PEG,400-NH, (7), which served as the precursor to both DHLA-PEG400-NH,
(8) and DHLA-PEG,40-COOH (11), resulted from the reaction of diamine 6
with the NHS ester of lipoic acid (LA-NHS) (21). Compound 7 was furnished
smoothly by ring opening of thioctic ester into the dihydrolipoic form. The pure
DHLA-PEG,40-NH; (8) was obtained in a total of five steps with 47% of overall
yield. On the other hand, compound 7 was reacted with methylmalonyl
chloride, followed by methylester hydrolysis to form an amide with a terminal
carboxyl group (compound 10). The reduction of the 1, 2-dithiolane ring with
sodium borohydride yielded the DHLA-PEG40-COOH (11) in a total of seven
steps with 31% of overall yield.

Lipoic acid N-hydroxysuccinimide ester® (LA-NHS) (21) was prepared in this
work based on a simple esterification reaction between thioctic acid (TA) and
N-hydroxysuccinimide (NHS) in a presence of 1.2 equivalentes of DCC. The

pure product was obtained as yellow powder in 70% yield (Scheme 8).

o o o ©
DCC, THF, 4-25°C, 5h, 70%
MOH . N—OH o (Y\/\)J\O—N
S-S S-S
¢} ¢}

Lipoic acid
Thioctic acid N-Hydroxysuccinimide N-hydroxysuccinimide ester
(TA) (NHS) (LA-NHS), (21)

Scheme 8 | LA-NHS Synthesis. Reaction for the synthesis of lipoic acid N-
hydroxysuccinimide ester (21) based on the literature™®.

The preparation of Amino/Carboxy-PEG,-DHLA using PEGyyo (n~40)
corresponding to compounds 16 and 19 respectively was quite similar to the
approach described for PEG4 (Scheme 7). The synthesis started with
conversion of PEG,q in its corresponding dichloride 4 using an excess of
thionyl chloride (SOCI,). This reagent is toxic but the desired compound was
obtained in large amounts without the need for purification. However, during
the synthesis of the same intermediate using PEG,qqo, it was found that the
dichloride was not formed by reaction with SOCI,, because of the long
aliphatic chain of PEG,y. Thus, the production of diamine 14 continues to

enjoy a three steps route however, dichloride 4 was replaced by compound 12
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produced from reaction of PEG,yy With p-tosyl chloride affording the ditosyl-
PEG000 12 in 48% yield

The heterobifunctional ligands for PEG,oe Were synthesized in the same
fashion as described for PEG,q. The intermediate 15 was obtained from the
reaction between diamine 14 and LA-NHS ester (21) and after reduction with
NaBH, yielded the final NH,- terminal ligand, DHLA-PEG00-NH, (16), in high
yield. Compound 16 was also obtained after 5 steps but with an overall yield
of 29%, lower than the corresponding intermediate for PEG,u (47%).
Alternatively, compound 15 was also used as precursor for the synthesis of
DHLA-PEGp0-COOH (19). After the treatment of compound 15 with
methylmalonyl chloride, followed by methyl ester hydrolysis, the final pure
product was obtained by reduction with NaBH,. The desired compound 19
was obtained after seven steps with an overall yield of 26%.

For both PEG,0 and PEG,y, the reductive ring opening process of 1,2-
dithiolanes in the presence of NaBH, could be monitored by a change of
colour from yellow to colourless. All of the intermediates involved in the
heterobifunctional ligands synthesis were characterized by NMR as described
in the Experimental section.

In general, the synthetic route illustrated in Scheme 4 and Scheme 7
demonstrated a simple means to construct heterobifunctional linkers based on
polyethylene glycols of different segments appended to thioctic
acid/dihydrolipoic acid with the possibility to modify one of the ends of PEG
with other functional moieties (e.g. OH, NH2, COOH). The approach used for
the achievement of these ligands incorporates several advantages. The
procedure outlined provided higher reaction yields coupled with the ease of
product separation as the case of diamine 6 (PEG,q, N~8) that was obtained
in large amounts without the need of extensive purification. The precursor 7
and 15 was obtained from diamine 6 and 14 respectively in a straightforward
fashion and was used for production of both final ligands amino/carboxy-
PEG,-DHLA. Moreover these ligands incorporate amide bonds which are

(18]

more robust toward hydrolysis than ester bonds"™ and did not alter the

integrity of the ligand in certain conditions (e.g. reduction with NaBH,)"".
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Carbohydrate moieties play a very important role in certain biological systems
when coupled with proteins or lipids and it is as glyco-conjugates that they
express their biological function 29 One of the goals in this chapter was the
preparation of water-soluble QDs using heterobifunctional ligands but also
sugar-capped QDs that could be further used in biological applications.

According to Seeberger et al

was possible to cap QDs with D-mannose
and D-galactosamine using water-soluble QDs having a surface covered with
amino groups (Scheme 9). The terminal NH, groups were reacted with 3-
maleimidopropionic acid NHS ester (24) under borate buffer at pH 8.5. The so
afforded maleimido-QDs were used directly for the next step without further
purification and the final reaction with sugar-TEG-SH linker (30) under borate

buffer at pH 7.3 produced the sugar-capped QDs

o 0 (0]
NH,
AJ{ ﬁow ) \%N«*o_ﬁj
(e} (e}
AminoQDs 3-maleimidopropionic
a) acid NHS ester

(24)

thiol Linker

)
O 0\
m/\A)J\ &,{04 /\/H D éﬁ (o) SH
N O \ﬂ/\/ o I S e N
H n 0 [¢] )

H H

2]

MaleimidoQDs b) O sugar-TEG-SH

(30)
S /\% 4 O
Sugar-capped QDs

Scheme 9 | Sugar-capped QDs. General route for the production of sugar-capped
QDs according to literature 231, Reagents and conditions: (a) borate buffer pH 8.5, 2h,
r.t.; (b) borate buffer pH 7.3, 3h r.t.

To reproduce this strategy the 3-maleimido NHS ester (24) and the mannose
linked thiol (30) were synthesized in this work. Maleimido linked active esters,
such as compound 24 are widely used in biochemistry and biotechnology to
crosslink high and/or low molecular weight compounds via amino groups (the

active ester) and mercapto groups (the maleimido group) in many biological

110



Ligand Synthesis and Design for Water-Soluble CdSe/ZnS QDs

(33]

strategies (e.g. enzyme coupled immunoassays)~ . According to literature s0

3133 compound 24 was synthesized using two alternative ways (Scheme 10).

Synthesis via 3 steps

(o]
o (0]
a) OH d)
HzN/\)J\OH + O{ — | H ol T N/\)J\O—N;:]
) S \/E o 0

B-alanine maleic (22) i 3-maleimido propionic

Mo ... @nhydride . acid NHS ester, (24)
b)
(23)

3- malelmldo proplonlc
acid NHS ester, (24)

a) CH3;COOH, 3h, r.t., 90%; b) acetic anhydride, CH;COONa, 55-60°C, 2h, 24%;
c) NHS, DCC, THF, 0°C-5min, r.t.-overnight, 58%, d) NHS, DCC, DMF, 0°C-5min, r.t.-4h, 46%

Scheme 10 | Synthesis of 3-maleimido propionic acid NHS ester. The scheme
illustrates the two possible routes for the production of compound 24. The synthesis
via 3 steps is represented by the steps (a) to (c) and the synthesis via 2 steps is
constituted by the steps (a) and (d).

The first approach was based on a three-step strategy with a very low overall
yield (13%). The synthesis was carried out reacting g-alanine with maleic
anhydride in the presence of glacial acetic acid to yielded maleoyl-s-alanine
(22) in a large quantity without the need of extensive purification.
Consequently, compound 22 under heat reacted with acetic anhydride in the
presence of sodium acetate to afford the 3-maleimidopropionic acid (23)
which after simple esterification reaction with NHS and DCC and an additional
chromatographic purification gives the final ester 24. Alternatively, 3-
maleimido propionic acid NHS ester (24) was obtained by a two steps route
reacting maleoyl-g-alanine (22) directly with NHS in a simple esterification
reaction in the presence of DCC. The final-product after chromatographic
purification was obtained in a better yield (41%) than the first strategy.

The mannose linked thiol (30) was synthesized according to Kikkeri et al !

description with some modifications (Scheme 11).
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OH OAc
OH OAc
(o] R
HO a) AcO o
HO > AcO
OH OAc
D-Mannose Mannose pentaacetate, (25)

+ OAc
OAc

HO™ OO b) O~ OTs | ¢y AcO o

_® . HO o L 9, "Aco o R
Triethyleneglycol (TEG| -
v glyeol ) Monotosyl-TEG, (26) (27): R=0Ts; AcMannose-TEG-Tosyl
or (28): R=Cl; AcMannose-TEG-CI
HO A~_O o A~_Cl
Triethyleneglycol

monochlorohydrin ] d)

OH OAc
OH OAc

o
HoZ e) AcO” °
O/\/O\/\O/\/SH -~ C O/\/O\/\O/\/SAC
Thiol linker AcMannose-TEG-SAc, (29)

Mannose-TEG-SH, (30)

a) Ac,0, DMAP, py, 0°C-r.t., overnight, quantitative; b) p-TsCl, DMAP, py, 0°C-r.t., 30min, 45%,
c) BF3.Et,0, CH,CI,, 0°C-r.t., 48h, quantitative; d) KSAc, DMF, r.t, overnight, 67%;
e) NaOMe, MeOH, r.t., 30min, 59%

Scheme 11 | Thiol linker synthesis. Synthetic route for thiol linker 30 based on the
literature ®* with some modifications.

Based on the synthetic route demonstrated by Seeberger's group, it was
possible to synthesize the thiol linker (30) in a straightforward five steps
synthesis with an overall yield of 17% starting from D-mannose. The authors
suggested the beginning of the synthesis using a glycosidation reaction
between acetylated mannose (25) and the commercial triethyleneglycol
monochlorohydrin in the presence of an acid Lewis (BFs.Et,O) in order to
obtain the compound 28. Mannose pentaacetate (25) was synthesized

starting from D-mannose according to literature®* >

with high efficiency. The
glycosidation reaction suggested was reproduced using an excess of
commercial reagent and after 48h the AcMannose-TEG-CI (28) was obtained
in very quantitative yield. Despite the fairly efficiency of this possibility,
alternatively, it was proposed in this work the use of monotosyl-TEG (26)
instead of commercial reagent. In general this type of compounds are easy to
obtain using a variety of initial reagents and show higher stability when
comparing with chlorides Hence, compound 26 was synthesized using a

similar strategy applied before for PEG49 and PEGyn using p-TsCl, however
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in this case just one side of the TEG was tosylated using 1 equivalent of p-
TsCl and the time reduced for only 30 minutes in order to minimize the
formation of bi-substituted species. After a chromatographic step the
monotosyl-TEG (26) was afforded in 45% of yield. Subsequently, the
glycosidation reaction again in the presence of BF;.Et,O had occurred
between mannose pentaacetate (25) and an excess of compound 26, and
after 48h de pure AcMannose-TEG-tosyl (27) was also afforded in a
guantitative yield.

It was not possible to obtained monotosyl-TEG (26) in high yield. This was a
consequence of the formation of the corresponding bi-substituted type, which
despite the short time used in the reaction, was hard to avoid. However, the
glycosidation reaction for the production of compound 27, demonstrated to be
a very good alternative, proved by the high efficiency obtained.

The following two steps were performed using the monotosyl-TEG (27)
instead of compound 28 that reacted with 3 equivalents of potassium
thioacetate to afford the sugar-TEG-SAc (29) in 67%. This step was followed
by an acetate deprotection reaction using sodium methoxide and MeOH to
yield the desired final mannose linked thiol (30) in 59%.

Once available the 3-maleimidopropionic acid NHS ester (24) and the
mannose linked thiol (30), some attempts to obtain the sugar-capped QDs
using the strategy described by Seeberger's (Scheme 9) were performed.
However, many different problems and limitations were found as discussed
later. To address some of these problems/limitations and further expand the
range of techniques to prepare hydrophilic nanoparticles, an alternative
method was devised to synthesize ligands that could incorporate
carbohydrates moieties to be attached to the surface of QDs. The strategy
applied was based on the approach carried out for the production of
amino/carboxy-PEG,-DHLA discussed previously and where was taken the
advantage of the bidentate nature of the anchoring DHLA group and the
hydrophilic nature of PEG, chain. The structure of the final ligands with a
mannose as functional group using the same modular design presented

previously is shown in the follow scheme.
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Functional Hydrophilc Bidentate thiol
group spacer group
[ a— — I 1

OH
o
"o i
Oﬁﬁ/oﬂ/\’\‘k/\/\/ﬁ
nH SH SH
(46): Mannose-PEG,,-DHLA(n~8)
OH
OH
HO °
HO 9
O\/\O/\/O\/\H
SH SH
(35): Mannose-TEG-DHLA

Scheme 12 | Carbohydrate Hydrophilic Ligands. Structure of the final ligands
incorporating mannose as terminal functional group using TEG or PEGau as
hydrophilic spacer.

The intermediates AcMannose-TEG-OTs (27) and AcMannose-TEG-CI (28)
can be used in the preparation of azide 31 (Scheme 13). In both cases, the
experimental conditions were the same. The intermediates were dissolved in
dried DMF and reacted with 3 equivalents of sodium azide at 85°C during 12
hours. The desired compound 31 was obtained in 95% of yield, independently
of the intermediate used. This was followed by the reduction of azide group
with triphenylphosphine/water followed by an aqueous work up to afford
AcMannose-TEG-NH, (32) in 77% yield. After synthesis of amine 32, the
strategy 1 displayed in Scheme 13 was followed. Compound 32 was attached
to thioctic acid after reaction with its NHS ester (21). After 12 hours, in a
DMF/water mixture and using sodium bicarbonate as base, compound 33 was
obtained. Unfortunately, this step afforded the AcMannose-TEG-TA (33) but
contaminated with a structurally similar compound lacking some acetate
protecting groups in the carbohydrate moiety. This could be related to a
possible migration of some acetate group to the free primary amine present in
32 leading to the formation of an acetamide as secondary product and
bringing down the yield of the reaction (~57%). Hence, the mixture of
compounds obtained was again subjected to an acetylation reaction with
acetic anhydride/pyridine affording a single product demonstrating that the

unknown number of deprotected hydroxyl groups in the sugar moiety were

114



Ligand Synthesis and Design for Water-Soluble CdSe/ZnS QDs

reacetylated, thus producing pure 33 in 77% yield. This step was followed by
a simple hydrolysis reaction with sodium methoxide to give the mannose-
TEG-TA (34). The final pure product 35 was furnished smoothly from ring
opening thioctic acid to the dihydrolipoate form by reduction with sodium
borohydride in a mixture of ethanol/water. The desired mannose-TEG-DHLA
(35) was obtained in 73% yield. Typically the reduction with sodium
borohydride leads to products in quantitative yields as has been observed in
the case of reduction of 1, 2-dithiolane ring for the obtention of compounds
amino/carboxy-PEG,-DHLA. In this synthesis the yield dropped slightly to
73% because the final product is soluble in water as well as the excess of
NaBH,; used in the reaction, hindering the purification step to eliminate
possible impurities delivered from borohydrides. Thus, this process led to

some losses of the final product.
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monochlorohydrin (28): R=CI
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HO ° ) [
Ho
strategy 3
O\/\o/\/o\/\ww
N (35): Mannose-TEG-DHLA
s—s
(34): Mannose-TEG-TA
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OH J‘)
Ho 9
HO— ) o
o o )K/\/\[/\
(o) N
f SH SH

(35): Mannose-TEG-DHLA

strategy 1

a) BF3.Et,0, CH,Cl,, 0°C-r.t., 48h, quantitative; b) NaN3;, DMF, 85°C, 12h, quantitative; c) 1. PPh3, THF, 4h,r.t.; 2. H,0, r.t., 12h, 77%; d) NaOMe, MeOH, r.t., 1h, 72%;
e) LA-NHS (20), NaHCO3, DMF/H20 (1:1), 4°C-r.t., 12h, 57%; f) NaOMe, MeOH, r.t., 2h, 34%; g) Ac,0, py, DMAP, 0°C-r.t., 12h, 77%; h) NaOMe, MeOH, r.t., 1h, 98%;
i)NaBH,, EtOH/H20 (4:1), r.t., 2h, 73%; j) Hp, Pd/C, AcOEt, 50Psi, r.t., 3h, 95%

Scheme 13 | DHLA-TEG-Mannose Synthesis. Synthetic route developed for the

achievement of compound 35.
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It was clear that the limitation presented in strategy 1 was well overcome by
the additional acetylation step to protect again the hydroxyl groups. However,
once obtained the amine 32, before the reaction with LA-NHS (21) was
possible to follow another route (Scheme 13, strategy 2) where a hydrolysis
reaction again using sodium methoxide in MeOH could take place first. This
step removed the acetates protecting groups in the sugar, thus leading the
obtention of mannose-TEG-NH, (36) however in a low yield (34%). The
deprotection of acetylated sugar moiety of compound 32 led to the formation
of compound 36 with free hydroxyl groups, which is more polar and only
soluble in water or polar solvents. Moreover, the work up of the reaction
included the use of an ion-exchange resin (Dowex 50wx8-100) to eliminate
the excess of NaOMe used in the reaction and neutralize the pH. This resin
needed to be activated with HCI in order to become protonated with H*
protons. So, the amino group present in mannose-TEG-NH, (36) during the
purification step with Dowex became protonated (NHs;") and strongly
interacted with the resin making it very difficult to remove even after several
washes with water or MeOH. Hence, only part of the compound was
recovered which led to a sharp decrease in the efficiency of the reaction. The
last two steps were repeated in the same fashion as did before in strategy 1.
The low amount obtained of mannose-TEG-NH, (36) reacted with LA-NHS
(21) in the presence of NaHCO; and a DMF/water mixture to afford the
mannose-TEG-TA (34) which after a mild reduction with sodium borohydride
give the final product mannose-TEG-DHLA (35) in 43%. Here, a much lower
yield was obtained when comparing with the result obtained for strategy 1
(43<73%), due the limited solubility of the final product 35 in aqueous solvents
hindering the purification step as discussed above.

To turn round some of the problems discussed for strategy 1 and 2, a third
alternative (Scheme 13, strategy 3) was tested. This route was enhanced by
the direct deprotection of the sugar hydroxyl groups by hydrolysis of azide 31.
This step is advantageous because with the azide group it was possible to
carry out the work-up with an ion-exchange resin (Dowex 50wx8-100) without
the problem of mannose-TEG-N; (37) being kept in the resin. Besides, the Nj
group allowed increasing the reaction yield from 34 to 73% when compared to

the same reaction with an NH, group presented in strategy 2 to afford 36. For
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the obtention of 37, it was expected a complete reaction with a quantitative
yield but it was found the formation of the collateral product TEG-N3 (38) from
slightly degradation of initial compound 31 (Scheme 14). This was due to the
use of 1 equivalent of NaOMe instead of a catalytic amount in order to ensure
the total deprotection of the carbohydrate moiety.
HO O g Ns
(38): TEG-N,
Scheme 14 | Structure of collateral product TEG-N3 (38) formed from degradation of

initial compound 31 under hydrolysis conditions.

Azides may be converted to amines using the mild Staudinger reaction” in

the presence of PPh; and an aqueous work up, however this reaction is
laborious since large quantities of triphenylphosphine oxide are also
produced. Alternatively, mannose-TEG-NH, (36) was afforded by a catalytic
hydrogenation reaction, which after 3 hours was complete (95% of yield) and
the final product pure enough to be used without the need of a
chromatographic purification step. Following this approach, the final product
mannose-TEG-DHLA (35) was formed using the same conditions already

described leading to an overall yield of 45%.

The synthesis developed for the obtention of mannose-PEG4q-DHLA (46) is
displayed in Scheme 15.

With mannose pentaacetate (25) already available it was simple to think in a
possibility to synthesise the monotosyl compound from PEG,y (39) for a
further glycosidation reaction. According to literature" was possible to treat
PEG 00 With a twofold excess of tosyl chloride in the presence of triethylamine.
Different attempts were tested changing the reaction time from 15 minutes to
12 hours. The best result was reached for ~45 minutes with a 35% of yield,
where a moderate amount of PEG,40-OTs (39) was formed and the production
of bi-substituted species was controlled. The unreacted PEG,y and p-TsCI
were well eliminated by an agueous work up and by column chromatography

respectively.
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Scheme 15 | DHLA-PEGso0-Mannose Synthesis. Synthetic route developed for the
achievement of compound 46.

The experiment to afford AcMannose-PEG,q-OTs (41) was carried out
treating the mannose pentaacetate (25) and the PEG4p-OTs (39) with BFs.
Et,O, but unfortunately the achievement of desired product was doubtful. It is
well known in carbohydrate chemistry that the activation of anomeric
trichloroacetimidates is usually achieved by treatment with an acid Lewis such
as BF3.Et,O or TMS triflate (TMSOTf). Making use of these conditions the

AcMannose-trichloroacetimidate (40) easily obtained™®”

in high vyield, reacted
with  monotosyl compound from PEG4 (39) by a simple glycosidation
reaction with 1 equivalent of TMSOTTf yielding compound 41 in quantitative
yield. The synthesis was followed by the formation of azide 42 which was
carried out under experimental conditions previously described for the
obtention of 31. The deprotection by hydrolysis of compound 42 led to the
obtention of mannose-PEG,p-N3 (43) in only 48% vyield. This is related to the
same problem found with mannose-TEG-N; (37) in strategy 3 (Scheme 13),
where a small degradation of initial compound occurred forming the

secondary product PEG400-N; (47).
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HO/\}/O\%/\M

n
(47): PEG49-N3, n~8

Scheme 16 | Structure of collateral product PEGago-N3 (47) formed from degradation
of initial compound 42 under hydrolysis conditions.

The experimental conditions applied to the further steps were the same as
those used for the formation of mannose-TEG-DHLA (35) in Scheme 13
(strategy 3). Mannose-PEG,u-NH, (44) was obtained after conversion of
azide 43 to a primary amine by a hydrogenation reaction. The product 44 was
obtained in quantitative yield without the need for additional purification. This
step was followed by the attachment to thioctic acid using LA-NHS (21) to
afford mannose-PEG,p-TA (45). The reduction of the 1,2-dithiolane ring of
compound 45 was carried out with NaBH; in an ethanol/water mixture
affording the desired final product, mannose-PEG,q-DHLA (46), in 77% of
yield.

In general, the development outlined to incorporate carbohydrates moieties
using the heterobifunctional strategy were successful and allowed the
formation of stable glyco ligands. With the synthesis of mannose-TEG-DHLA
(35) it was possible to address the limitations found, thus making easier the

way to obtain the mannose-PEG,q-DHLA (46) ligand.

Water Solubilisation of CdSe/zZnS core-shell QDs

It was clear from the Introduction, that the dispersion of inorganic
nanoparticles in solution environments is promoted by modification of their
surface with ligands. With the cap-exchange strategy this can be realized by
simply performing cap-exchange in the presence of a ligand or ligand
mixtures that incorporate functional end groups for subsequent conjugation. In
this particular work, the ligand exchange of CdSe/ZnS core-shell QDs was
performed by displacing the native TOPO/HDA hydrophobic ligands with the
monothiol group present in the commercial MPA and the dithiol group
anchored in the series of ligands synthesized in this work and which can
participate in binding interactions with the Zn and S atoms in the QD surface.
This strategy led to a change of solubility of the surface polarity from

hydrophobic to hydrophilic. Hence, the nanoparticles that were initially soluble
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in chloroform become water-soluble and the ligand exchange could be
followed by the change of solubility (Scheme 17).

The ligand exchange conditions for the obtention of hydrophilic QDs were
relatively mild. In the case of commercial MPA the phase transfer method was
applied. The hydrophobic CdSe/znS QDs previously suspended in a
chloroform solution were shaken with a stock solution of MPA yielding a
flocculate solution. After the addition of a basic aqueous solution the transfer
of QDs from the organic to aqueous phase immediately occurred affording the
desired hydrophilic MPA-QDs in a simple and faster way. For DHLA (1)
ligands and their corresponding derivatives with a hydrophilic spacer and a
functional end group namely amino-PEG,y (8), carboxy-PEG,y (11),
mannose-TEG (35) and mannose-PEG,y (46) the ligand exchange was

performed under heating and inert conditions.
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Scheme 17 | Functionalization Procedure. Ligand exchange strategy applied to
produce hydrophilic QDs with different coatings.

Upon reduction of the 1, 2-dithiolane group of the thioctic acid moiety to dithiol
with NaBH, the resulting ligands were mixed with a dried pellet of hydrophobic

QDs forming a viscous and homogeneous mixture. Under heating during from
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3h to overnight, the reaction was followed by precipitation with chloroform,
ethanol and hexane. The QDs were dispersed in aqueous solution or buffers
and ultra-purified yielding the amino-QDs, carboxy-QDs and glyco-QDs. The
same approach was used to produce hydrophilic QDs coated with mixtures of
ligands. The functional amino-PEG,q (8) ligand was mixed in different molar
ratios with the inert hydroxy-PEG, (3) in order to control the number of
reactive groups on the QDs surface. Here, three types of amino-
PEG00/hydroxy-PEG,q (X: ¥) QDs were tested: (20:80), (50:50) and (80:20)
where x and y represents the percentage of each ligand on the QD surface
respectively. In addition, all the hydrophilic samples of QDs were purified
using cycles of concentration/dilution with centrifugal filter devices with a
certain MW cut-off from 10 to 50kDa depending on the sample. This
procedure permitted the elimination of soluble organics (e.g. excess of ligand)
and other materials from the solution and provided homogeneous and clear
QD solutions.

However, careful attention was given to glyco-QDs. It was discussed
previously in the ligand synthesis and design section that according to
Seeberger’s group @ was possible to attach carbohydrates moieties to the
surface of QDs. The NH, group available at the surface of amino water-
soluble QDs reacted with maleimide 24 to afford maleimido QDs which then
reacted with the mannose thiol linker 30 to yield the desired sugar-capped
QDs (Scheme 9). This route was also tested during the preparation of
hydrophilic QDs, but unfortunately many problems were found. The approach
starts with QDs already soluble in agqueous environment, which requires that
all the steps need to be performed in aqueous solution. This represents a
limitation because maleimido 24 has a low solubility in borate buffer leading to
a low concentration of maleimido QDs. Additionally, since the entire route
needs to be performed in solution (borate buffer) was difficult to verify if the
final reaction between the NHS ester present in the afforded maleimido QDs
with the mannose thiol linker (30) occurred and no change of solubility from
hydrophobic to hydrophilic could be followed.

Hence, the ligand exchange strategy proposed initially for the preparation of
water-soluble QDs seems to be the easier and most appropriate since is

possible to follow the change of solubility. On the other hand, the use of
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PEG/TEG-modified ligands have the ability to prepare aqueous solutions of

QDs that are aggregate-free and chemically stable over long periods of time

Characterization of Hydrophilic QDs

Determination of QDs Concentration in Aqueous Solutions and Optical
Measurements

The concentration of QDs in aqueous solutions was estimated from
measurements based on the absorption spectra method and the size-
dependent extinction coefficient used was estimated by the approach
developed by Peng et al “**¥!. The concentrations obtained in the range 1 to
10uM using this method was within what was expected.

Figure 12 shows the absorption and emission spectra of a representative QD
sample with emission centred at 585nm (QD585) before and after ligand

exchange with commercial MPA.
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Figure 12 | Optical Measurements of Hydrophilic QDs. Representative absorption
spectra of CdSe/ZnS QDs in chloroform (black solid line) and after ligand exchange
with MPA (black dashed line). Fluorescence spectra of the same hydrophobic (green
solid line) and hydrophilic QDs (green dashed line) with QY of 12 and 7% respectively.
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The differences in the absorption and emission spectral profiles of the QDs
measured in chloroform and QDs that were transferred into water using MPA
are negligible with peaks shifts less than 3nm. Similar spectral properties
were obtained for QDs exchanged with DHLA (1), amino-PEG,q (8), carboxy-
PEG,40 (11), mannose-TEG (35), mannose-PEG,y (46) and mixtures of
compound 8 with hydroxy-PEG.q (3) (e.g. DHLA-QDs, QY=5%; carboxy-
QDs, QY=8%). This indicates that the surface ligands have little or no effect
on the electronic properties of the inorganic QD core 15 However, despite the
absorption and emission spectra of the organic and aqueous soluble QDs
were nearly identical, a considerable decrease of the photoluminescence
quantum yield for the QDs dispersed in aqueous solutions was observed. The
QY of QD585 in chloroform was 12% and after ligand exchange, for example,
with MPA was 7%. This is consistent with previous reported work where
normally the quantum vyields for water-soluble QDs are smaller than those
measured in organic solutions. For MPA coated CdSe cores a nearly
complete quenching of the PL may be observed ¥, but the PL when MPA
coated core-shell nanocrystals was only partially quenched. This
phenomenon is related to the fact that the PL QY depends on the particular
core-shell nanocrystals. For a CdSe/CdS core-shell system it was
demonstrated a stronger decrease degree (~10 to 30%) of QY due to the
smaller band offset for the CdSe and CdS materials combination, leading to a
higher probability for the charge carriers to be found in the QD surface. For

CdSe/znS QDs a similar behaviour may be observed B¢

However, after
water solubilisation the QY decrease for CdSe cores coated with a ZnS shell
is smaller than those coated with a CdS shell because the lattice mismatch
between CdSe core and ZnS shell materials is bigger providing a better

(8 This fact was also observed for

passivation of interfacial trap states
CdSe/ZnS core-shell QDS coating with the different ligands produced in this

work (amino, carboxy, glyco and mixture of ligands QDs).

Tuning the Hydrodynamic Size and Surface Charge of Hydrophilic QDs
The ligand exchange strategy was used to create the water-soluble QDs. The
hydrophilicity was obtained by charged groups (e.g. carboxylic acids, amines,

etc.) and polyethylene glycol (PEG) polymers. These ligands create a
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solubilisation layer and strongly influence the hydrodynamic size of QDs along
with their surface charge. As was discussed previously in chapter 2, DLS
permits the hydrodynamic diameter (HD) measurement in an easy and cheap
way. The measurement of HD is of great importance for biological
applications since particles with large diameter could interfere for example in
intracellular mobility assays. For that reason, in this work, the HD of the
different water-soluble QDs produced and dispersed in aqueous buffers were
characterized and compared with the native TOPO/HDA-capped QDs

dispersed in chloroform as shown in Figure 13.

Hydrodynamic Diameter of Hydrophilic QDs

Mannose-PEG400 QDs

Mannose-TEG QDs
Amino-PEG400/Hydroxy-PEG400 (20:80) QDs
Amino-PEG400/Hydroxy-PEG400 (50:50) QDs

Amino-PEG400 QDs

[}
g Carboxy-PEG400 QDs
é MPA QDs
DHLA QDs
CdSe/ZnS (TOPO/HDA) QDs 9.3
0 5 10 15 20
HD (nm)

u Samples of Hydrophylic QDs with different coatings

Figure 13 | HD Measurements of Hydrophilic QDs. Representative diagram of the
HD results obtained for the hydrophilic QDs samples after ligand exchange with
different coatings. The HD of the native TOPO/HDA QDs it's only for comparison.

The HD obtained for water-soluble QDs was in the range between 10.1 and
18.2nm. The hydrodynamic diameter of the DHLA QDs were 10% larger than
their inorganic TOPO/HDA-capped counterparts which may be attributed to a
larger solvation layer around the QDs in aqueous solution due to the presence
of carboxylic acid groups. Similar behaviour was also observed when HD was
measured for all the other samples and an increase even bigger when MPA or
DHLA (1) were substituted by longer ligands such in case of carboxy-PEG,
(11) or glyco-QDs. These larger values are consistent with what is expected
for solid objects as was evaluated for Landau for hard spheres 13 However,

QDs are nanoparticles much more complex than spheres or macromolecules.
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These QDs are made of solid materials such as CdSe and ZnS and are
capped with ligands that act more like polymers and can be penetrated by
solvent. The main goal of these ligands (cap molecules or larger polymeric
chains) was to promote the dispersion and stability of these QDs in aqueous
solutions and the larger measured HD obtained for hydrophilic QDs when
comparing with the hydrophobic ones, reflected this complexity. These ligands
are not rigid and their contributions cannot be treated as simple geometric
increase of the size. Hence, the hydrodynamic aspects of hydrophilic QDs
should be viewed as a combination of solid impenetrable spherical cores and
more like flexible polymer-like layer that strongly interacts with the
surrounding solvent/ aqueous environment allowing aggregate-free solutions
1“8 The HD histograms obtained are very similar to those obtained for the
hydrophobic QDs in chapter 2 demonstrating monodisperse samples with a
very low polydispersity index (PDI ~0.177). Figure 14 shows an example of
these histograms for DHLA-QDs.

Iltem HD(nm) PDI % Volume

DHLA-QDs 10.1 0.177 100

Figure 14 | Size Determination by Dynamic Light Scattering. Hydrodinamic
diameter (histogram size/number) and polydispersity index obtained for DHLA-QDs.
The results obtained were the average of triplicate run.

A charged particle in a buffer solution is normally surrounded by a
concentration of counter ions (ions of opposite charge to that of the particle)
which can be separated into distinct regions: a thin layer tightly packed

around the surface called Stern layer that migrates with the particle in the

125



Chapter 3

presence of an external electrical field and a more diffuse layer that migrates
in the opposite direction. The surface between these two regions is defined as
the surface of shear and its electrical potential is referred to as the zeta
potential (&). Simplifying, this parameter is closely related with the charge
density at the particle surface and may control colloidal properties such as
stability and interparticle interactions e,

Among HD characterization, another feature provided by this technique is the
possibility to measure the zeta potential of particles. In other words, this
technique permits to measure and provide information about the surface
charge or net charge of such particles. Using a dynamic light scatterer
Zetasiser Nano ZS, the electrophoretic mobility of the hydrophilic QDs was
determined over 20 electrode cycles and automatically converted to the zeta
potential based on the Smoluchowski equation (Equation 1), where 7 and €
are the viscosity and dielectrical constant of the dispersion medium and  is

the electrophoretic mobility measured of the nanoparticles[47].

&=(nle)ue

Equation 6 | Smoluchowski eaquation used to convert electrophoretic mobility of
nanoparticles measured in zeta potential values™*”.

The zeta potential values obtained for the water-soluble QDs with different

hydrophilic coatings is displayed in Figure 15.

¢-potential of Hydrophilic QDs with different coatings

Amino-PEG400/Hydroxy-PEG400 (20:80) QDs
Amino-PEG400/Hydroxy-PEG400 (50:50) QDs

Amino-PEG400 QDs

Sample

-60 -50 -40 -30 -20 -10 0 10 20
&-potential (mV)

m Samples of Hydrophilic QDs with different coatings

Figure 15 | &potential Measurements of Hydrophilic QDs. Representative diagram
of the zeta potential values obtained for the hydrophilic QDs samples after ligand
exchange with different coatings.
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Depending on the pH molecules bearing carboxylic acid groups (-COOH) are
able to maintain a negative charge, while molecules carrying amines (-NH,)
are able to maintain a positive charge. As expected, the above graph shows
that the surface charge of amino-QDs and the mixed-ligand amino-hydroxyl
QDs is positive while for MPA, DHLA and carboxyPEG-QDs this surface
charge is negative. Regarding the nanoparticles bearing carboxylic acid
groups on their surface it is possible to observe that the zeta potential
obtained for DHLA and MPA-QDs are more negative than the carboxyPEG-
QDs. This could be associated with the size of the ligands. As DHLA (1) and
MPA are smaller molecules than carboxy-PEG,y (11), this means that a
higher number of molecules may be attached on QD surface leading to a
large density of available carboxylic acid groups and consequently a more
negative zeta potential. For the amino-QDs and the corresponding mixture-
ligand QDs, the zeta potential have followed a similar trend and as the
percentage of ligand containing amino group’s increases, the charge surface
of the particles tends towards more positive values. However, for amino-
PEGoo/hydroxy-PEG,4 (50:50) QD samples this behaviour was not
observed. According to the same diagram, the surface of glyco-QDs seems to
be poorly negatively charged. These results may be associated with a
negative polarization shown by the hydroxyl groups in the carbohydrate
moiety. On the other hand, the presence of a positively charge from the amide
present in the Mannose-TEG (35) and Mannose-PEG,y (46) ligands to
anchor the DHLA moiety could also decrease the zeta potential of the sugar-

capped QDs leading to a zero surface charge.

Probing the Number of Functional Amines Groups per QD

A fluorescamine assay was carried out in order to determine the number of
reactive amine groups coupled to the amino-QDs and their mixtures with
hydroxy-PEG4 (3). This fluorescence-based assay is based on the rapid
reaction of fluorescamine with proteins. Fluorescamine reacts with all
substances containing primary amine groups to yield intensely fluorescent
products (excitation at 380nm, emission at 480nm) with a fluorescence
emission peak at 480nm. The emission spectra of free amino-PEG,q (8) at

concentrations ranging between 0-25uM after treatment with fluorescamine
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was obtained as demonstrated in Figure 16. Subsequently, the integrated
fluorescence of these samples were plotted from 460 to 480nm against
amino-PEG,q (8) concentration (linear fit: y=165.83x+356.46, r2:0.9997)
(Figure 16, inset).

Emission spectra of amino-PEG,, free ligand in DMF after treatment with
fluorescamine (A exc=380nm)
250 4
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o 2 4500
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Figure 16 | Measurement of the number of amino-PEGag per QD. Calibration:
emission spectra of amino-PEGago (8) free ligand in DMF after treatment with
fluorescamine (380nm excitation). Inset: integrated fluorescence intensity of these
samples from 460-485nm, along with a linear fit.

With this calibration curve, the concentration of compound 8 in the QD
samples was determined and according to Equation 4 the number of amines
available in a single QD for each sample was calculated. The results obtained

are in agreement with a previously reported system ™

, Where for example, an
estimate of ~140 amines per QD was obtained for 100 % amino-QDs.
Moreover, these results demonstrate a linear correlation for the amount of
amine detected per QD with the percentage of amine-terminated ligands used
in the ligand-exchange combination (Figure 17). It is important to notice that
the assay was performed in duplicate to improve accuracy and in some cases

values overlap as was expected.
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Ratio of detected amine concentration versus % amine
terminated ligand in ligand mixture
200 4
180 -
160 -
5 140 - 3 ¢
3 120 - ¢
3]
£ 100 4
S J
£ 80
#* 60 IS
40 -
20 &
0 ‘ ‘ ‘ ‘ ‘ ‘
0 20 40 60 80 100 120
% amine in ligand mixture
#®Assay 1 e Assay 2

Figure 17 | Ratio of detected amine concentration vs. % of amine-terminated ligand in
ligand mixture.

Estimation of the Number of Sugar Molecules per QD

Many colorimetric methods for carbohydrate determination have been
reported “®% put the phenol-sulphuric acid method is simple, most reliable
and sensitive for measuring neutral sugars in carbohydrate chemistry. The
procedure used was based in the microassay described by Masuko et al [e6]
for high throughput, to gain greater sensivity and to economize reagents. In
terms of data treatment, this method is very similar to the fluorescamine assay
previously discussed. First, the absorbance measurements at 490nm of free
mannose after treatment with phenol-sulphuric acid were made in order to
obtained a linear calibration curve represented by the equation: y=0.0007x,
r’=0.9513 in the range of 0-200nmol/well of mannose. Using this equation it
was possible to estimate the total concentration of mannose present in the
QDs samples and further the number of sugar molecules on a single QD
surface using the Equation 5. The results obtained showed a range of 54 to
150 sugar molecules per QD for QDs samples with a concentration ranging
from 0.25 to 0.34pM (Figure 18) which is consistent with a similar system

reported in the literature!?.
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Figure 18 | Estimation of the Number of Sugar Molecules per QD. Calibration:
linear curve of the absorbance measured at 490nm of free mannose after treatment
with phenol-sulphuric acid (left image). Representative diagram of the number of sugar
molecules per QD in four different samples of sugar-capped QDs (right image).

Conclusion

A series of polyethylene glycol/triethylene glycol-based bidentate ligands were
designed and synthesized to permit the conversion of hydrophobic
nanocrystals into water-soluble QDs. Moreover, these ligands were
synthesized incorporating the thioctic acid moiety which after reduction of the
1, 2-dithiolane ring created a bidentate anchoring group and thus enhanced
the affinity for CdSe/ZnS core-shell QDs. The ligand exchange method
demonstrated to be very good strategy to create water-soluble QDs with
mixed-ligands compositions including different reactive end groups and
allowed access to QDs with a different charge on the surface. The
hydrodynamic size and the surface charge parameters were characterized by
dynamic light scattering which is a powerful tool for the characterization of
hydrophilic QDs. The hydrodynamic size values showed to be strongly
dependent on the size and type of capping ligand, where for example MPA or
DHLA-QDs proved to be smaller than polymer-coated QDs. The results
obtained for zeta potential measurements, also demonstrated a dependence
of the surface composition. Where appropriate, the surface composition on a
single QD was probed by known fluorimetric and colorimetric assays which
reveal to be complementary methods to characterize the hydrophilic QDs. In
general, a family of water-soluble QDs with small hydrodynamic diameter,

good quantum yields and strong stability across a wide pH range were
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produced, encouraging their use in covalent conjugation with several

biomolecules to be applied in labelling and imaging applications.
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Graphical Index of Compounds and Experiments of Ligand Synthesis
and Design

Table 4 | Graphical index of compounds and experiments of ligand synthesis and
design.
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Conjugation of Luminescent QDs
with Antibodies



The author had full contribution in this chapter, namely in the planning of the
experimental work and performance of the experiments.



Conjugation of Luminescent QDs with Antibodies

Conjugation of Luminescent QDs with Antibodies

ADSEIACT ..o 145
INTFOTUCTION .o 145
EXperimental SECHION ......c.oiiiiiiiiiie e 150
MALETIAIS ...t e e 150
Unconjugated QDs: Electrophoretic Mobility and pH Stability Analysis
........................................................................................................... 151
EDC ACHVALION STEP ..ceiiiiiieiiiiie ettt 152
QD Conjugation with Antibodies via EDC/NHS Coupling ................. 153
Estimation of QD/Antibody molar ratios .......ccccccccvvvveeeeeeviiiiiineeenn, 154
Characterization of Antibody-Bioconjugated QDs...............ccceeeeenn. 155
SDS-PAGE EleCtrophoresis ..o, 156
WESEEIN BIOLHNG ...eeeeiiiiiiiieiiee e 156
Biological Activity of the Antibody-Bioconjugated QDs ..................... 157
Results and DiSCUSSION ... ...uiiiiiieiiiiiiiieie et 158

Evaluation of the Electrophoretic Mobility and pH Stability of MPA and

DHLA Water-Soluble QDS .......cooiiiiiiicieicccceee e 158
Coupling of Antibodies to Water-Soluble QDs through EDC/NHS
CREMISIIY .. 162
Determination of the Antibody/QD Molar Ratio .............ccceevvvieeennne 170
Characterization of the Binding Properties of Antibody-Bioconjugated
(0] 1= 172
Evaluation of Antibody-Bioconjugated QDs Capacity to Recognize their
N 01 10 = o 1P 177
1070 o] [ 1] Lo 1S SRR 181
GlOSSANY .ttt 182
ACKNOWIEAGMENTS .. 185
REFEIEBNCES . 185

143






Conjugation of Luminescent QDs with Antibodies

Abstract

Several types of nanoparticles have been employed in different biological
applications. The preparation of quantum dots for these applications involves
many steps but the most critical is the bioconjugation with biological agents
making use of specific or non-specific conjugation reactions. The subject of
the work reported here was the bioconjugation of MPA-QDs and DHLA-QDs
with monoclonal antibodies. In order to determine the experimental conditions
for this target, preliminary studies were carried out. The pH stability and
electrophoretic mobility of the carboxy-QDs was determined and it was found
that these parameters were dependent upon the QD surface charge and also
on the pH and the nature of the buffer. The bioconjugated nanoparticles were
characterized by comparing their molecular weight and electrophoretic
mobility with non-conjugated nanoparticles as well as their functional and
binding properties, using agarose gel and SDS-PAGE electrophoresis and
western blotting techniques. The EDC chemistry assisted by NHS for QDs
activation was also analysed by agarose gel electrophoresis and the number
of antibodies conjugated to a single quantum dot was determined. It was
observed that this can vary from 1 to 3 depending on the working conditions.
The biological nanoprobes here developed appear to be good candidates to
be tested in immunofluorescence assays.

Key-words: Quantum dots, Bioconjugation, Antibodies.

Introduction

The ability to bioconjugate QDs makes them suitable for applications involving
biological label ) immunolabeling, cell motility assays in situ hybridization
and as live cell markers 3, They can also be used just as a non-specific
fluorescent stain 4. To make QDs more useful for probing live cells and
other biological applications, they need to be conjugated to biomolecules
without disturbing the biological function of these molecules @,

Among other biomolecules, polyclonal and monoclonal antibodies have
become the most important and widely used class of biological agents
because their broad application in life science research, diagnostics and

therapeutics. As a general rule, antibodies (e.g. 1gG) are symmetrical
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molecules made up of two identical glycosylated heavy chains and two
identical non-glycosylated light chains, held together by non-covalent

interactions as well as a number of disulphide bonds®

. The heavy chains are
joined by disulphide bonds to each other in the hinge region and each light
chain is disulphide-bounded to one light chain in the C_ and CHl regions

respectively as illustrated in a current antibody structure shown in Figure 19.

) Heavy Chain
‘ Intrachain Hypervariable
Antigen

Disulfides Regions
Binding Site \ /

Light Chain
Hypervariable
Regions

Complement
Binding Region

Hinge Region

Polysaccharide

Heavy Chain

Figure 19 | Structure of an IgG Molecule. Detailed structure of an IgG antibody
molecule. Adapted from reference [6]. Copyright 2008. Elsevier Inc.

Depending on the class of immunoglobulin, the molecular weight in general of
the constituent subunits ranges from 50 to 75kDa for heavy chains and 25kDa
for the two identical light chains. The intact molecular weight represented for
all subunits achieve 150-160kDa. The light chains can be classified as either
kappa (x) or lambda (1) type because the existing small polypeptide structural
differences and these chains play an important role in determining the
specificity of antibodies. However is the heavy chain variety that determines
each individual class of immunoglobulin and all the master function of
antibodies. The immunoglobulins may be grouped into five main classes: IgM,
IgD, IgG, IgE and IgA which have distinct sizes, structural composition and

different biological properties. Moreover, the heavy chains of immunoglobulin
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molecules are also glycosylated in CH, domain inside the “fragment
crystallisable” (Fc), but also contain carbohydrate moieties near the antigen
binding sites 57 Two identical heavy chains and two identical light chains
comprise the Y-shaped unit. The top of this unit contains the variable region
which is designed by antigen binding site. In e.g. IgG antibodies two binding
sites exist and they have the conformation necessary to interact with a

57 In addition, the binding

complementary region of the antigen molecule
site is not only constituted by a linear sequence of amino acids on each chain,
but also multiple weak non-covalent interactions, including electrostatic,
hydrogen bonding, van der Walls and hydrophobic effects B,

Looking at the global structure of antibodies it's easy to understand why these
biomolecules are widely used in many different applications. In addition to
possessing a number of functional groups suitable for modification and
conjugation purposes, their relatively inexpensive production and design
making them available for specific binding. For this purpose, several
successful approaches have been used to link biological molecules to QDs,
including electrostatic binding, non-covalent biotin-avidin binding, direct
covalent crosslinking and nickel based histidine-tagging.

The electrostatic binding strategy was first used by Mattousi and co-workers
and is based on adsorption or non-covalent self-assembly using engineered

proteins &7

. This approach has proved useful for attaching a variety of
engineered proteins to QDs including maltose binding protein (MBP), for
purification over amylose resin and Protein G, which will bind the IgG portion
of an antibody thus acting as a linker 19 However, proteins can also be non-
specifically adsorbed to QDs!"™.

By using metal-affinity coordination, histidine expressing proteins (His-tag

proteins) 2

or peptides can be directly attached on the QD surface linked to
Zn atoms, where the nickelnitriloacetic acid complex (Ni-NTA) can be used a
bifunctional adaptor for QD conjugation. The nitriloacetic acid group is
covalently linked to the QD encapsulation polymer and the histidine tagged
antibodies bind to nickel atoms (Ni’") by chelation. This strategy, in
comparison with other binding strategies (e.g. biotin-avidin) has several
advantages such as controlled orientation of the binding ligand, because a

histidine tag can be conveniently fused to proteins and peptides at a particular
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site (compact overall probe size and low cost production). However, the
stability of the histidine-nickel complexation could be a problem under harsh

conditions ™ 4

. The covalent QD conjugation is the method most used for
the labelling of biological molecules and there are essentially three different

approaches for this purpose (Scheme 18).

(a) Orientated Binding of Amino Groups of Antibody to CarboxyQDs

i
{ofe]o]
u NHzN\ /NH; Amine Terminal " ° JJJ NH N
2N, NH, Groups - s
\ 2 coo EDCINHS -
HN— | -NH * 3 buff N 8
7
N 7Nﬁ2 Cco0 uffer TNH -
. \
Antibody CarboxyQDots

(e.g. MPA, DHLA or Carboxy-PEG44,-QDs)

(b) Binding Carbohydrates Moieties of Antibody to AminoQDs (via NalO, oxidased Antibody)

T d
% NH, NH_
\
OHC— | —CHO | oxidised carbohydrate NH pH8 n A 7Y
OHC— || —CHO | groups of the antibody ~rNR —/—— ~7
NH. W\~
2 N\/

Antibody
AminoQDots

(e.g. Amino-PEG,,-QDs and
mixtures AminoPEG ;qo/HydroxyPEG45-QDs)

(c) Binding Sulphydryl Groups of Antibody Fragments to AminoQDs (via reduced IgG and sulfo-SMCC activated QDs)

W s [¥ o - us_fI*
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+ J
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HS—
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Scheme 18 | Schematic Diagram of Covalent Conjugation. General scheme
showing the three covalent approaches most used for conjugation of QDs to
biomolecules: (a) covalent coupling between carboxylic acid coated QDs and primary
amines on intact antibodies via EDC/NHS, (b) site-direct conjugation via oxidized
carbohydrate groups on the antibody Fc portion and covalent reaction with amino-
QDs, (c) QD conjugation to antibody fragments via disulphide reduction and sulfhydryl-
amine coupling.

The most popular covalent conjugation involves the use of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) in the presence of N-
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hydroxysuccinimide (NHS) to react carboxyl groups on the QD surface with
biomolecules decorated with primary amino groups [15] (Scheme 18 (a)). An
advantage of this amine-carboxylic acid crosslinking is that most proteins
contain primary amines and do not need chemical modification 131 However,
the conjugation with EDC condensation sometimes produce intermediates
aggregates due to poor QD stability in neutral/acidic buffers which also
produce large conjugates with less control over the number of biomolecules
attached to a single nanoparticle. Moreover, this chemistry is prone to a non-
oriented conjugation. The surface functional sites available on a single QD
can bind with the amine terminal groups located in the antigen binding sites of
the target protein leading to loss of activity of the protein itself 4,

The second covalent approach commonly used involves oxidation of
carbohydrates groups on the antibody’s Fc portion to form reactive aldehyde
groups which are then covalently linked to amino QDs by a reductive
amination process (Scheme 18 (b)). This conjugation can be carried out using
a suitable candidate amino-QD or carboxy-QDs (COOH-QDs) derivatized with
adipic acid dihydrazide (ADH). This approach allows site specific QD
conjugation at relatively low QD-antibody ratios because the known position of
carbohydrates on the antibody .

The third covalent strategy that makes effective use of selective
bioconjugation, targeting specific sites on the protein, is the QD conjugation to
antibody fragments via disulphide reduction and sulfhydryl-amine coupling
through 1, 4-addition to a maleimide functionalised QD (Scheme 18 (c)). This
strategy uses of heterobifunctional cross linkers such as 4-(N-
maleimidomethyl) cyclohexane-1-carboxylic acid 3-sulfo-N-
hydroxysuccinimide ester sodium salt (sulfo-SMCC) or 4-(N-maleimidomethyl)
cyclohexanecarboxylic acid N-hydroxysuccinimide ester (SMCC) ** ¥ These
reagents can form stable amide bonds with amino-QDs (NH,-QDs). The
resultant maleimido-QDs can form stable thioether bonds with a sulfhydryl-
exposed antibody. The antibodies can be reduced by mild reducing agents
namely cysteine HCI or dithiothreitol (DTT) where the disulphide bonds (hinge
region) connecting the 1gG heavy chains are selectively cleaved, leaving the
other disulphide bonds, that make up the antigen binding site (hypervariable

region) unaffected, and thus produce the partially reduced IgG [s,
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The simplest and most used antibody conjugation method is the formation of
amide bonds using the carbodiimide reagents as summarized above and this
approach was studied for the conjugation of MPA and DHLA water-soluble
QDs with anti-RAP 1 Babesia bovis monoclonal antibodies. Different
conditions were tested and in each case the antibody conjugation efficiency
was determined by calculating the number of functional antibodies conjugated
to the QDs using UV-visible spectroscopy at 280nm. The QD-antibody
complexes were characterized by comparing their molecular weight and
electrophoretic mobility with non-conjugated nanoparticles as well as their
binding properties, using agarose and SDS-PAGE electrophoresis. To
evaluate the antigen recognition capacity of the antibodies linked to QDs the

western blotting technique was used.

Experimental Section

Materials

CarboxyQDs, namely MPA and DHLA water-soluble QDs, used in this work
were obtained as described in chapters 2 and 3. All the chemical
reagents/solvents were purchased from Sigma-Aldrich unless indicated
otherwise. Monoclonal antibodies anti-rRAP1 Babesia bovis were kindly
provided by Dr. Ana Domingo’s group from IHMT-UNL, Lisbon and were
purified by fast liquid protein chromatography using a AKTAprimeTM plus
purifier and a Hitrap Protein G HP 1mL column, both from GE Healthcare Life
Sciences. Recombinant (r) RAP-1 protein was available in the Biomolecular
Diagnostic laboratory (ITQB-UNL), but was kindly produced and purified by
Marta Silva'®. Anti-Horseradish peroxidase (anti-HRP) developed in rabbit
(fractionated antiserum) was purchased from Sigma-Aldrich. Stock solutions
of monoclonal antibodies, recombinant RAP-1 protein and anti-HRP were
quantified using a NanoDrop 2000 UV spectrophotometer and Coomassie
Plus (Bradford) assay kit from Thermo Scientific. Bioconjugated QD samples
were purified using Vivaspin 500 (100-300kDa cut-off) from Sartorius.
Purification by dialysis was performed using Mini-dialysis kit (2mL, 8kDa cut-
off) from GE Healthcare Life Sciences. Agarose gel electrophoresis was
performed using a Mini-Sub Cell GT system purchased from Bio-Rad® and

agarose with low EEO from Fisher. The agarose gels were stained with
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SYBR® safe DNA gel stain from Invitrogen and were loaded with
GeneRuler™ 1kb and 100bp DNA ladder from Fermentas. The samples for
agarose gel electrophoresis before loading on to the gel were mixed with
6XDNA loading dye purchased from Fermentas. SDS-PAGE analysis was
performed using a mini vertical electrophoretic unit from Sigma-Aldrich and
PAGEr™ precast gels (4-20% Tris-Gly) 10x10mm, 10 well, from LONZA. The
gels were loaded with PageRuler™ Prestained Protein Ladder (MW 10-
170kDa) from Fermentas. The membrane transfer in Western Blotting
analysis was carried out using a semi-dry blotter from Sigma-Aldrich. The filter
paper was purchased from Whatman and the 0.45um PVDF membranes
used were Immobilon™-P and Immobilon™-FL from Millipore™ depending on
the assay. The membranes were incubated with secondary anti-mouse IgG-
alkaline phosphatase or anti-mouse IgG-HRP purchased from Sigma-Aldrich
and Santa Cruz Biotechnology respectively. One-step NBT/BCIP substrate
purchased from Pierce was used for detection of alkaline phosphatase and
Immobilon® western HRP substrate from MilliporeT'\’I for HRP detection. All
the incubations and washing steps were carried out on an orbital shaker
platform from Heidolph. Agarose and polyacrylamide gels were visualized
under UV and chemiluminescence modes using a charge-couple device
(CCD) ChemiDoc™ XRS+ from Bio-Rad® as well as the immuno-detection for
western blotting analysis. The data treatment was accomplished by the
Quantity One software also from Bio-Rad®. The natural fluorescence of

water-soluble QDs was visualized with a standard UV trans-illuminator.

Unconjugated QDs: Electrophoretic Mobility and pH Stability Analysis

The electrophoretic mobility of MPA and DHLA QDs was carried out in the
following manner: 100nM solutions of MPA and DHLA water-soluble QDs
were diluted from their corresponding stock solutions (4.8 and 4.1uM
respectively) in sodium phosphate (Na-P 10mM) buffer in the pH range
between 4 and 12. The electrophoretic mobility analysis were performed by
agarose gel electrophoresis in TBE 1x buffer (Tris-Borate-EDTA buffer, pH
8.4) diluted with distilled water from the 5x stock solution prepared in the
laboratory. The 1% agarose gel was prepared by dissolving under heating
0.5g of agarose in 50mL of TBE 1x and 2.5uL of SYBR® safe DNA gel stain.

151



Chapter 4

10uL of each QD solution previously prepared, were mixed with 2uL of
6XDNA loading dye, before loading onto the gel. 1.8uL of each 1kb and 100bp
DNA ladder were diluted with 8.2uL of Na-P buffer 10mM pH 7 and loaded
onto the gel for possible estimation of the molecular weight of MPA and
DHLA-QDs. The gels ran at 90V during 75 minutes and were visualized under
UV and chemiluminescence modes using the molecular imager ChemiDoc
system and Quantity One software. The natural fluorescence of water-soluble
QDs was visualized with a UV trans-illuminator.

For the pH stability analysis, 150uL of each 100nM solution of MPA and
DHLA-QDs prepared in Na-P buffer in the pH range 4 to 12 were placed in a
micro-tube support at room temperature in the dark. The stability/solubility of
the different QDs solutions were excited at 365nm and monitored using a
standard UV trans-illuminator at different periods of time (10 minutes to 21

days).

EDC Activation Step

Before coupling of carboxy-QDs with antibodies, the QD activation step with
EDC was checked using as amino groups source two primary amines namely
ethanolamine and glycine. A 0.01M EDC stock solution was prepared by
placing 0.002g of EDC in a microtube and dissolving in 1mL of Na-P buffer
10mM pH 6. In separate microtubes, 6uL of ethanolamine was dissolved in
994uL of Na-P buffer 10mM pH 6 and 0.0075g of glycine were dissolved in
1mL of the same buffer in order to obtain 0.1M ethanolamine and glycine
stock solutions respectively. One pL of 0.1M ethanolamine and glycine stock
solutions were then placed in separate microtubes, and each amine was
incubated with 21pL of carboxy-QDs, 2uL of 0.01M EDC stock solution and
976pL of Na-P buffer 10mM pH 6 for 3 hours at room temperature with gentle
agitation. The samples were purified by dialysis (8kDa cut-off) overnight at
room temperature against 1L of Na-P buffer 10mM pH 6 to remove the excess
of EDC and primary amines added. The characterization of the final samples
was followed by agarose gel electrophoresis according to the following
experimental procedure. 10puL of each sample as well as 10puL of 100 and
500nM free carboxy-QD solutions were mixed with 2puL of 6xDNA loading dye
and loaded onto the gel (1% agarose gel previously prepared by heating 0.5g
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of agarose in 50mL of TBE 1x buffer and 2.5uL of SYBR safe DNA gel stain).
DNA ladder (1kb and 100bp) was also separately applied as molecular weight
standard for the derivatized and non-derivatized QDs. The electrophoresis
was conducted in TBE 1x running buffer at constant voltage of 90V for 50
minutes. The activated and non-activated QDs were visualized in the gel in a
molecular imager ChemiDoc and the natural fluorescence of QDs observed in

a standard UV trans-illuminator.

QD Conjugation with Antibodies via EDC/NHS Coupling

The QD conjugation was carried out by direct conjugation of antibodies to
carboxy-QDs through amine-carboxylic acid coupling using EDC/NHS
chemistry. A general procedure:

EDC and NHS stock solutions: In a 1mL microtube 0.002g of EDC was

dissolved in 1mL of buffer in order to obtain a 10mM stock solution. A 2.2mM

solution was then prepared taking 220uL of stock solution and adding 780uL
of buffer yielding a final volume of 1mL. The NHS 10mM stock solution was
prepared in a similar way dissolving 0.0012g of NHS in 1mL of buffer. A 4mM
solution was then prepared taking 400uL from the stock solution and adding
600uL of buffer yielding a final volume of 1mL.

QD activation: 0.1nmol of carboxy-QDs (e.g. 24.4uL from a 4.1uM stock
solution of DHLA-QDs) were placed in a 1mL microtube. 10uL of a 2.2mM
EDC solution and 10uL of a 4mM NHS solution were added, followed by the
addition of 55.6uL of buffer, yielding a final volume of 100uL (QD
concentration ~1uM). The solution was slowly shaken during 30 minutes at
room temperature. Subsequently, the activated QDs were diluted for a final
concentration of 100nM with the addition of 900uL of buffer and purified by
dialysis (8kDa cut-off) for 2 hours at room temperature against 1L of buffer to
remove the excess of EDC and NHS reagents.

Bioconjugation with antibodies: The coupling between the activated QDs and

antibodies was carried out by mixing the activated QD solution with 318pL
(0.4nmol; QD/Ab molar ratio ~1:4) of antibody (stock solution ~1mg/mL)
previously dialysed overnight at 4°C against 1L of bioconjugation buffer,
followed by the addition of 618uL of buffer in order to keep the final

concentration of QDs in the reaction ~50nM. The reaction was incubated at
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room temperature during 4 hours. Any remaining activated carboxy groups
were eliminated by adding 1uL of a 100mM stock solution of ethanolamine
(QD/ethanolamine molar ratio ~1:940) (previously prepared in the
bioconjugation buffer) to 2mL of QD-antibody solution. After incubation
overnight at room temperature the solution was purified again by dialysis
(8kDa cut-off) during 2 hours at room temperature against 1L of buffer to
remove the excess of ethanolamine added.

Final purification and concentration: The final purification was performed using
centrifugal filtering devices (Vivaspin 500, cut-off 300kDa). The final QD-Ab

samples were washed by centrifuging at 1000g, 2 minutes at room

temperature. The wash procedure was repeated 4 times to ensure the total
elimination of possible free antibody in solution. The final QD-antibody

samples were suspended in 250-500uL of buffer.

Estimation of QD/Antibody molar ratios

To quantify the number of IgG molecules bound per QD, the Protein A280
assay available in the NanoDrop 2000 UV spectrophotometer from Thermo
Scientific was used and the experimental measurements were carried out
according to manufacturer’s instructions. All of the final samples were purified
using Vivaspin 500 centrifugal filter devices (300 kDa cut-off) to ensure the
total elimination of free antibody in solution and the supernatants were kept
for further quantitation. A reference solution having exactly the same initial
antibody concentration was prepared under the same experimental conditions
(pH, ionic strength) to ensure the initial mass of antibody added. As a control,
the concentration of unconjugated antibody present in the supernatants
resulting from the washes, were also measured. The concentration (mg/mL)
of immobilized antibody was defined as the difference between the
absorbance at 280nm of the QD-antibody complexes and the absorbance at
280nm of the unconjugated QDs (Equation 7) where a general reference
setting based on a 0.1% (1mg/mL) protein solution producing an absorbance
of 1.0 was used (pathlenght 10mm). It’s important to point out, that in these
measurements the absorption at 280nm of the unconjugated QD was not
negligible since these unconjugated nanoparticles have the ability to absorb at

280nm. For this reason the absorbance of the unconjugated QDs at this
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wavelength need to be subtracted from the absorbance value obtained for the

conjugated complexes at 280nm.

[immobilized antibody]= Abs,go,m(QD-antibody sample)-Abs,gonm(QD)

Equation 7 | Expression used to determine the concentration in mg/mL of the
immobilized antibody in QD-antibody complexes.

As the concentration of immobilized antibody was obtained in mg/mL, this
means that the mass (in mg) of the immobilized antibody was obtained for
1mL. To estimate the real mass of immobilized antibody, the obtained value
was then adjusted for the volume where QD-antibody complexes were
suspended. Then, knowing the molecular weight of the antibody used it was
possible to determine the number of moles of immobilized antibody and thus

the molar ratio QD/Ab which is given by the following equation:

QD/ADb = n (ADb) immobilized / N (QD) initiat-

Equation 8 | Expression given to determine the QD/AD ratios.

For this assay, it was assumed that no loss of QDs occurred and all the

measurements were made in triplicate to improve accuracy.

Characterization of Antibody-Bioconjugated QDs

Agarose Gel Electrophoresis

The analysis of the QD-antibody conjugates resulted from three different
experimental conditions and free carboxy-QDs as a control were
characterized by agarose gel electrophoresis using the same experimental
procedure described above for the characterization of the EDC activation
step. However, in this case the electrophoresis was conducted at voltage
ranging 45 to 90V during 3 hours because the high molecular weight of the
bioconjugated samples. The derivatised and non-derivatised QDs were also
visualized in the gel in a molecular imager ChemiDoc and the natural

fluorescence observed in a standard UV trans-illuminator.
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SDS-PAGE Electrophoresis
Samples of antibody-QD conjugates as well as free IgG were analysed by

17 'in reduced and

SDS-PAGE electrophoresis using the method of Laemmli
non-reduced conditions. In the non-reduced conditions three different volumes
(5, 10 and 15pL) of each sample were diluted in buffer yielding a final volume
of 20pL and mixed with 5uL of 5x sample buffer containing 5% w/v sodium
dodecyl sulphate (SDS), 10% v/v glycerol and 0.01% w/v of bromophenol blue
in 0.0625M Tris-HCI, pH 6.8 8. For the reduced conditions, equal number of
samples were prepared in the same way but mixed with 5uL of 5x sample
buffer containing also 5% v/v of g-mercaptoethanol (BME). All the samples
were heated at 90°C during 15 minutes and loaded into the 4-20% gradient
gel. The gel was also loaded with 5uL of protein ladder (MW 10-170kDa) to
accurately estimate the protein molecular weight. The gel was run for 1h30
minutes at constant voltage of 140V in Tris-Gly 1x running buffer (pH 8.3)
diluted from a 10x stock solution (1.92mM glycine, 250mM Tris-base, 1% w/v
SDS) previously prepared. The bioconjugated QDs samples were visualized
in gels using a molecular imager ChemiDoc under UV light. When necessary,
the gels were stained by rocking overnight at room temperature in a solution
containing 0.025% Coomassie Blue R-250, 40% v/v methanol and 7% v/v
acetic acid. The destainig was carried out by constant agitation in 50% v/v
methanol and 7% v/v acetic acid until maximum contrast was achieved

between the stained bands and the background.

Western Blotting

The western blotting analysis was performed based on standard western
protocols ™ 2 for a semi-dry system. Six pieces of filter paper and a piece of
PVDF (polyvinylidene difluoride) blotting membrane (Immobilon™-P) with the
exact dimensions of the gel to be blotted was cut (e.g. 10x10cm). The
membrane was then wetted in a plastic box with 5mL of 100% MeOH and
equilibrated briefly for 5 minutes. Subsequently, the six pieces of filter paper,
gel and membrane were soaked in transfer buffer pH 8.3 21 (Tris base 25mM,
Glycine 192mM, 10% v/v MeOH and 0.1% w/v SDS) previously prepared and
stored at 4°C. All the pieces were placed in the semi-dry system for

membrane transfer according to manufacturer’s instructions and with careful
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attention not to introduce air bubbles. The electro-transference ran under a
current of 80mA during 2 hours at room temperature. After the transfer, the
membrane was gently washed with 25mL of TBS pH 7.6 (Tris-buffered saline,
10mM Tris-HCI, NaCl 150mM) with constant agitation at room temperature.
The blot was blocked with 50mL of freshly prepared blocking buffer (TBS, 5%
non-fat milk (w/v)), for 1 hour at room temperature and followed by two
washes with TBS (25mL, r.t.). Secondary antibody previously diluted in
blocking buffer (1:2000-1:3000) was added and incubated for 2 hours at room
temperature. The membrane was washed twice for 5 minutes each time in
25mL of TTBS (TBS containing 0.05% Tween® 20), followed by an additional
wash with 25mL of TBS (5minutes, r.t.). Immunoreactive/targeted proteins
were visualized with the detection reagent according to supplier instructions
and the images were acquired in a molecular imager device in

chemiluminescence mode.

Biological Activity of the Antibody-Bioconjugated QDs

Samples of (r) RAP-1 B. bovis antigenic protein were denatured at 90°C for
15 minutes with reducing sample buffer (5x) containing 5% w/v SDS and 5%
vi/v S-mercaptoethanol. The protein (10ug/well) was separated by 4-20% Tris-
Gly gradient gel according to SDS-PAGE protocol previously described. The
electrophoresis was conducted at a constant voltage of 140V during 90
minutes. High range SDS-PAGE protein standard (10-170kDa) was also
loaded onto the gel. Proteins from the gel were blotted onto a 0.45um PVDF
membrane with low auto-fluorescence (ImmobilonTM-FL) based on the
experimental procedure reported above. The blot was blocked for 30 minutes
at room temperature with 50mL of freshly prepared blocking buffer (TBS, 5%
non-fat milk (w/v)) followed by two washes of 5 minutes each with 25mL of
TTBS. Subsequently, the blot was cut into 10 strips (Figure 20). As negative
controls, 1mL of blocking buffer was used as well as 1mL of blocking buffer
containing 50nM of carboxy-QDs blocked with ethanolamine and glycine and
carboxy-QDs alone (Figure 20, strips 2 to 5 respectively). All the other strips
were immersed in separate tubes with 1mL of blocking buffer containing
different volumes of primary antibody-QD samples, in the range between 10

and 100upL (Figure 20, strips 6 to 10 respectively). All the samples and
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respective controls were gently shaken overnight at 4°C on an orbital platform
shaker. After washing with TTBS (2X, 25mL, 5min, r.t.), bioconjugated QDs
were visualized on the strips with a molecular imager under UV light.
Secondary antibody anti-mouse IgG with HRP conjugate freshly diluted in
blocking buffer (1:3000) was added and all the strips were incubated again at
room temperature for 2 hours. The immuno-detection was carried out with
HRP chemiluminescence substrate. The images were acquired in a molecular

imager ChemiDoc using the Quantity One software.

Figure 20 | Biological Activity of the Antibody-Bioconjugated QDs. Blot cut in 10
separate strips for the performance of the assay to evaluate the biological activity of
the antibody-bioconjugated QDs.

Results and Discussion

Evaluation of the Electrophoretic Mobility and pH Stability of MPA and
DHLA Water-Soluble QDs

Water-solubilisation of CdSe/ZnS core-shell QDs was provided by the ligand
exchange strategy. With this method, monothiol and dithiol ligands were
bounded on the QD surface to construct MPA and DHLA water-soluble QDs.
Among others also developed, these ligands created a solubilisation
(solvation) layer that strongly influenced the surface charge and mobility of
hydrophilic QDs. Little is known about the charge of water-soluble QDs or

bioconjugated QDs, even though this parameter is crucial, since they
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influence many properties such as assay design, delivery and migration of
both QDs in live cells and tissues. Therefore, during synthesis and
functionalization, systematic characterization of the QD surface is needed to
control and optimize QD ligand chemistry, bioconjugation and thus

22 Hence, before the attachment

performance in biological assays or imaging
of biomolecules onto the QD surface, the pH stability of aqueous dispersions
of QDs coated with MPA and DHLA ligands was investigated over a period of
time. The electrophoretic mobility of the same freshly prepared QD solutions
using agarose gel electrophoresis was also evaluated. Figure 21 shows
solutions of QDs capped with MPA and DHLA ligands in various Na-P
solutions whose pH ranges from 4 to 12. It is important to notice, that pH’s
higher than 12 were not explored because they are not suitable for

biomotivated applications.

Figure 21 | pH Stability of MPA and DHLA-QDs. Luminescence image of CdSe/ZnS
core-shell QDs coated with DHLA (a) and MPA (b) ligands in phosphate (Na-P) buffer
in pH range between 4 and 12 after different periods of time at room temperature. The
samples were excited with a UV trans-illuminator at 365nm.

Is known that DHLA capped QDs are easily dispersed in basic buffer
solutions and are stable over extended periods of time in comparison with
monothiol ligands, also stable in basic buffer solution but only for limited time
(less than a week)®. The results obtained in the pH stability assay for MPA

and DHLA water-soluble QDs here developed are in agreement with this

159



Chapter 4

statement. The DHLA-QDs are stable and well-dispersed in a wide pH range
from 6 to 12 after 21 days at room temperature. On the other hand, after 1-3
days the MPA coated QDs were only soluble (dispersed) within a limited pH
range (5 to 8) which suffered a further restriction when the solutions achieved
21 days. The formation of aggregates was a indication of degradation and
ultimately the MPA-QDs became only stable at pH 6. The enhanced stability
of DHLA-QDs over the monothiol capped QDs may be related to the bidentate
chelate effect afforded by dithiol groups at the end of DHLA ligand. In other
words, the bidentate dihydrolipoic acid can make simultaneous capping
attachment to two surface sites on the ZnS coating shell, theoretically

resulting in more stable cap/shell interactions &l

. Moreover, although the
DHLA-QDs were stable in basic buffer solutions, under acidic conditions (pH 4
and 5) they tend to aggregate rapidly. This behaviour can be attributed to the
fact that the stabilization of these nanopatrticles relies on the deprotonation of
the terminal carboxyl groups of DHLA and appears to be a crucial parameter
in the solubilisation of these QDs in aqueous environments (23],

The pH stability results were accompanied by the electrophoretic mobility in
agarose gel of the MPA and DHLA-QDs (Figure 22). The gel shifts obtained,
demonstrated by the amount of QDs remained in the wells of each gel, that
QDs coated with DHLA ligand resulted in agueous dispersions that were
aggregate-free in the pH regime 7-12, whereas MPA-QDs resulted in
solutions well dispersed in a very small range (pH 6 and 7). The
electrophoretic mobility analysis also confirmed the previous results obtained
for the surface charge of this kind of particles. Outwardly, DHLA-QDs are
more negatively charged than MPA-QDs. Although it has been reported that
surface passivation achieved with MPA ligands result in a higher density of
capping groups per QD 1 'in our results the bidentate nature of DHLA appear
to have allowed a greater ligand density and consequently a larger amount of
negatively charged carboxylic acid groups onto the QD surface. This could be
related to the monothiol nature of MPA which is a ligand only able to make a
weak single attachment with the ZnS shell. As a consequence, these ligands
could be easily removed from QD surface leading to a smaller amount of

carboxylic acid groups and thus a less negative charge around QD surface.

160



Conjugation of Luminescent QDs with Antibodies

In summary, the differences in surface properties for lipoic acid capped QDs
compared with monothiol capped dots give an idea of the type of experimental
conditions that should be applied for further conjugation with proteins or

antibodies.

Figure 22 | Electrophoretic Mobility of MPA and DHLA-QDs. Gel shift of QDs
ligand exchange with MPA and DHLA ligands using 1% agarose gel electrophoresis in
TBE 1x buffer (pH 8.4) after running 1h15min at 90V. The gels were visualized under
different conditions: (a) ChemiDOC molecular imager under standard UV light, (b)
ChemiDOC molecular imager under chemiluminescence illumination mode and (c) UV
trans-illuminator excited at 365nm to observe the natural fluorescence of water-soluble
QDs.

It is noteworthy that other buffers namely 4-morpholineethanesulfonic acid
(MES) or water adjusted at different pH’s by acid/base addition were first
tested to evaluate the electrophoretic mobility and pH stability of carboxy-
QDs. However, although MES buffer demonstrated to be a suitable
bioconjugation buffer for similar systems[24’ 2l for MPA-QDs this buffer proved

to promote aggregation when comparing with sodium phosphate buffer, as
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illustrated in Figure 23 by the strong localisation of QDs inside the wells at the
top of the gel. When QDs were dispersed in Na-P, aggregation also occurred
which was shown by the aggregation of QDs inside the gel, but the amount of
MPA-QDs that moved through the gel was greater when compared with QDs
dispersed in MES buffer or even water. This led to the conclusion that for
posterior antibody/protein bioconjugation the type of buffer chosen may also
exert a strong influence on a successful bioconjugation protocol in particular

to maintain the dispersion of water-soluble QDs.

Figure 23 | Comparison of Electrophoretic Mobility of MPA-QDs in different
buffers. Mobility of MPA-QDs using 1% agarose gel electrophoresis in TBE 1x buffer
(pH 8.4) after running 55min at 90V. The gel was visualized using: (a) ChemiDOC
molecular imager under standard UV light, (b) UV trans-illuminator excited at 365nm to
observe the natural fluorescence of the QDs.

Coupling of Antibodies to Water-Soluble QDs through EDC/NHS
Chemistry

One of the most popular strategies for coupling QDs to antibodies is the
covalent attachment of the most reactive amine groups present on the
antibodies to carboxylic acid coated QDs using EDC/NHS as a non-selective
reagent. This is a simple methodology with certain advantages because it
does not involve chemical modification of the antibody (Ab) since amine
groups are present in most proteins and are very reactive moieties [s. 28]

However, the production of intermediate aggregates is a constant problem
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due to poor QD stability in neutral/acidic buffers as well as poor control over
the number of biomolecules attached to a single QD™. Moreover, this
strategy implies working at pH values below 8.0 which can result in a
randomization of crosslinking sites of the antibody on the nanoparticle
surface. This is because, at these pH values the most reactive amines reside
in the antigen binding site of the antibody molecule, the Fab domain > %!, To
avoid the unwanted QD-aggregates and formation of undesired secondary
intermediates the use of NHS was introduced as well as other immobilization
strategies to prevent the so-called antibody random orientation. Unfortunately,
most of these techniques are complex and imply Ab modification through
several steps of purification or the use of expensive immobilized proteins [25],
In general, a universal methodology for the bioconjugation of non-modified
antibodies onto nanoparticles making use of their Fab regions during the
immobilization process is still missing. This is why EDC/NHS chemistry still
continues to be the most used bioconjugation technique and the search for
new and optimal experimental conditions is a constant. According to recent

reports &

, making use of the EDC/NHS chemistry, it is possible to
bioconjugate nanoparticles via a two-step strategy which involves an initial
rapid ionic adsorption of the Ab on the nanoparticle surface followed by a
much slower Ab covalent attachment, taking advantage of the reversible
character of ionic interactions. Covalent bond formation is evaluated after the
ionic adsorption step, where the biomolecules ionically adsorbed could be
eliminated by increasing the ionic strength and/or changing the global net
charge of the Ab by shifting the pH of the bioconjugation buffer/media.
Moreover, the covalent bond could remain at any pH or salt condition. Based
on this recent reported work, it was proposed that the coupling of monoclonal
antibodies onto carboxy-coated QDs through EDC and NHS chemistry using
sodium-phosphate buffer 10mM as working media shifting the pH from 6 to 8
and in some cases with the addition of salt, could provide orientated coupling
at the amino groups of the stem of the Ab (i.e. those not involved in binding to
the antigen). To initially test the different experimental conditions for
bioconjugation, anti-horseradish peroxidase, a robust readily available Ab was
used as the working model since it differs from the general monoclonal IgG

antibodies in the region at the end of the hypervariable region. The molar ratio

163



Chapter 4

QD/antibody used was 1:4 as illustrated in the bioconjugation protocol
(Scheme 19).

Scheme 19 | Bioconjugation Protocol Proposed. Schematic lllustration of the
experimental conditions proposed for the conjugation of antibodies onto carboxy
coated QDs.

The bioconjugation methodology herein tested required nanoparticles
containing two functional groups: ionisable groups that allow ionic adsorption
to the antibody and reactive groups that permit its further covalent attachment
using EDC and NHS. One of the double bonds of EDC moiety reacted with
the OH groups of the carboxylic acid present on the surface of QDs forming
an active ester (O-acylisourea) leaving group. In general this active
intermediate can directly react with a primary amine of the Ab, but the reaction
rate is low and the intermediate can hydrolyse in aqueous solution (Scheme
20, (a)). In order to create a more stable intermediate able to react with
primary amines as nucleophiles, NHS was used to assist the EDC active
complex in this conjugation chemistry. In this case a NHS ester intermediate
was formed resulting from the reaction of the hydroxyl group of NHS with the

EDC active ester complex and thus increasing the rate of amide bond

164



Conjugation of Luminescent QDs with Antibodies

formation (Scheme 20, (b)). This is due to the higher reactivity of NHS ester
intermediate with amine containing molecules. This two-step process led to

higher bioconjugation yields when compared with a single-step EDC reaction
[6, 27]

Carboxy-QD (EDC)

R-NH,

(R'= antibody) o
(a)
(b) HO-N (NHS)

[e)

0 o g
L Antibody R-NH, J
SN —— s~ 0-N
H (R'= Antibody)

. - (b) ©

Bioconjugated QD NHS-ester

(Amide derivative)

Scheme 20 | Conjugation of Antibodies to Carboxy-QDs using EDC or EDC/NHS.
Coupling of QDs containing carboxylate groups with amine-containing biomolecules
using (a) EDC single-step reaction or the more efficient (b) EDC/NHS two-step
reaction to form bioconjugated QDs (amide derivative) 6,

Formation of an NHS-ester on the surface of the particles for amide bond
formation with the biomolecule of interest (amide derivative, Scheme 20 (b))
was performed using EDC. This activation step was quickly tested for
carboxy-QDs. In this case the amide bond formation was carried out using
ethanolamine and glycine as models and using only the single-step EDC
reaction (Scheme 20 (a)). Two samples of carboxy-QDs in separate
microtubes containing an excess of EDC each, were incubated with an
excess of ethanolamine and with an excess of glycine respectively. Both
incubations were conducted at room temperature for 3 hours, followed by 12
hours of dialysis purification. To evaluate the amide bond formation on the
QDs surface (successful activation of carboxy-QDs) the molecular weight of

the final QD-amide derivatives were analysed by agarose gel electrophoresis.
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For comparison, natural carboxy-QDs were also loaded on the same gel
(Figure 24).

Figure 24 | EDC Activation Step Analysed by Agarose Gel Electrophoresis.
Comparison of gel shift of MPA-QDs after EDC activation and amide formation and the
same QDs without activation. Agarose gel electrophoresis was conducted in 1%
agarose gel with TBE 1x running buffer (pH 8.4) for 55min at 90V. The gel was
visualized under different conditions: (a) ChemiDOC molecular imager under standard
UV light, (b) UV trans-illuminator excited at 365nm to observe the natural fluorescence
of water-soluble QDs.

Gel electrophoresis monitors the electrophoretic mobility of the charged
species in a gel matrix, usually agarose and polyacrylamide, when an
electrical field is applied across it. On the small scale, these techniques have
been used to separate and purify nanoparticles-bioconjugates and has also
been used as a rapid and powerful tool for confirming molecular/biomolecular
attachment to the nanoparticle through discrete changes in mobility *®. In this
technique the migration of the nanoparticles in the electric field depends on

9 Figure 24 displayed the

the particle total charge but also the particle size
gel shift of the MPA-QDs after EDC activation and amide formation and the
same QDs without activation. The results obtained appear to demonstrate that
the QD-amide derivatives were successfully obtained with ethanolamine and

glycine. In other words, the MPA-QDs were successfully activated with EDC
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which then reacted with the corresponding amine-containing molecules to
form the desired QD-amide derivatives. This result was visualized by the
differences in molecular weight between the activated acid (wells 4 and 5) and
the non-activated QDs (wells 2 and 3). Moreover, this result was also
confirmed by differences in electrophoretic mobility where the amide-QDs
moved slowly along the gel whereas the non-activated lighter QDs (natural
carboxy-QDs) moved faster. These observations confirm that the activation

step of carboxy-QDs can be successfully achieved using EDC chemistry.

The activation of MPA and DHLA-QDs for posterior coupling with
biomolecules was carried out using the two-step EDC/NHS reaction as
described. In this case the QDs were partially activated using different
amounts of EDC and NHS (1:2 respectively) in order to maximise the amount
of NHS ester produced and prevent the formation of unwanted surface
secondary products. The activated MPA and DHLA-QDs were purified by
dialysis to eliminate the excess of EDC and NHS added and immediately
used for the bioconjugation step with antibodies. Over the years, many buffers

such as PBS ™! MES 2% % porate 3% or even Tris-glycine !

, at different
pH’s, have been used for the bioconjugation of carboxy coated QDs with
amine-containing biomolecules using the EDC/NHS strategy. Taking
advantage of this literature and based on the pH stability of MPA and DHLA-
QDs in sodium phosphate buffer previously discussed, it was decided to test
the bioconjugation step proposed in Scheme 19. It is important to point out
that the bioconjugated protocol displayed in this scheme was also tested with
carboxyPEG,00-QDs. However, due to the long chain of PEG,q, the ligands
around the QD surface fold up on themselves making impossible the posterior
activation of the functional COOH groups with EDC/NHS and consequently
their bioconjugation with antibodies.

Supposedly, the Ab ionic adsorption should take place at pH below its
isoelectric point (pl). After the reaction of the activated QDs with antibodies at
working pH, the bioconjugation media would be shifted to a higher pH and/or
containing NaCl in order to dissociate the Ab ionically adsorbed and promote
the Ab covalent attachment. Preliminary attempts at the bioconjugation

reaction were performed under 3 different experimental conditions containing
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the same concentration of activated QDs, EDC/NHS reagents and 4
equivalents of antibody (QD/Ab~1:4). Hence, keeping in mind the pl of the
antibodies (around 7-7.4) %] two reactions were initially suspended in Na-P
10mM pH 6 (Scheme 19, method A) and a third reaction was dispersed in Na-
P 10mM pH 7 with 300mM of NaCl (Scheme 19, method B) for comparison. It
is important to point out, that this last reaction was only performed because
the use of pH 7 with 300mM of salt has been reported ' as the best
conditions to desorb the Ab attached by ionic interactions. Thus, it was
thought that this could be a shortcut to directly promote the covalent binding
of antibody to quantum dots. After 4h of incubation of all samples at room
temperature, one of the two reactions initially prepared at pH 6 was
maintained in the same buffer but the other was incubated for an additional 30
minutes at 37°C in Na-P 10mM pH 8 with 300mM of NaCl after the initial pH
conditions were shifted by the addition of 20uL of a solution of Na-P 0.2M pH
12 with 3M of NaCl (Scheme 19, method B; and B, respectively). The third
reaction at pH 7 with salt was also kept under the same conditions (Scheme
19, method A).

The obtained bioconjugated nanoparticle surface should be inert in order to
prevent possible unspecific interactions with other components of the sample
or even for a further characterization. Although BSA or PEGsyo has been
reported to give very good results ¥ in this work the inertization of
bioconjugated QDs was carried out with an excess of ethanolamine. This step
blocks the remaining activated carboxyl groups on the QDs surface and was
conducted by incubating the three QD-Ab samples overnight with the amine at
room temperature, followed by a purification dialysis to eliminate the
unreacted ethanolamine. The bioconjugation protocol was then finished with a
final purification using centrifugal filtration with a 300kDa cut-off to eliminate
possible free antibody in the different QD-antibody samples. In all cases the
supernatants were kept to further estimate the amount of unbound antibody.
To quickly evaluate the resulting dots the final QD-Ab samples were analysed

by agarose gel electrophoresis (Figure 25).
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Figure 25 | Analysis of Bioconjugation Protocol by Agarose Gel Electrophoresis.
Comparison of the gel shift of activated MPA-QDs after conjugation with antibodies
under the different working conditions tested; (wells 3-5) Na-P 10mM pH7 with 300mM
NacCl, (wells 6-8) Na-P 10mM pH 6 and (wells 9-11) Na-P 10mM pH 8 with 300mM
NaCl. As a control 100nM of non-activated MPA-QDs were used (well 2). Agarose gel
electrophoresis was run in 1% agarose gel with TBE 1x running buffer (pH 8.4) for 1h
at 45V, 45 minutes at 60V and 1h15 minutes at 90V. The gel was visualized under UV
light using a ChemiDOC molecular imager.

The migration of the nanoparticles immersed in the electric field of the
electrophoresis gel depends on both the particle total charge and the particle
size. Hence, it's easy to predict that CdSe/ZnS QDs bearing carboxylic
ligands or biomolecules on their surface will display different electrophoretic
behaviours. In Figure 25, electrophoresis results are displayed and in general
they seemed to indicate that conjugation between QDs and antibodies had
occurred and were also in agreement with theoretical predictions. From the
differences in electrophoretic mobility, it is possible to observe that the
antibody-conjugated QDs (wells 6 and 9) were always slower than natural
MPA-QDs (well 2) because of the greater diameter and the reduced total
charge resulting from positively charged amino groups present in the
antibodies. Therefore, the reaction conducted in sodium phosphate buffer
10mM at pH 6 appeared to be the most successful since a higher

fluorescence intensity of possible bioconjugated QDs was observed inside the
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gel (well 6). However, well 9, although less intense, also showed the
fluorescence of possible antibody-bioconjugated QDs within the gel. The
reaction carried out at pH 6 apparently formed a larger quantity of antibody-
conjugated QDs which could result from a possible ionic and/or covalent Ab
attachment. On the other hand, the sample loaded into well 9 is the product of
a reaction during which the initial working pH was increased (from 6 to 8) and
the media changed by the presence of salt. This may have led to the
obtention of a smaller amount of covalently conjugated QD-Ab sample and
Ab’s ionically adsorbed had been eliminated. The reaction conducted at pH 7
with salt, did not promote the conjugation of antibodies to QDs. It is important
to point out that a lot of aggregated sample was visualized inside the wells
and consequently did not migrate across the gel. This could be related to a
higher QD-Ab concentration loaded on the gel or to non-optimised reaction
conditions. In general, these preliminary results prove the conjugation of
antibodies to QDs. However, to better confirm this data a detailed
characterization of QD-Ab samples was subsequently performed as

discussed below.

Determination of the Antibody/QD Molar Ratio

Before evaluating the conjugated samples for bioassay purposes, attempts to
quantitate the number of IgG molecules bound per QD were made. It is known
that protein concentration determination is a basic biochemical method and
often necessary when protein samples are processed. Currently, there are
several colorimetric assays for proteins including Lowry, Biuret, Bradford and
bicinchoninic acid (BCA) assays. The Bradford assay has been extensively
used due its advantages of rapidness, convenience and relative sensivity -
32 Although not designed for nanoparticles, this method can be applied to

their analysis (e.g. nanoparticle interaction and bioconjugation) (28]

[33]

. Initially,
the fast and colorimetric Bradford protein assay " was used. In this case a
calibration curve was made using BSA as protein standard with a range of
linearity from 1 to 25pg/mL. Unfortunately, the results obtained were
inconclusive because the presence of the QDs in QD-Ab samples interfered
with the Bradford assay as already found for similar systems[zs]. Thus, this

experiment was replaced by the Protein A280 assay available in a NanoDrop
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2000 UV spectrophotometer from Thermo Scientific. This assay is applicable
to purified proteins that contain Trp, Tyr residues or Cys-Cys disulphide bonds
and exhibit absorbance at 280 nm as was the case for the monoclonal
antibodies herein used. After the inertization of antibody-bioconjugated QDs,
the samples were ultra-purified by centrifuging at 1000g for 2 minutes to
remove any remaining free antibodies in solution and the supernatants were
all kept for posterior quantitation because the decrease in protein
concentration in supernatants can be directly correlated with the amount of
antibody linked to the QDs. Using this method, the concentration
determination of immobilized antibody was proposed as: Abs,gonm (QD-Ab
sample)-Abs,sonm (QD) (Equation 7) . After purification the absorbance at
280nm (Abs,gonm) for all QD-Ab samples and their corresponding
supernatants were measured as well as the UV-visible spectra of the QD-Ab
samples to give the QD interference at 280nm herein designed by the
Abs,gonm (QD). These measurements were based in a reference setting of
1mg/mL protein solution producing an absorbance of 1.0 (10mm pathlength).
Thereby, the Abs,gonm (QD-Ab sample) as well as Abs,go,m Of the supernatants
directly represented the concentration per mL of Ab present in the samples.
The real concentration of Ab present in the bioconjugated samples was then
given by subtracting the undesired contribution of QD at 280nm to the initial
concentration of QD-Ab samples measured at 280nm. Later, knowing the
mass (in mg) of antibody attached to the QD surface and molecular weight of
the antibody (~150kDa) used it was possible to calculate the number of moles
of immobilized Ab. As a control, a reference solution having exactly the same
initial antibody concentration was also prepared and measured to be sure
about the initial mass of antibody added and all measurements were carried
out in triplicate to improve accuracy. The molar ratio QD/Ab was defined as: n
(Ab) immobiized /N (QDS) initiar (Equation 8) and it was assumed that no losses of
QDs had occurred.

The meaningful results obtained are displayed in the Table 5 and are
consistent with what was previously shown in the analysis of the

bioconjugation protocol by agarose gel electrophoresis.
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Table 5 | QD/Ab molar ratios obtained for the different bioconjugation reactions
performed to link antibodies onto QD surface using the EDC/NHS strategy.

Working conditions .
o QD/Ab Molar Ratio
(buffer | ionic strength | pH | salt)

Na-P 10mM pH 7 with 300mM NaCl 1:0.27 - 1:0.5
Na-P 10mM pH 6 1:2-1:3
Na-P 10mM pH 8 with 300mM NaCl 1:1

(*) Non-significant value

These results demonstrated that at pH 8 with salt and pH 6 it is possible to
achieve 1 and 3 antibodies per QD respectively. This only reinforce and
confirm the idea that when the working pH is lower than pl of the Ab, the ionic
and covalent attachment are induced, but shifting these conditions applying a
higher pH and/or salt condition apparently the antibodies ionically adsorbed
could be eliminated from the QD surface and only the Ab covalently linked
remained. In contrast, when the bioconjugation reaction was carried out in pH
7 with salt, the maximum QD/Ab molar ratio obtained was 1:0.5 which leads to
the conclusion that the QD-antibody bond probably was not achieved. The
optimised conjugation protocol applied during this work is able to produce

antibody-bioconjugated QDs at least with two biomolecules per nanopatrticle.

Characterization of the Binding Properties of Antibody-Bioconjugated
QDs

To characterize the bioconjugation of antibodies with MPA and DHLA-QDs,
the antibody-QD complexes were run in a SDS-PAGE electrophoresis with
and without g-mercaptoethanol (BME), where the reduction conditions were
used to separate the functional components of bioconjugated QDs. The
antibody fragments were then blotted onto a membrane to qualitatively
analyse the attachment of antibodies to QDs. BME is one of the most
commonly used agents for disulphide reduction. The reduction of disulphide
proteins with this reagent proceeds rapidly via a two-step process involving an
intermediate mixed disulphide  When antibodies are reduced using BME,
three distinct fragments could be generated identifiable by their molecular

weights: a 25kDa light chain (includes half of the specific antigen binding site),
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a 50kDa heavy chain (includes the other half of the binding site), and a 75kDa
partially cleaved chain consisting of a heavy chain and a light chain held
together by an unreduced disulphide bond (Scheme 21)B.

o

Heavy Chain
Fragments

p (50kDa)
Light Chain p

Fragments
(25kDa)

Antibody Molecule ) )
Partially Cleaved Heavy-Light

Chain
Fragments
(75kDa)

Scheme 21 | Antibody Reduction with p-Mercaptoethanol. Schematic antibody
cleavage sites by BME at disulphide linkages.

The reaction carried out at pH 6 to link the antibodies to MPA-QDs was

analysed under reducing and non-reducing conditions (Figure 26, (a)).
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(b) Comparison of antibody conjugated MPA-QDs complex produced at
pH 6 and 8 with salit

M 2 3 45 6 7 8 9 10 M 23 4 5 6 7 8 9 10

170 kDa

55 kDa

26 kDa

SDS-PAGE Electrophoresis Western Blotting

(1) Marker ; (2) 20uL QD-Ab non-reduced (pH 6); (3) 20uL QD-Ab reduced (pH 6);
(4)Empty well ; (5) 20pL QD-Ab non-reduced (pH 8 with salt); (6) 20uL QD-Ab reduced
(pH 8 with salt); (7) 5pL IgG non-reduced; (8) SpL IgG reduced; (9) 100nM MPA-QDs

Figure 26 | Separation of the Functional Components of MPA-Bioconjugated
QDs. Separation of antibody-MPA QDs complexes into fragments using SDS-PAGE
electrophoresis (left images) and membrane transfer (right images) obtained under
different experimental conditions. (a) Antibody conjugated MPA-QDs complex
produced at pH 6. (b) Comparison of antibody conjugated MPA-QDs complexes
produced at pH 6 and pH 8 with salt. For both, the SDS-PAGE was analysed under UV
light before membrane transfer using a molecular imager. The SDS-PAGE
electrophoresis was run at 90V for 90 minutes and electro-transfer at 80V for 2h.

For the BME reducing conditions it is possible to observe the presence of
heavy (55kDa) and light (26kDa) chains cleaved from possible covalently
bound Ab (Figure 26 (a), lanes 5-7). In contrast, this separation is not
observed in lanes without BME (Figure 26 (a), lanes 2-4) as expected and
only a band of 170kDa appears in the membrane. This type of assay was also
repeated for the antibody conjugated QDs resulting from the reaction
performed at pH 8 with salt and where the sample at pH 6 was loaded onto
the same gel for comparison (Figure 26 (b)). Interestingly, for both pH’s under
reducing conditions, no heavy chains were detected in the membrane.
However, the band with molecular weight around 170kDa remained under
non-reducing conditions and in the same position for SDS-PAGE gel under
UV light and transfer membrane. Briefly, these results suggest that
bioconjugation had occurred and that the antibody was linked to the carboxy-
QDs since bioconjugated QDs, which migrated in SDS-page gel, have exactly

the same band position of protein as in the blotting membrane (Figure 26 (a),
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lanes 2-4). For the bioconjugated QDs that remained in the wells it is also
possible to visualize in the corresponding membrane position the presence of
protein (dashed black box). It is noteworthy that some bioconjugated QDs
remained in the wells probably due to aggregation, high concentrations of
sample loaded onto the gel or high molecular weight of the sample limiting the
mobility of QD-antibody complexes in the pores of the gel.

It is well known that after treatment with BME, in general each antibody
molecule is split into heavy and light chain fragments which are traduced in a
50 and 25kDa bands respectively in SDS-PAGE electrophoresis. This
information could be applied to evaluate the orientation of antibodies coupled

24 when the immobilization is

to quantum dots. According to Puertas et a
done with a site-selective orientation using for example the Fc portion of
antibody only the heavy chains fragments should be attached to the
nanoparticles and after treatment with a reducing agent only the light chains
of the Ab could be released. On the other hand, if the antibody is randomly
immobilized, after reducing conditions, both light and heavy chains could be
liberated. Taking advantage of this information, the presence of a most
evident light chain in reducing conditions (Figure 26 (b), lanes 3 and 6) for
both working pH’s inspires the hypothesis that antibodies could be linked by
their Fc portion and well oriented leaving their antigen binding sites available.
The particular result obtained in the first SDS-PAGE assay for the sample
produced at pH 6, and where after treatment with BME both light and heavy
chains appeared (Figure 26 (a), lanes 5-7), could be related to the possible
presence of antibodies ionically and randomly oriented onto the quantum dot
surface. Repetition of the SDS-PAGE experiments was performed 24h later
and perhaps during this period the bioconjugated sample may have lost
antibodies ionically adsorbed on the QD surface and only the covalent linked
Ab remained. It is important to remember that at pH 6 both ionic and covalent
bioconjugation are favoured and with changes of pH or salt addition,
predominantly covalent binding is possible. Another possible explanation
could be related to the fact that these antibodies are linked to MPA water-
soluble quantum dots. MPA is a monothiol ligand that is bound to the
CdSe/znS core-shell QDs surface by a single and weak sulphur bridge. If

BME could cleave the sulfhydryl bonds in proteins/antibodies it is also
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possible to break these bonds in other molecules. This led to the idea that
some of the antibodies linked to MPA were totally split into light and heavy
chains because the sulphur bridge between ligand and the ZnS shell from
native QDs was first reduced by BME. This idea was enhanced when
posteriorly the coupling of antibodies to quantum dots was carried out with
DHLA-QDs also at pH 6. The resulting sample was characterized by the same
techniqgues as before running a SDS-PAGE gel and then blotted on a
membrane (Figure 27). Under non-reducing conditions the presence of a
170kDa band is maintained in the same position (lanes 2-4) as well as the
light chain band after treatment with BME (lanes. 5-7). Apparently, at pH 6
covalent coupling also occurred as previously discussed. On the other hand,
the substitution of mono-mercapto ligands by dithiol dihydrolipoic acid ligands
improves the bond stability between ligand and ZnS shell of CdSe/ZnS core-

shell QDs and preventing it's destruction by the reducing agent.

Antibody
conjugated
DHLA-QDs
IgG
Non Reduced
reduced Reduced |
— —— 1ouL s

M 234567 8 910

75 U 170kDa
- 55kDa
- b 26 kDa

Figure 27 | Separation of the Functional Components of DHLA-Bioconjugated
QDs. Separation of antibody-DHLA QDs complexes resultant from a bioconjugation
reaction performed at pH 6. The SDS-PAGE electrophoresis and the electro-transfer
on a PVDF membrane was conducted under the same conditions previously applied
for MPA QDs-Ab samples.

Generally, the attempts to attach antibodies to CdSe/ZnS core-shell QDs
capped with 3-mercaptopropionic acid and dihydrolipoic acid using EDC

strategy assisted by NHS was fairly successful. However, it is evident that the
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number of coupled and functional antibodies is much less than the amount of
IgG added initially. The overall data, suggest that antibodies are probably
more covalently than electrostatically attached due to the fact that partial Ab-
QDs complexes in non-reduced lanes travel through the gel and their
fluorescence is coincident with the protein band on western membrane in the
same position. Additionally, some of these unreduced complexes remained in

the wells because of their large size.

Evaluation of Antibody-Bioconjugated QDs Capacity to Recognize their
Antigen

The term “blotting” refers to the transfer of biological samples from a gel to a
membrane and their subsequent detection on the surface of the same
membrane. Western blotting, also called immunoblotting was introduced by

Towbin et al™

in 1979 where an antibody was used to detect its antigen.
Using this technique, it was decided to perform an experiment to test the
functionality of the developed antibody-conjugated QDs complexes and check
if these nanoprobes were able to recognize and label their antigen. Firstly,
10uL per well of antigen (r) RAP-1 B. bovis was run on a SDS-PAGE gel.
Later, the proteins were blotted onto a PVDF membrane with low auto-
fluorescence and the gel was stained with a 0.025% coomassie blue solution
to observe the electro-transfer efficiency and to estimate the molecular weight

of the antigenic protein (Figure 28 (a)).
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Figure 28 | Testing the Functional Activity of QD-Ab complexes. Images
resulting from the assay to test the capacity of antibody-conjugated QD complexes to
recognize their antigen. (a) SDS-PAGE gel loaded with 10ug/well of antigenic protein
and stained with 0.025% coomassie blue solution. (b) Visualisation under UV-light of
the natural fluorescence of QDs of the different strips containing antigen protein after
incubation with 50nM of QDs inertized with ethanolamine and glycine (controls, lanes 3
and 4); 50nM of MPA-QDs (control, lane 5) and with different volumes of QD-Ab
complexes (lanes 6-10). All these samples were prepared in blocking buffer containing
5% (w/v) of non-fat milk. (c) Visualisation of the same strips but after incubation with
secondary antibody anti-mouse IgG-HRP. The detection method used was the
chemiluminescence HRP substrate. All the images were acquired with a CCD imager
ChemiDoc equipment.

The antigenic protein, after immobilized in a PVDF membrane, was incubated
overnight at 4°C with different volumes of specific monoclonal antibodies-
bioconjugated QDs. In this assay different controls were performed. As a
negative control the antigenic protein was incubated with 1mL of blocking
buffer only (Figure 28 (b and c), lane 2) and to ensure the absence of
unspecific interactions between carboxy-QDs with the test line, the lanes 3 to
5 were incubated with 50nM of MPA-QDs blocked with ethanolamine and
glycine and 50nM of natural MPA-QDs respectively. All the strips after this
step were visualized under UV light to observe the natural fluorescence of
QDs (Figure 28 (b)) and if an immunofluorescence reaction occurred. The
subsequent immuno-detection in the membrane strips was carried out by
incubating all the lanes with an anti-mouse peroxidase secondary antibody

and using the chemiluminescence HRP substrate to reveal the interaction
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between anti-IgG and IgG (Figure 28 (c)). Firstly, it is possible to observe in
image (a) that ()RAP-1 B. bovis antigen shows the presence of one band of
43kDa as expected for the purified form of this recombinant expressed
antigenic protein B35 This recombinant protein was previously produced and
expressed in the Biomolecular Diagnostic laboratory (ITQB-UNL) and only the
carboxyl-terminal (C-terminal) of the protein was used % As already
reported, when only the C-terminal is used to produce recombinant antigens
spanning RAP-1 only 248 amino acids of a total of 565 were used and the
molecular weight for this reduced length is about 44kDa which is consistent
with the results herein obtained.

After treatment with primary antibody-conjugated QDs, the natural
fluorescence of the QDs was detected with intensity in the control lanes
(Figure 28 (b), lanes 3-5) for the 43kDa band. Immunofluorescence is
completely absence in the lanes 6 to 10 where volumes from 10 to 100uL of
Ab-QD sample were incubated. However, after incubation with secondary
antibody the results were reversed and the reaction which reflects the antigen
recognition by the antibodies attached to QDs (immunoreaction) was only
visualized in the lanes incubating first with primary antibody (Figure 28 (c),
lanes 6-10). These results, clearly demonstrated that the antibodies present in
Ab-QD samples are functional and specifically recognized the antigen once
the immunoreaction was strongly detected by the HRP substrate (Figure 28
(c), lanes 6-10). However, some doubts are raised about whether these
antibodies are really attached to quantum dots or are free in solution because
the immunofluorescence was not detected for these lanes before the
incubation with secondary antibody. To overcome this issue the
immunofluorescence reaction in controls lanes 3 to 5 was analysed (Figure 28
(b)). Interestingly, it is possible observe that the MPA-QDs in their natural
form or blocked with glycine strongly interact with the antigen immobilized in
the membrane. In addition, the QDs blocked with ethanolamine also interact
with the antigenic protein but with less intensity.

Proteins are composed of amino acids linked together through the formation
of amide bonds and the sequence and properties of these amino acids
constituents determine protein structure, reactivity and function. Each amino

acid is composed of an amino group and a carboxyl group bound to a central
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carbon, designated the a-carbon. Also bound to the a-carbon are a hydrogen
atom and a side chain unique to each amino acid which normally does not
participate in polypeptide formation but is free to interact and react with the

environment/other molecules ©

. This amine group is basic and can be
protonated and thus bears a positive charge, while the carboxylate groups are
negatively charged (Scheme 22).

o]
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Scheme 22 | Structure of an Individual Amino Acid Present in Proteins. Individual
amino acids consist of a (o) primary amine, a carboxylic acid group, and a unique side
chain structure (R). The amine is protonated and bears a positive charge, while
carboxylate group is normally negatively charged at physiological pH'.

During the performance of this assay, were used TBS to prepare the known
blocking buffer (containing also non-fat milk) and TTBS for the washes
between the different steps along the experiment. As described in the
Experimental Section, both buffers are prepared to have a pH around 7.6
which is very close to the physiological pH (7.4). At physiological pH each
protein is composed of amino acids linked by amide bonds and bearing amino
and carboxyl groups which are positively and negatively charged respectively.
This suggests that in the control lanes an interaction between antigen and
non-conjugated QDs could exist. More specifically, a polar interaction
between the protonated NH, groups present in the antigen and the
carboxylate groups of the MPA ligand on the QDs surface (lane 5) is possible.
Similarly the terminal carboxylic acid group available in glycine (lane 4) could
interact with amino groups and was indicated by the intense fluorescent band
at 43kDa. In the case of lane 3 (incubated with QDs blocked with
ethanolamine), the same band is less intense because the probability of
interaction between the NH, groups present in the antigenic protein and the
hydroxyl group available in QDs blocked with ethanolamine is much lower and
unlikely to occur. If this explanation raises the possibility of MPA-QDs in their

natural form or blocked with amine containing molecules to interact directly
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with the antigen, this could lead to conclude that the antibody in Ab-QD
samples must be attached to the quantum dots, because if the quantum dots
were free in solution independently blocked or non-blocked at least one weak
fluorescent band should have appeared in the lanes 6-10. Probably, the
immunofluorescence reaction was not detected in these lanes due to the low
concentration of quantum dots attached to antibodies and which was not

detected by the charge-coupled device.

Conclusion

The set of data related with pH stability and electrophoretic mobility clearly
demonstrated that CdSe/ZnS core-shell QDs capped with dithiol-terminated
ligands are more stable and less prone to aggregation than those
functionalized with monothiol ligands. Moreover, it was found that the stability
of the nanoparticles strongly depend the nature of ligand but also the pH and
media for their dispersion. Taking advantage of this useful information the
EDC/NHS chemistry was used to bioconjugate MPA and DHLA-QDs with
antibodies. The experimental conditions proposed showed that at a certain pH
the antibodies are ionically and covalent attached however increasing the pH
and adding some salt it's possible to promote only the covalent binding.
These data were confirmed by the number of IgG molecules attached on a
single quantum dot. At pH 6 was possible to achieve three antibodies per
particle, assuming that some of them are only ionically bound and could be
eluted form QD surface, while at pH 8 with salt no more than one antibody
was obtained. Moreover, the number of attached antibodies was always lower
than the amount of protein added initially indicating that with this strategy the
bioconjugation reaction was not complete. The QD-antibody complexes were
characterized using molecular biology techniques. By agarose gel
electrophoresis it was demonstrated that the bioconjugated QDs were
obtained and move slower than the non-conjugated ones. This is a result of
the higher molecular weight and the reduced negative surface charge. The
SDS-PAGE using BME as reducing agent was useful to clarify the binding
properties of the conjugates. Additionally, the biological activity was evaluated
by immunoblotting, which showed that the antibodies present in QD-Ab

complexes were functional and recognized their specific antigen. However,
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the use of these techniques should be optimized in order to promote less
aggregation and well dispersion of the conjugated samples in the wells and
thus promote a better mobility through the gels. Alternative strategies using
specific sites of the antibody should also be tested to achieve higher antibody

conjugation efficiency and better stability of the QD-Ab complexes.

Glossary

Table 6 | Glossary of terms related with some molecular biology techniques applied in

this work 223637

Term Definition

Agarose gel electrophoresis Commonly electrophoresis technique
using agarose gels to separate proteins,
oligonucleotides or more recently
nanoparticles based on their overall
electrophoretic mobility, due to
differences in molecular weight and/or
overall charge. Is an alternative
approach to using polyacrylamide gels
and provides several benefits. Gels can
also be run using a vertical system or a
horizontal system.

Alkaline Phosphatase An enzyme used as a detection reagent,
usually conjugated to a secondary
antibody probe.

Antibody An immunoglobulin; a protein produced

in response to an antigen, which
specifically binds the portion of the
antigen that initiated its production.

Antigen Any molecule that specifically binds with
an antibody.
Blot Immobilization of proteins or other

molecules onto a membrane; or, the
membrane that has the molecules
adsorbed onto its surface.

ChemiDoc'" system Charge-coupled device camera-based
imaging system for visualization and
documentation of fluorescent,
chemifluorescent, and colorimetric
samples.
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Chemiluminescence The emission of light due to a chemical
reaction; used in the specific detection of
blotted molecules

Coomassie Blue An anionic dye used in the total protein
staining of gels and blots.

Electrophoretic blotting The use of the driving force of an electric
field to move proteins from gels to
membranes.

Electrophoretic mobility Is the observed rate of migration of a

component divided by electric field
strength in a given medium. The
electrophoretic shift assay is the
separation of proteins and DNA/RNA by
charge and/or size and length
respectively. This assay could be run in
polyacrylamide or agarose gels.

Horseradish peroxidase (HRP) An enzyme wused in the specific
detection of molecules on blots, usually
conjugated to a secondary antibody
probe.

Immunoassay A test for a substance by its reactivity
with an antibody.

Immunoblotting Blot detection by antibody binding.

Immunodetection Detection of a molecule by its binding to
an antibody.

lonic strength Is a measure of the concentration of all

ions in a solution.

Isoelectric point (pl) Is sometimes abbreviated to IEF and is
the pH at which a particular molecule
(e.g. protein) or surface carries no net
electrical charge. Below the pl proteins
carry a net positive charge, above it a
negative charge.

Nonspecific binding The interaction between bound proteins
and probes that is not a result of a
specific reaction; results in spurious
signals on the membrane.

PAGE Polyacrylamide gel electrophoresis, a
common method of separating proteins.
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PVDF membrane

Primary antibody

Prestained standard

Protein G

SDS-PAGE

Secondary antibody

Semi-dry blotting

Substrate

Tween 20

Polyvinylidene difluoride membrane is a
membrane used in protein blotting,
which has high chemical resistance,
tensile strength, binding, and retentive
capacity, making it ideal for use in
protein sequencing.

An antibody that binds a molecule of
interest.

A mixture of molecular weight marker
proteins that have covalently attached
dye molecules, which render the bands
visible  during electrophoresis and
transfer; used to assess the transfer
efficiency of proteins onto the
membrane.

A protein derived from Streptococcus
that binds a wide range of
immunoglobulins from various species,
and has a wider range of binding
capabilities than protein A.

The separation of molecules by
molecular weight in a polyacrylamide gel
matrix in the presence of a denaturing
detergent, sodium dodecyl sulphate
(SDS).

An antibody that binds a primary
antibody; used to facilitate detection.

The wuse of a semi-dry blotting
apparatus, which consists of two
horizontally, oriented plate electrodes.
The gel and membrane sandwich is
positioned between them with buffer-
soaked filter paper on either side of the
sandwich serving as buffer reservoirs.

A substance that is reacted upon by an
enzyme; for example, a colour
development reagent.

A non-ionic detergent; used in blot
detection procedures as a blocking
reagent or added to wash buffers to
minimize  nonspecific  binding and
background.
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Towbin buffer A common protein blotting transfer
buffer.
Western blotting The immobilization of proteins onto a

membrane, and the subsequent
detection by protein-specific binding and
detection reagents.
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Abstract

Babesia bovis is an intraerythrocytic protozoan parasite transmitted by Ixodid
ticks and responsible for great economic losses in cattle industry in many
tropical and subtropical regions worldwide. Over the years many different
methods have been applied to identify early infections in whole blood of the
animals, in particular immunofluorescence antibody test (IFAT). However, one
of the significant limitations presented by this method is photobleaching and
the loss of antibody activity caused by this phenomenon. In order to overcome
this issue, the use of quantum dots conjugated with anti-RAP 1 antibody was
proposed for the detection of its rhoptry associated antigenic protein (RAP-1)
present in the apical complex of B. bovis parasites in infected blood. Different
strains of B. bovis were incubated with the bioconjugated samples under three
distinct experimental conditions: slide, solution and slide with vortex stirring.
All the attempts demonstrated good conditions for the recognition of the
antigenic protein in the infected RBCs, however the best results obtained
were in the assay performed on a slide with vortex stirring. Only 16ng/uL of
primary antibody linked to QDs were needed and the aggregation of the QD-
Ab conjugates is much better controlled. Comparing this alternative
immunofluorescence assay based on direct immunofluorescence principles
with the traditional IFAT using FITC conjugated with secondary antibodies, the
QD-Ab complexes developed in this work appear to be more resistant to large
periods of excitation at different wavelengths in imaging assays. Moreover,
these complexes were also demonstrated to be potential tools in the
development of an immunosensor to detect early infections caused by B.
bovis in whole blood of the animals.

Key-words: Quantum dots, Bioconjugation, Antibodies, Immunofluorescence

Assay, Babesia bovis.

Introduction

Malaria, caused by various plasmodial species, is a disease that affects 350-
500 million of people each year and is a leading killer globally . This disease
is caused by the intraerythrocytic apicomplexan parasite of the genus

Plasmodia which infects its host via the bite of a female Anopheles
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mosquito[zl. Similarly, Babesiosis is a parasitic infection caused by

haemotropic protozoa of the genus Babesia, family Babesiidae, order
Piroplasmida, within the phylum Apicomplexa and is transmitted by the bite of
an infected tick. This malaria-like protozoan has infected the erythrocytes of a
wide variety of wild and domestic animals. It is a well-recognized disease of
veterinary importance in cattle, horses and dogs. Over the years, this disease
has gained increasing attention as an emerging zoonotic problem due to the
great economic losses in cattle industry in many tropical and subtropical
regions worldwide %,

There are over 100 species within the genus Babesia and this species vary in
relative size from large to small members B! The distribution of all the different
Babesia species is dependent on the geographical distribution of the
competent tick vectors. Moreover, several tick species have been described
as Babesia competent vectors: Boophilus and Haemaphysalis species ticks
transmit the disease mainly in the tropics, and Rhipicephalus, Ixodid and
Hyalomma species ticks transmit the disease mainly in temperate countries
¢ In addition, the ubiquitous parasites generally have two classes of hosts, an
invertebrate and vertebrate host and the maintenance of Babesia spp. is
dependent on both hosts. Babesia infections have long been recognized as
an important disease from the economically point of view for cattle. Among
others isolated, six species appear to be responsible for bovine babesiosis
particularly Babesia bovis and Babesia bigemina. Generally, babesiosis is
characterized by different symptoms namely fever, extensive erythrocytic lysis
leading to anemia, icterus, hemoglobinuria and death !,

The life cycle of Babesia parasites is highly complex and can be separated
into three principal stages: gamogony, sporogony and merogony. After a bite
from an infected tick, unlike Plasmodium parasites, which require hepatocyte
invasion and multiplication prior to the erythrocyte stage, the sporozoites of
Babesia, can directly invade the host erythrocytes, also called red blood cells
(RBC) and undergo an asexual growth cycle in the erythrocyte stage as
demonstrated in Figure 29 (.7 Babesia sporozoites are injected into the host
together with the saliva of the vector tick and directly infect the RBCs. The
sporozoites, once established inside the erythrocyte of the host divide into two

(sometimes four) merozoites. These in turn, follow an asexual reproduction
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also called merogony. Rapid intracellular multiplication leads to a destruction
of the host RBC with release of new parasites and subsequent infection and

Bl However, the molecular interactions between

lysis of other erythrocytes
Babesia merozoites and host RBC and their biological roles are not

thoroughly understood .

Figure 29 | Erythrocyte Invasion by Babesia Parasites. Schematic representation
of erythrocyte invasion process of Babesia parasites. The erythrocyte invasion is
mainly composed by five steps: (1) attachment of the parasite onto the host RBC; (2)
re-orientation of the parasite; (3) formation of tight-junction between the apical part of
parasite and erythrocyte surface; (4) invasion and (5) internalization of the parasite
within the infected RBC. Reprinted from reference [7]. Copyright 2006, with permission
from Elsevier.

Apicomplexans utilize several molecules (ligands) in their invasion process.
The process of erythrocyte invasion by Babesia parasites is not well
understood in detail, but is considered similar to other apicomplexan parasites
namely Plasmodium or Toxoplasma, that have numerous proteins on the
parasite surface and within the apical secretory organelles which mediate the
complex multi-step invasion process B As for malaria parasites, in the first
step of erythrocyte invasion, the Babesia parasites use their surface
molecules, coating the extracellular merozoites, to promote the attachment to
RBC. For B. bovis a number of proteins involved in this process have been
identified and grouped as surface-coating molecules, rhoptry and microneme

proteins and components of the spherical body, as illustrated in Figure 30.
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Figure 30 | Apicomplexan main features for Toxoplasma gondii tachyzoite and
Plasmodium falciparum merozoite. Schematic representation of the different
proteins and apical organelles involved in the multi-step erythrocyte invasion by
Plasmodium (right side) and Toxoplasma (left side) parasites. Reprinted by permission
from Macmillan Publishers Ltd: Nature Reviews Microbiology [9], copyright 2006.

The parasites of B. bovis species are known to possess at least five glyco-
proteins on their surface and these surface molecules belong to a family of
variable merozoite surface antigens (VMSA) which is mainly composed of the
antigen 1 (MSA-1; 42kDa) and antigen 2 (MSA-2; 44kDa). The antigen 2
could be organized in four genes (MSA2a,;, MSA2a,, MSA-2b and MSA-2c)
which are defined by an amino-terminal hydrophobic signal sequence, a
hydrophobic central region and a conserved carboxy-terminal region
containing a glycosyl-phosphatidylinositol (GPI) anchor signal sequence 1,
Essentially, the known function of these antigens is mediate the initial
attachment of the merozoite to host RBCs and facilitate the invasion in the
same erythrocytes respectively'®.

As already mentioned, from their first attachment to their complete
internalization during the invasion process, apicomplexan parasites secrete
proteins from their apical organelles onto the merozoite membrane or into the

environment outside the parasites. For Babesia parasites in general, these
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proteins are located in the anterior end of the parasites also called apical
complex and comprises the rhoptries and micronemes proteins and spherical
body .

The rhoptries proteins are long, club-shaped organelles connected by thin
necks to the extreme apical pole of the parasite, and their number varies
according to species. These proteins are synthesized in the endoplasmatic
reticulum and passed through the Golgi complex 19 1n B. bovis, the rhoptry-
associated protein-1 (RAP-1) is a 60kDa protein (full-length) that was first

identified by Suarez et al ™"

and is localized on the apical surface and within
the rhoptries merozoites. This protein is encoded by two near identical, rap-1a
genes; it consists of a unique N-terminal (NT) region of 316 aminoacids and a
C-terminal (CT) region that contains seven tandem repeats of a degenerate

[

23-aminoacid sequence 1213 Moreover, is highly conserved among diverse

isolates and like MSA-1 this protein is postulated to be involved in the
merozoite attachment but also in the invasion of host RBCs * 4.

Micronemes are small, cigar-shaped organelles that cluster at the apical end
of the protozoan body and their number varies according to the species but
also with developmental stages. They are synthesized with an N-terminal
signal sequence that mediates their entrance into the secretory pathway by
translocation across the endoplasmatic reticulum membrane "°. Two invasion
molecules are considered micronemes products in B. bovis merozoites. One
is an apical membrane antigen 1 (AMA-1) and the other is a thrombospondin-
related anonymous protein (TRAP) which are designated as BbAMA-1 and
BbTRAP in B. bovis specie with 82 and 75kDa respectively. The BbAMA-1 is
predicted to be involved in RBC invasion, while BbTRAP is involved in
recognition and possible attachment and invasion of host erythrocytes [r. 8]
After the intracellular internalization of protozoan parasites in the host cell
environment, some proteins are released into the cytoplasm of the infected
RBCs in order to promote an optimal environment for the parasites. In general
these proteins are called dense granules, however in the genus Babesia,
instead of a dense granule there is a unique organelle designed spherical
body. In B. bovis, three spherical body proteins were identified: SBP-1

(80kDa), SBP-2 (225kDa) and SBP-3 (135kDa). Their main function is
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associated with the RBC membrane during the course of erythrocyte infection
[7, 8].

Babesia bovis specie was first identified in Argentina in 1934 by Rees et al ™.
It is a widespread specie in cattle and occurs wherever tick vector
Rhipicephalus (Boophilus) microplus is encountered which includes North and
South America, Southern Europe, Africa, Asia, Australia and also in some
parts of Europe where Boophilus does not occur, suggesting the existence of
other vectors . The RBC invasion is very similar to that for B. bigemina in
which the parasite invades, grows and replicates asexually in erythrocytes of
their vertebrate host causing fever, anaemia and haemoglobinuria as mutual
symptoms. However, B. bovis infection can be distinguished from bigemina
specie because of the additional accumulation of parasitized RBCs in the
microvasculature and the consequent development of severe clinical
complications, such as cerebral Babesiosis, respiratory distress and multi-
organ failure Bl For this reason, B. bovis is generally considered the more
virulent of the two organisms .

Over the years, many efforts have been made in the study and control of
these diseases and several diagnostic methods have been developed to
identify early infections of B. bovis in whole blood. So far, the microscopic
examination of giemsa stained blood smears is still considered the universal

[4, 16]

method of choice since it is rapid and inexpensive . But gradually this

diagnostic method has been enhanced and replaced by molecular biological

methods like immunofluorescence antibody test (IFAT)™, enzyme-linked

16 18
)[ ] )[ ]

immunosorbent assay (ELISA and

19
)[ ]

, polymerase chain reaction (PCR

reverse line blotting (RLB in order to increase sensitivity and specificity.

Flow cytometry has also been used for this purpose %,

Using the luminescent quantum dots conjugated with monoclonal antibody
anti-RAP 1 described previously in chapter 4, attempts to use these
bionanoprobes for the detection of the rhoptry-associated protein 1 (RAP-1)
based on immunofluorescence assays principles in B. bovis infected RBCs
were made. In this study different attempts to achieve the best experimental

conditions for the visualisation of the infected erythrocytes were made.
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Experimental Section

Materials

Carboxy-QDs conjugated with monoclonal antibody against recombinant (r)
RAP-1 protein of Babesia bovis (anti-rRAP-1 B. bovis antibody) were obtained
as described in chapter 4 using the EDC/NHS chemistry. All the chemical and
biochemical reagents were analytical grade and the best grade available
respectively and purchased from Sigma-Aldrich unless indicated otherwise.
Fluorescein isothiocyanate-conjugated (FITC) anti-mouse 1gG produced in
sheep was also obtained from Sigma-Aldrich and used as secondary
antibody. ImmunoPen™ was purchased from Calbiochem and the glass slides
from Roth. All the biological samples were handled in a laminar flow chamber
NU-425-400E from NUAIRE and when centrifugation was needed a Biofuge
28RS Heraeus centrifuge from SEPATECH was used.

All the slide preparations were visualised under fluorescence microscopy
using an inverted epifluorescence microscope (Nikon TE2000-S) coupled to
an Evolution™ MP 5.1 colour video camera. Captured digital images were
processed through the image analysis software Image-Pro Plus 7.0 (Media

Cybernetics).

Babesia bovis infected cultures

The bovine erythrocyte culture infected with the parasite B. bovis Mexican
strain (Mo7) was available as well as bovine blood smears infected with S2P
strain from Argentine. The Mo7 biological clone of Babesia bovis, derived by

limiting dilution of the Mexico strain as described elsewhere #* %%

, was Kindly
provided by Dr. Erik de Vries from the Department of Infectious Diseases and
Immunology, Utrecht University, The Netherlands. Stocks of B. bovis Mo7
cultures were cryopreserved and kept in liquid nitrogen containing 1-7% of
parasitized erythrocytes. The bovine blood smears infected with B. bovis
argentine strain S2P, were supplied by Dr Ignacio Etchaide from Estacion
Experimental Agropecuaria Rafaela, Instituto Nacional de Tecnologia
Agropecuaria, Santa Fe, Argentina. The infected smears were kept in the dark

in a -80°C chamber.
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Immunofluorescence Assays for RAP-1 Antigenic Protein Detection in B.
bovis Infected RBCs

For immunofluorescence assays with QD-Ab conjugates, three different
experimental conditions were attempted: on slide and on slide with vortex
stirring using the infected bovine blood smears from Argentine and finally in
solution. For the latter the cryopreserved infected Mo7 cultures were used.
These assays were accomplished with the standard immunofluorescence
assay also on slide and in solution using the same infected cultures. The
experimental procedures for the different assays tested were carried out as

described below.

Standard Immunofluorescence Assays
Assay on Slide: Two thin films of erythrocytes infected with B. bovis S2P

argentine strain previously kept at -80°C were brought to room temperature,
by incubating them in a 37°C chamber for 40 minutes. One of the slides was
stained for 15 minutes by dipping the smear in a Coplin jar containing fresh
working Giemsa stain [23] (2.5% v/v). The slide was then rinsed carefully and
thoroughly with running tap water and left in upright position to dry. About 10
minutes later, the stained slide was visualized under a microscope to observe
the presence of the parasite in the infected erythrocytes. The second thin film
was divided into 10 wells using the water repelling pen (immunopen). Different
dilutions of anti-rRAP-1 B. bovis antibody (1:25, 1:50, 1:100 and 1:200) were
prepared in blocking buffer (1% BSA in PBS 1x, pH 7.2). 30puL of each dilution
were dispensed in the wells and incubated for 30 minutes at 37°C in a
humidified chamber. The drops of primary antibody in each well were
aspirated with a pipette and the erythrocytes were then washed in situ twice
with 30uL of PBS-T rinse buffer (PBS 1x containing 0.05% Tween® 20) for 5
minutes. Subsequently, the smear was incubated for 30 minutes at 37°C with
FITC-anti-mouse 1gG sheep secondary antibody diluted 1:100 and 1:200 in
blocking buffer, in a humidified chamber. The erythrocytes were again washed
twice in situ with 30pL of PBS-T and dried with filter paper for 10 minutes. As
a negative control 30uL of PBS 1x and 30pL of secondary antibody in a 1:200
dilution was used. The slides were mounted with 20puL of mounting media

containing glycerol/rinse buffer (1:1, v/v) and 1pL of a 1Img/mL DAPI solution
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and covered with a cover glass. The preparations were left to dry during 10
minutes and the borders of the cover glass were sealed with nail polish. The
result was documented by microscopic images acquired on an inverted
epifluorescence microscope (Nikon T2000) coupled to a colour video camera
Evolution MP with a 100x objective and the appropriate filters (UV and blue).

Assay in Solution: Liquid nitrogen cryopreserved Mo7 infected erythrocytes

cultures were brought to room temperature by placing them in a water-bath at
37°C for 5 minutes. To wash the erythrocytes, the cultures were fractionated
in a laminar flow chamber and transferred to separate 15mL polypropylene
centrifuge tubes containing 10mL of PBS 1x. The tubes were centrifuged at
2000g for 10 minutes at 4°C. This wash procedure was repeated twice and
the supernatant discarded each time. Subsequently, the lysis of the infected
erythrocyte pellet was performed by adding 600uL of 0.4% (w/v) NaCl solution
to each tube and incubating them for 20 minutes at room temperature. During
the incubation time, the tubes were inverted 4 to 5 times. The tubes were then
centrifuged at 3000g during 30 minutes at 4°C. The supernatant was
removed, while the small pellets with a gel consistency remained in the tubes.
Each final pellet was diluted in 100uL of blocking buffer. Two separate thin
films containing 5uL of each erythrocytes culture were air-dried and fixed at
room temperature for 10 minutes. Each erythrocyte smear was stained with
fresh working Giemsa (2.5% v/v) stain to check aggregation and the number
of parasites. Simultaneously, the immunofluorescence assay in solution was
performed. 20uL of each culture pellet were placed in separate microtubes.
0.2uL of anti-rRAP-1 B. bovis antibody (1:100 dilution) was then added to
each microtube and incubated with slow vortex stirring for 30 minutes at 37°C.
Subsequently, without any wash, 0.2uL of FITC-anti-mouse IgG sheep
secondary antibody (1:100 dilution) was added to each tube followed by an
incubation with slow vortex stirring for 30 minutes at 37°C. Later, 2uL of each
final sample were used to smear two thin films. The drop on each slide was
air-dried and fixed at room temperature for 10 minutes. The slides were
mounted with 5uL of mounting media containing glycerol/rinse buffer (1:1, v/v)
and 1pL of a 1mg/mL DAPI solution and covered with a cover glass. The

preparations were left to dry during 10 minutes with the borders sealed with
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nail polish. All the images were acquired on an inverted epifluorescence
microscope Nikon T200 coupled to a colour video camera Evolution MP with a

100x objective and the appropriate filters (UV and blue).

Direct Immunofluorescence Assays Using QD-Ab Conjugates

Assay on Slide: Two thin films of erythrocytes infected with B. bovis Argentine
strain S2P previously kept at -80°C were brought to room temperature, by
incubating them in a 37°C chamber for 40 minutes. One of the slides was
stained for 15 minutes by dipping the smear in a Coplin jar containing fresh
working Giemsa stain (2.5% v/v). The slide was then rinsed carefully under a
running tap water and left in an upright position to dry. About 10 minutes later
the stained slide was visualized under microscopy to observe the presence of
the parasite in the infected erythrocytes. Simultaneously, the second thin film
was divided into 8 wells using the water repelling pen (immunopen). Different
concentrations of anti-rRAP-1 B. bovis antibody conjugated with DHLA-QDs
(833ng/uL, 66ng/uL and 133ng/uL) were prepared in blocking buffer. 30uL of
each QD-Ab concentration was dispensed in the wells and incubated
overnight at 4°C in a humidified chamber. As a negative controls PBS 1x,
100nM and 200nM of natural DHLA-QDs were used. The drops of QD-Ab
conjugates in each well and the corresponding controls were aspirated with a
pipette and the erythrocytes also present in each well were then washed in
situ twice with 30uL of PBS-T rinse buffer for 5 minutes and dried with filter
paper for 10 minutes. The slide was mounted with 20pL of mounting media
containing glycerol/rinse buffer (1:1, v/v) and 1pL of a 1Img/mL DAPI solution
and covered with a cover glass. The preparation was left to dry during 10
minutes with the borders of the cover glass sealed with nail polish. The
images were acquired on an inverted epifluorescence microscope Nikon
T2000 coupled to a colour video camera Evolution MPwith a 100x objective

and the appropriate filters (UV and blue filter).

Assay in Solution: Using the same erythrocyte lysate from Mo7 culture

prepared previously for the standard immunofluorescence assay in solution,
three separate microtubes were prepared containing 10pL of such pellet.

Then, different concentrations of anti-rRAP-1 B. bovis antibody conjugated
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with DHLA-QDs, as described in chapter 4 (33ng/uL, 66ng/uL and 100ng/uL),
were separately added to each miocrotube and incubated with slow vortex
stirring for 1h at room temperature. In parallel, negative controls were also
performed using the same pellet but incubating them under stirring with
100nM of DHLA-QDs, 50nM and 100nM of DHLA-QDs blocked with
ethanolamine. Later, 2uL of each final sample as well as the respective
controls were used to smear thin films. The smear on each slide was air-dried
and fixed at room temperature for 10 minutes. The slides were mounted with
5uL of mounting media containing glycerol/rinse buffer (1:1, v/v) and 1uL of a
1mg/mL DAPI solution and covered with a cover glass. The preparations were
left to dry during 10 minutes and the edges of the cover glass were sealed
with nail polish. All the images were acquired on an inverted epifluorescence
microscope NikonT2000 coupled to a colour video camera Evolution MP with

a 100x objective and the appropriate filters (UV and blue).

Assay on_Slide with Vortex Stirring: One of the smears containing

erythrocytes infected with B. bovis S2P argentine strain previously kept at -
80°C were heated in a 37°C chamber for 40 minutes. The thin film was
divided into 6 wells using the water repelling pen (immunopen). Two
concentrations of anti-rRAP-1 B. bovis antibody conjugated with DHLA-QDs
(16ng/uL and 100ng/uL) were prepared in blocking buffer. 30uL of each QD-
Ab concentration was dispensed in the wells and incubated for 1 hour at room
temperature maintaining the slide under vortex stirring in order to obtain a
good homogenization and dispersion of the sample into each well. As a
negative control, was used 30uL of PBS 1x and 50nM of DHLA-QDs blocked
with ethanolamine. The drops of QD-Ab conjugates as well as the controls in
each well, were aspirated with a pipette. The erythrocytes present in each well
were then washed in situ twice with 30uL of PBS-T rinse buffer for 5 minutes
also under vortex stirring and dried with filter paper for 10 minutes. The slide
was mounted with 20uL of mounting media containing glycerol/rinse buffer
(1:1, v/v) and 1uL of a Img/mL DAPI solution and covered with a cover glass.
The preparation was left to dry during 10 minutes and the edges were sealed

with nail polish. The images were acquired on an inverted epifluorescence
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microscope NikonT2000 coupled to a colour video camera Evolution MP with
a 100x objective having the appropriate filters (UV and blue).

Results and Discussion

As described previously, Babesiosis is an arthropod-borne disease of animals
that is transmitted by Ixodid ticks. The most severe cases of Babesiosis are
caused by Babesia bovis, an intraerythrocytic, apicomplexan protozoan.
Apicomplexans use several molecules/ligands in their RBCs invasion process
and among others B. bovis antigens characterized, the rhoptry associated
protein (RAP-1) has been the most studied and is considered a strong

candidate for vaccine development "

1 To identify early infections a variety
of methods are known and used for the detection of B. bovis invasion in whole
blood (detecting the presence of antibodies against the parasite), however the
indirect immunofluorescence antibody test (IFAT) is one of the most
commonly used for this purpose and have been used for decades in
diagnostic laboratories around the world. Moreover, it is considered to be a
reference for the detection of antibodies against this Babesia specie [24],

Secondary or indirect immunofluorescence uses two antibodies. The
unlabelled primary antibody specifically binds the target molecule while the
secondary antibody (usually an anti-lgG), which carries a fluorophore,
recognises the primary antibody and binds to it (Scheme 23, (a)). This
technique allows more flexibility when comparing with the primary or direct
immunofluorescence, because a variety of different secondary antibodies and
detection techniques can be used for a given primary antibody. However, the
number of steps and time consuming protocol represent a drawback. Direct
immunofluorescence testing is where a single antibody chemically linked to a
fluorophore binds to the target molecule and the fluorophore it bears can be

detected by fluorescence microscopy (Scheme 23, (b)).
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Scheme 23 | Schematic representation of direct and indirect immunofluorescence
assay.

DHLA-QDs conjugated with anti-RAP1 antibody were tested as an alternative
to antibodies carrying normal dyes to detect the presence of RAP-1 antigenic
protein in Babesia bovis Argentine S2P and Mexico Mo7 strain infected
erythrocytes. These cultures samples were incubated with the anti-RAP 1-QD
conjugates under three different experimental conditions; slide, solution and
on slide with vortex stirring as described in detail in the Experimental Section.
Alongside, these experiments were accomplished with the common IFAT
using anti-RAP1 and FITC anti-mouse IgG produced in sheep as primary and
secondary antibodies respectively and which worked as a positive control. It is
important to point out that all the preparations were mounted with mounting
media containing 1uL of a 4', 6-diamidino-2-phenylindole dihydrochloride
(DAPI) solution to easily identify the parasites. This reagent has the ability to
bind to the A-T regions of parasites DNA forming a compound that is
fluorescent under UV light. All preparations were microscopically observed
and the results obtained for each assay are summarized in Figure 31, Figure
32 and Figure 33.
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Figure 31 | Immunofluorescence Assays on Slide. (a) Visualisation of native RAP-1
protein by IFAT using primary and secondary antibodies in a 1:200 and 1:100 dilutions
respectively using blood smears infected with Argentine S2P B. bovis strain. (b)
Visualisation of the same protein in the same blood smears using 33 (images 1 and 2)
and 66 (images 3 and 4) ng/puL of primary antibody anti-RAP1 conjugated with DHLA-
QDs. In the assay using QD-Ab conjugates as negative controls 200nM of natural
DHLA-QDs was used to incubate with the infected smears. The images were observed
with 100x amplification under UV (UV-2A; Aexc=330-380nm) and blue (B-2A; Aexc=450-
490nm) filters and bright field. Scale bar=5um.

208



Quantum Dot Applications | PART |

Figure 32 | Immunofluorescence Assays in Solution. (a) Visualisation of native
RAP-1 protein by IFAT using primary and secondary antibodies in a 1:100 dilution in
erythrocytes infected with Mo7 B. bovis strain. (b) Visualisation of the same protein in
the same infected erythrocytes using 33 (images 1-4) and 100 (images 5-8) ng/uL of
primary antibody anti-RAP1 conjugated with DHLA-QDs. In the assay using QD-Ab
conjugates as negative controls 100nM of natural DHLA-QDs (images 9 and10) and
100nM of DHLA-QDs blocked with ethanolamine (images 11 and 12) were used. The
images were observed with 100x amplification under UV (UV-2A; Aexc=330-380nm)
and blue (B-2A; Lexc=450-490nm) filters and bright field. Scale bar=5um.

209



Chapter 5

Figure 33 | Immunofluorescence Assays on Slide with Vortex Stirring.
Visualisation of native RAP-1 in blood smears infected with Argentine S2P B. bovis
strain using 16ng/uL (images 1-3) of primary antibody anti-RAP1 conjugated with
DHLA-QDs. In this assay using QD-Ab conjugates, as negative controls 50nM of
DHLA-QDs blocked with ethanolamine was used (images 4 and 5). The images were
observed with 100x amplification under under UV (UV-2A; Lexc=330-380nm) and blue
(B-2A; hexc=450-490nm) filters and bright field. Scale bar=5pm.

Figure 31 shows the immunofluorescence assays performed on slide using
the blood smears infected with Argentine S2P B. bovis strain. Firstly it is
possible to identify the presence of parasites seen as fluorescent blue spots
and clearly in both standard (method a, images 1-4) and direct (method b,
images 1-4) methods the anti-RAP 1 antibody recognizes the antigen RAP-1
in Babesia bovis infected erythrocytes. However, in direct
immunofluorescence assay using 66ng/pL of anti-RAP 1 antibody conjugated
with QDs (images 3 and 4), an excessive aggregation of quantum dots is also

displayed. Moreover, in the negative controls using 200nM of carboxy-QDs
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(DHLA-QDs) (images 5 and 6) it is possible to visualise some specificity by
these nanoparticles towards the antigenic protein. Regarding these
preliminary results, the aggregation may be due to the fact that the assay was
performed on slide in a static way i.e. without any homogenization of the
bioconjugated sample during the incubation time, thus leading to the
formation of large aggregates. On the other hand, the binding demonstrated
by carboxy-QDs relatively to antigenic protein may be related to what was
discussed previously in chapter 4 in the western blotting analysis performed to
evaluate the QD-Ab conjugates capacity to recognize their antigen. It is
known that proteins in general are composed of polymerized amino acids
through the formation of amide bonds and each amino acid have an amino
group, a carboxylic acid group and a unique side chain structure which
normally does not participate in polypeptide formation but is free to interact
and react with the environment/other molecules ?*. Moreover, at physiological
pH the amines are protonated and bear a positive charge while carboxylic
acid groups are negatively charged. Knowing that this assay was performed
using buffers with pH close to physiological pH, it is easy to predict that the
amine groups present in RAP-1 antigenic protein immobilized on the slide can
interact with the carboxylate groups present in natural DHLA-QDs (COOH-
QDs) carrying a negative charge.

In order to address these issues, immunofluorescence assays in solution
using the erythrocytes infected with Mo7 B. bovis strain were carried out. The
same concentrations of primary antibody linked to quantum dots tested in the
slide assay were also incubated with erythrocyte lysates containing B. bovis
parasites. To avoid the prior specificity demonstrated by the carboxylic acid
groups on the surface of natural DHLA-QDs relatively to RAP-1 protein, an
additional negative control was added using 100nM of DHLA-QDs
inertized/blocked with ethanolamine. This control appeared to be the most
appropriate, since as earlier described in chapter 4 for the bioconjugation
protocol (Scheme 19, step 3), the remaining activated carboxylic acid groups
present on the surface of the nanoparticles were blocked with ethanolamine to
avoid the possibility of such COOH groups posteriorly interacting with NH,

groups present in other biomolecules.
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Figure 32 displays the results obtained for this assay. Once again it was easy
to visualise that for Babesia bovis infected cultures, the anti-RAP 1 antibody
linked to DHLA-QDs recognizes the antigen present in parasites (method b,
images 1-8). Moreover, in this assay it was also possible to observe a
reduction in the aggregates formation even for a concentration of 100ng/uL of
primary antibody linked to QDs (method b, images 5-8). At the same time, a
decrease in the recognition by the non-conjugated nanoparticles of antigenic
protein when DHLA-QDs blocked with ethanolamine were used in a negative
control (images 11 and 12) was also observed. Contrary, this recognition still
remains when non-blocked DHLA-QDs are used (images 9 and 10). Based on
these results, it was observed that the replacement of a static assay (slide
assay) by the assay in solution with stirring led to a better distribution of the
bioconjugated sample during the incubation with the infected erythrocytes and
consequently a reduction in the aggregates formation.

Taking advantage of these results, a third assay was carried out turning to
use the blood smears infected with B. bovis S2P strain but adding vortex
stirring. Looking to Figure 33, it is noticeable that the primary antibody linked
to QDs still recognizes their antigenic protein and a concentration of only
16ng/uL of this reagent is enough to perform this type of assay (images 1-3).
In addition, it is possible to observe that DHLA QDs blocked with
ethanolamine used as a negative control don’t show any affinity for the
parasites (images 4 and 5), since in the images they are very well distributed
in the slide and never in direct contact with the blue spots.

In conclusion, it is important to point out that the indirect immunofluorescence
assays which accomplished the direct immunofluorescence assay provided by
the use of bioconjugated quantum dots, also showed a positive response for
the detection of RAP-1 protein in infected erythrocytes, as expected.
However, it is notorious that the green fluorescence emitted by the FITC
fluorophore conjugated to the secondary antibody is much less intense than
the orange fluorescence emitted by the bioconjugated QDs. This may be
related to the poor photo-resistance demonstrated by the standard organic

[25]

dyes when excited for long periods of time . Hence, this led to the

conclusion that the QDs are an useful tool for biosensing applications
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because their unique photoluminescente properties and their high resistance

to photo bleaching %°!.

Conclusion

After studying three different protocols, it was shown that the assay carried
out on slide with vortex stirring produced the best results showing clearly that
the anti-RAP 1 antibody linked to quantum dots recognizes their specific
antigen (RAP-1) highly conserved in the parasites of different Babesia bovis
strains. Only 16ng/pL of primary antibody linked to QDs were need to perform
this type of assay. The optical properties of these nanoprobes, such as
resistance to photobleaching, their ability to be excited for long periods of time
at different wavelengths and the increased fluorescence when compared with
the standard organic dyes conjugated with secondary antibodies was also
demonstrated. This particular behaviour as well as these preliminary results
led us to believe that CdSe/ZnS core-shell QDs, could be very useful for the
development of an immunosensor for diagnosis of B. bovis infections in whole
blood, however further studies should be performed in order to find the
concentration required of primary antibody that should be linked to the
quantum dots. In addition, the stability of the bioconjugated QDs should also
be better controlled to avoid the aggregation phenomena of these conjugates

during the performance of the immunofluorescence assay.

Glossary

Table 7 | Glossary of terms related with the topic addressed in this work 7).

Term Definition

Apicomplexa The Apicomplexa are a large group of

protists, most of which possess a unique
organelle called apicoplast and an apical

complex structure involved in
penetrating a host's cell. They are
unicellular, spore-forming, and

exclusively parasites of animals.
Diseases caused by apicomplexan
organisms include Babesiosis, Malaria,
etc.

Dense granules Specialised secretory organelles found
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Endoplasmatic reticulum (ER)

Haemoglobinuria

Merozoite

Micronemes

Protozoa

Rhoptries

in apicomplexa parasites that contain a
variety of proteins predominantly
involved in modifying the host cell
immediately following invasion.

The endoplasmic reticulum (ER) is an
organelle of cells in eukaryotic
organisms that forms an interconnected
network of tubules, vesicles, and
cisternae. Rough endoplasmic reticula
are involved in the synthesis of proteins
and is also a membrane factory for the
cell, while smooth endoplasmic reticula
is involved in the synthesis of lipids,
including oils, phospholipids and
steroids, metabolism of carbohydrates,
regulation of calcium concentration and
detoxification of drugs and poisons.
Sarcoplasmic reticula solely regulate
calcium levels.

Is a condition in which the oxygen
transport protein hemoglobin is found in
abnormally high concentrations in the
urine. The condition is often associated
with hemolytic anemia, in which red
blood cells (RBCs) are destroyed,
thereby increasing levels of free plasma
hemoglobin. The excess hemoglobin is
fitered by the kidneys, which release it
into the urine, giving urine a red color.

Is one of the organisms formed by
multiple fission (schizogony) of a
sporozoite within the body of the host.

Secretory organelles found in
apicomplexa parasites that contain
proteins involved with invasion of the
parasite into the host cell.

Are a diverse group of unicellular
eukaryotic organisms (whose cells
contain complex structures enclosed
with membranes). Many of them have
the ability to move spontaneously and
actively, consuming energy in the
process.

The largest of the apical organelles in
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apicomplexa parasites. The contents of
these club-shaped organelles are
discharged during invasion and are
believed to play a role in the formation of
the parasitophorous vacuole in several
parasites such as Plasmodium and
Toxoplasma.

Spherical bodies A distinct organelle found in Babesia
and Theileria, considered analogous to
dense granules found in  other
apicomplexa parasites. Up to four
spherical bodies are found per Babesia
merozoite. Proteins localised to these
organelles are released after parasite
invasion into the host cell but no function
has yet been ascribed to any of these.

Sporozoites Any of the minute undeveloped
sporozoans produced by multiple fission
of a zygote or spore, especially at the
stage just before it infects a new host
cell.

Vector An organism, often an invertebrate
arthropod that transmits a pathogen
from reservoir to host.
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Balestrazzi, Abel Oliva and Pedro Fevereiro. CdSe/ZnS Quantum Dots trigger DNA
repair and antioxidant enzyme systems in Medicago sativa cells in suspension culture.
Particle and Fibre Toxicology 2012 (submitted).
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and A. G. Oliva. Synthesis and Laser Immobilization onto Solid Substrates of
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Introduction

Multiple scientific disciplines are combining to create new materials with
enhanced properties. Technology has made immeasurable improvements to
enable visualization, identification, and quantitation in biological systems. The
integration of inorganic synthetic methods with a size reduction in
Nanotechnology has led to the creation of the class of optical reporters, called
quantum dots M. These nanometer-sized crystalline particles are composed of
periodic groups of II-VI or 1ll-V materials but until now the CdSe/ZnS core-
shell QDs are the most used. These nanoparticles possess unique properties
that have been made them very appealing for applications in a variety of
biological applications. However, concerns about their toxicity and
genotoxicity effects have been raised in the recent years especially when they
are used to study live cells and animals because they contain toxic elements
such as cadmium and selenium . In relation to these toxic effects some

B3I put so far no evidence about the

studies have already been reported
toxicity and genotoxicity of CdSe/ZnS QDs coated with 3-mercaptopropionic
acid have been published in plant cells. To evaluate such nanoparticle effects,
the cytotoxic studies were normally conducted on cell-based assays and
reactive oxygen species (ROS) production, cell viability, cell stress, cell
morphology and cell-particle assays . When the genotoxic potential of the
nanoparticles needs to be evaluated, such as the examination of DNA
damage, although flow cytometry have been used, the simple, inexpensive
and sensitive comet assay, also called single-cell gel electrophoresis assay, is
the technique most used!”®.

Apart from biological applications, the native semiconducting QDs have also
been used in electronic and photonic fields in order to create biosensors,
lasers or other high performance electronic devices. Normally, for this kind of
applications, CdSe/ZnS core-shell QDs are deposited onto solid substrates
using conventional methods including drop casting or spin coating but among
other disadvantages, these methods do not permit control over the quantity of
the immobilized material and its surface uniformity. To overcome some of
these issues laser technologies have been shown to be a good alternative, in

the form of matrix-assisted pulsed laser evaporation (MAPLE) e,
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These topics invite interdisciplinary collaboration with research groups from
different institutes/universities with the aim of exploring other potentialities and
overcome some limitations of these nanoparticles. A summary of the work
developed to study the impact of CdSe/ZnS core-shell QDs in cytoxity and
genotoxicity areas as well as their application in the electronic field follows.
The complete work developed on this subject can be followed by reference to

the manuscripts included in the appendix chapter (chapter 7).

Overview of the Work Undertaken

The Impact of CdSe/ZnS Quantum Dots in Cells of Medicago sativa in
Suspension Culture

This work had as main goal to study the impact of quantum dots in cells of
Medicago sativa in suspension culture using in particular, the CdSe/ZnS core-
shell QDs coated with 3-mercaptopropionic acid (MPA-QDs) fabricated in the
course of this research work and described in chapters 2 and 3. To evaluate
the cytoxicity of these nanopatrticles in higher plant cells different assays to
test the cellular response were carried out, namely the production and
accumulation of reactive oxygen species (ROS), the cell viability, the cell
stress, the cell morphology and the cell/plant particle uptake. Moreover, the
MPA-QD stability in the biological system was also analysed. For the
performance of the different assays, a plant cell suspension culture of
Medicago sativa was established as a model for the evaluation of QD effects.
To evaluate the cell growth and cell viability parameters, cell suspensions
were grown during 8 days with and without the presence of 100nM of MPA-
QDs. The studies related to quantum dot uptake by the plant cells were
carried out on a four day’s old M. sativa suspension culture using 10nM of
MPA-QDs. After 48h of incubation with QDs, the samples were visualised
using confocal and inverted microscopy. The ROS formation in cultures
exposed to the MPA-QDs was analysed using two different probes. For the
detection of H,0,, 3, 3’-diaminobenzidine (DAB) staining technique developed
by Thordal-Christensen et al" was used. DAB reacts rapidly with H,O, in the
presence of peroxidase forming a brown polymerized product. The detection
of O, was carried out using nitroblue tetrazolium (NBT) assay described by

|[11]

Fryer et al"~. To determine cellular oxidative stress the probe 2’, 7’-
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dichorodihydrofluorescein diacetate (H,DCFDA) was applied as reported by
Ortega-Villasante et al (2,

The results obtained for the different assays performed indicate that the cell
growth is affected when 100nM of MPA-QDs were added during the
exponential growth phase. Moreover, less than 50% of viable cells remain
after 72h of MPA-QDs addition. The quantum dots were taken up by
Medicago sativa cells and showed preferential accumulation in the cytoplasm

and nucleus (Figure 34).

Figure 34 | QDs Uptake by the Plant Cells. Fluorescence images of M. sativa cells
after 48h of incubation with 10nM of MPA-QDs showing QD internalization. (a, b)
confocal fluorescence. (c, d) wide field fluorescence. Arrows point to nucleus and
cytosol. Scale bar=20um.

As part of the cellular response to internalization, M. sativa cells were found to
increase the production of (ROS) in a dose and time dependent manner and
using the fluorescent dye H,DCFDA it was observable that MPA-QD
concentrations in the range between 5 and 180nM led to a progressive and

linear increase of ROS accumulation (Figure 35).
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Figure 35 | Oxidative Stress Dose Response Assay. (a — i) Cell suspension cultures
treated with QDs and H>DCFDA. This nonspecific probe for reactive oxygen species
accumulation is converted by ROS into a green fluorescent compound. The
fluorescence increased with the increasing concentrations of MPA-QDs showing a
safe range between 1 and 10nM. Scale bar=50um. (j) Graphic representation of mean
fluorescence intensity of pictures from cultures subjected to the different treatments.
Columns with * indicate a significant difference from the control value with p < 0.001
(ANOVA). The H,DCFDA assay was performed 48 hours after the QD addition.

The outcome of these experiments led to conclude that the extent of 3-
mercaptopropionic acid coated CdSe/ZnS core-shell QD cytotoxicity in plant
cells is dependent upon a number of factors including QD surface properties,
dose and the environmental conditions of administration. In addition, for
Medicago sativa cells, a safe range for biological applications of quantum dot
concentrations between 1 and 5nM had been demonstrated and should not
be exceeded

A complete version of this work can be found in appendix chapter in the

following published publications:
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Ana R. Santos, Ana S. Miguel, Leonor Tomaz, Rui Malho, Christopher
Maycock, Maria C. Vaz Patto, Pedro Fevereiro and Abel Oliva. The impact of
CdSe/zZnS Quantum Dots in cells of Medicago sativa in suspension culture.
Journal of Nanobiotechnology 2010, 8:24.

Ana Raquel Santos, Ana Sofia Miguel, Pedro Fevereiro and Abel Oliva.
Evaluation of Cytotoxicity of 3-Mercaptopropionic Acid-Modified Quantum
Dots on Medicago sativa Cells and Tissues. Nanoparticles in Biology and
Medicine. Methods and Protocols, 2012, Springer (in press).

CdSe/ZznS Quantum Dots Trigger DNA Repair and Antioxidant Enzyme
Systems in Medicago sativa Cells in Suspension Culture

As demonstrated in the previous cytotoxicity studies, plant cells increased the
production of undifferentiated ROS in a dose dependent manner when
exposed to MPA-QDs and that a maximum concentration of 5nM is cyto-
compatible for this type of nanoparticles. Moreover, the cells accumulated
these nanoparticles in the cytoplasm and nucleus. When a cell suspension
culture is exposed to 100nM of MPA-QDs during 48h no noticeable production
of superoxide radicals was detected and the production of H,O, is far less
than 10nM, if any.

There is evidence obtained from various plant systems showing that the
amounts and activities of enzymes involved in scavenging ROS are altered by
different stresses ™%, Among others, ROS can also cause oxidative damage
to DNA, lipids and proteins and occurs frequently in all cells™®. Therefore,
genotoxic effects have been reported when nanoparticles interact with living
systems 3] However, so far, there are no reports about genotoxicity of MPA-
QDs on plant cells. Based on the previous positive oxidative stress results
induced by the MPA-QDs in Medicago sativa cell suspension cultures, work
was developed to analyse the cyto- and genotoxic effects of these
nanoparticles in the same plant cells. For the assessment of these effects,
three different categories of experiments were carried out, including (1)
antioxidant enzyme activity, (2) comet assay and (3) real time quantitative
polymerase chain reaction (QRT-PCR) assay. Briefly, the antioxidant enzyme
activity assay was conducted based on the evaluation of the activity of three
antioxidant enzymes: superoxide dismutase (SOD), catalase (CAT) and

glutathione reductase (GR). The assay was designed in order to quantify the
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effect of different concentrations of MPA-QDs (10, 50 and 100nM) on the
activity of these enzymes in the plant cells. The quantification of SOD activity
was carried out according to Rubio et al *”), the CAT activity was quantified as

described elsewhere™®

and the GR activity was quantified based on the
increase in absorbance at 412 nm when 5,5-dithiobis(2-nitrobenzoic acid)
(DTNB) is reduced by glutathione (GSH) ** ?°. Concerning the comet assay
first described by Singh et al™ four different versions were used to estimate
the range and type of genotoxicity imposed by the same concentrations of
MPA-QDs in M. sativa cells in a suspension culture: the neutral version,
useful to assess DNA double strand breaks (DSBs); the alkaline/neutral
version (A/N) that detects mainly DNA single strand breaks (SSBs); the A/N
version followed by an enzymatic treatment with formamidopyrimidine DNA
glycosylase (FPG) to evaluate the extent of purine base oxidation; and the
A/N version followed by the enzymatic treatment with endonuclease Il
(Endolll) to evaluate the amount of oxidized pyrimidine bases. The two
enzymes (FPG and Endolll) remove the oxidized bases and generate a DNA
strand break at the position of the excised base that can be detected via the
comet assay 22 Lastly, an experiment was carried out based on the QRT-
PCR technique to evaluate the expression of genes of DNA repair enzymes
when nanoparticles are placed in contact with plant cells.

The results obtained demonstrate that when M. sativa cells are exposed to
10, 50 and 100nM of MPA-QDs a correspondent increase in the activity of
these three antioxidant enzymes is registered. The ROS scavenging
mechanism seems to be activated to protect cells from reactive oxygen forms.
Moreover, this activation appears to be dose dependent and effectively
prevent the accumulation of H,O, and radical O, . Based on the four versions
explored of the comet assay, an increase of the number of DNA single and
double strand breaks with the increase of the QDs concentration (Figure 36)
was found. At the highest concentrations tested, purine bases were more
oxidized than pyrimidine ones. Additionally, by the QRT-PCR analysis the
transcription of the DNA repair enzymes was demonstrated to be up-regulated
in the presence of increasing concentrations of MPA-QDs (Figure 37).

This resulting work describes for the first time the genotoxic effect of MPA-

QDs in plant cells. Concentrations of MPA-QDs around 10 nM although not
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lethal are cytotoxic and genotoxic to plant cells. This sets a limit for the
concentrations to be used when experiments on plants using nanopatrticles of
this type are being considered. Furthermore, it was also possible to conclude
that both DNA repair genes and the ROS scavenging mechanisms were

activated when M. sativa cells were treated with MPA-QDs.

A full description of this work can be found in appendix chapter in the

following submitted manuscript:

Ana Raquel Santos*, Ana Sofia Miguel*, Anca Macovei*, Christopher
Maycock, Alma Balestrazzi, Abel Oliva and Pedro Fevereiro. CdSe/ZnS
Quantum Dots trigger DNA repair and antioxidant enzyme systems in
Medicago sativa cells in suspension culture. Particle and Fibre Toxicology,
2012 (submitted).*Authors contributed equally.
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Figure 36 | DNA Damage in Medicago sativa cells in Suspension Cultures. DNA
damage in cell suspension cultures treated with 0, 10, 50 and 100 nM of MPA-QDs for
48 hours or at 50 °C for 20 minutes, in alkaline unwinding and neutral electrophoresis
(A/N), in neutral incubation and neutral electrophoresis (N/N), and also by incubation
with lesion-specific FPG or Endolll enzymes. Results are expressed as mean values
with standard deviation. One —way ANOVA P < 0.0001.Values with different letters are
significantly different at p<0.01 with Tukey test.
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Figure 37 | Expression of Tdpl 8, Topl.B, Fpg, SOD and APX genes in Medicago
sativa cells treated with MPA-QDs. Expression of Tdp1 8, Topl.B, Fpg, SOD and
APX genes on cell suspension cultures of M.sativa treated for 48 hours with 0, 10, 50
and 100nM of MPA-QDs and at 50 °C for 20 minutes. For each treatment, data
represent the mean values of three independent replications. One —way ANOVA P <
0.0001 for Tdplb, Fpg, APX and SOD and P < 0.01 for Topolb. Tukey test P < 0.01
except for * P < 0.05.
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Laser Immobilization onto Solid Substrates of CdSe/zZnS Core-Shell
Quantum Dots

Matrix-assisted pulsed laser evaporation (MAPLE) is a laser-based deposition
technique developed recently, mostly for organic and bio-organic materials
processing . The material to be immobilized on a solid substrate surface is
diluted in a laser-absorbing solvent. After the solution is frozen in liquid
nitrogen, it is submitted to laser radiation. The laser energy is mainly
absorbed by the solvent which is vaporized and transports the material of
interest toward the substrate placed in front of the target ensuring a gentle
transfer mechanism. It's known that the physical properties of the QDs are

23, 24]

size dependent[ and when coated with a shell of a second semiconductor

with higher band gap, their photoluminescence quantum vyields could be
improved when compared with shells constituted by organic materials. These
features make them suitable for different applications including biological

labelling ** %!, design of devices such as thin films LEDs?"??

[30-32]

or nanocrystals
quantum dot lasers , since both electronic and photonic characteristics
can be tuned by simply controlling their shape and size. CdSe/ZnS core-shell
QDs are usually deposited on solid substrates from colloidal solutions by
conventional methods such as drop casting or spin coating. These deposition
techniques, although simple and profitable, in addition to other drawbacks,
they do not guarantee an accurate control over the amount of the immobilized
material and its surface uniformity as well as unsuitability for multilayer
structure growth since this implies repeated use of solvents. To overcome
these disadvantages, laser technologies such as MAPLE represent a suitable
alternative since these characteristics are much better controlled. Thus, using
the UV-MAPLE technique, deposition of the nanocrystals was achieved
creating self-organized 2D arrays constituted by the previously synthesized
native CdSe/ZnS core-shell QDs immobilized on solid substrates. Here in, the
synthesis of the network-like structures can be controlled by the incident laser
fluence value. The formation of a photonic band gap due to the periodically
changing refractive index can be used for future photonic applications
implying guided light propagation or enhanced spontaneous emission.

Shortly, the native CdSe/ZnS core-shell QDs were immobilized by the UV-

MAPLE technique onto SiO, glass substrates. The glass supports were
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previously covered by silica thin films which were deposited by the dip-coating

sol-gel method describe elsewhere ** 3%

. An ultra-violet krypton fluoride (UV
KrF*) excimer laser source was used for the evaporation experiments and
toluene was the solvent chosen for the preparation of the composite MAPLE
targets due to its highly absorption at the wavelength (A=248nm) of the
incident laser radiation. During the assays, different characteristics of the
immobilized QDs were analysed. The surface morphology and growth mode
of the deposited structures were investigated by optical and atomic force
microscopy (AFM) in acoustic (dynamic) configuration. The crystalline
structure and chemical composition of the base material used for the
preparation of the MAPLE targets as well as the laser transferred QDs were
studied by transmission electron microscopy (TEM) and energy dispersive X-
ray spectroscopy (EDX). The functional properties of the immobilized QDs
were studied by fluorescence microscopy.

Evaluating the structure of the synthesized CdSe/ZnS core-shell QDs the
TEM analysis reveals that these nanoparticles possess two different
crystalline structures: ZnS hexagonal wurtzite and ZnS cubic zinc-blend
phases probably derived from the high number of ZnS monolayers (~5)
around the CdSe cores which can lead to an epitaxial but incoherent growth.

B \when the shell

This was already observed by Dabbousi and co-workers
coverage process exceed 2 monolayers of ZnS. By the analysis of AFM
results it was possible to observe that using a lower fluence laser (0.1J/cm2) a
higher amount of material can be transferred and the surface morphology of
the obtained deposited films is uniform. Contrary, when a higher (O.2J/cm2)
laser fluence value is used some of the material can be damaged, leading to a
non-continuous deposition over the substrate. These results are in line with
what was observed for fluorescence microscopy analysis. For a lower fluence
laser value the fluorescence patterns are more intense.

It has been demonstrated previously that MAPLE is a useful technique for
deposition of nanostructured materials such as carbon B8 or cdse B
nanoparticles and the research work carried out enhanced this data. When
using lower incident laser fluence this technique reproduced a specific
network-like surface morphology of the deposited material but more

importantly the functional properties translated by the intense fluorescence of
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the immobilized material were preserved. These led to conclude that this
technique is suitable for the immobilization of CdSe/ZnS core-shell QDs
making them potential tools to be applied as biosensors, lasers or high

performance electronic devices.

A complete version of this work can be found in appendix chapter in the
following published article:

E. Gyorgy, A. Perez del Pino, J. Roqueta, B. Ballesteros, A. S. Miguel, C. D.
Maycock, and A. G. Oliva. Synthesis and Laser Immobilization onto Solid
Substrates of CdSe/ZnS Core-Shell Quantum Dots. Journal of Physical
Chemistry C, 2011, 115, 15210-15216.

Figure 38 | Laser Immobilization onto Solid Substrates of CdSe/ZnS core-shell
QDs. Optical microscopy (a, ¢) and fluorescence (b, d) images corresponding to the
same surface area of CdSe/ZnS core-shell nanostructures obtained on SiO, glass
substrates covered by silica solgel deposited film at 0.2 (a, b) and 0.1J/cm? (c, d) laser
fluence. The insets belong to the border between the substrate and CdSe/ZnS QDs
thin films. Scale bar=20pM.

Acknowledgments

Regarding the toxicity and genotoxicity studies, the author thanks Ana Raquel
Santos by her help in the performance of the majority of the experiments and
the writing of the first draft of the manuscripts. The author is also thankful to

Mattia Dona for his kind help and for the introduction in the Comet technique.

231



Chapter 5

The author is grateful for the collaboration established with Dr. Pedro
Fevereiro and Dr. Alma Balestrazzi who participated in the design and
coordination of the cytoxicity and genotoxicity studies respectively. This work
was supported by the project “Development of ultra-sensitive detection
methods and plant nano-vaccines for the fungi Fusarium spp using
nanotechnological devices”, Iberian Capacitation Program in
Nanotechnologies: Call 2006/2007. The author thank to Dr. Eniko Gydrgy and
co-workers for the kind collaboration, performance of the experiments and
writing of the first draft of the manuscript in the immobilization studies using
the MAPLE technique. This work was supported from the Spanish National
Research Council under the Contract N0s.2008601211 and 2009601015, the
Spanish Ministry of Science and Innovation for the PTA2008-1108-I contract,
the Portugal-Spanish Bilateral Agreement No. 2007PT0007, and the
Romanian National University Research Council under the Contract IDEAS
No. 652. Ana Sofia Miguel is a recipient of a PhD fellowship from the
Fundacéo para a Ciéncia e Tecnologia (FCT), Portugal
(SFRH/BD/40303/2007).

References

1. Walling, M. A.; Novak, J. A.; Shepard, J. R. E., Quantum Dots for Live
Cell and In Vivo Imaging. Int 3 Mol Sci 2009, 10, (2), 441-491.

2. Alivisatos, A. P.; Gu, W. W.; Larabell, C., Quantum dots as cellular
probes. Annu Rev Biomed Eng 2005, 7, 55-76.

3. Wang, J. X.; Zhang, X. Z.; Chen, Y. S.; Sommerfeld, M.; Hu, Q.,

Toxicity assessment of manufactured nanomaterials using the unicellular
green alga Chlamydomonas reinhardtii. Chemosphere 2008, 73, (7), 1121-
1128.

4. Green, M.; Howman, E., Semiconductor quantum dots and free
radical induced DNA nicking. Chem Commun 2005, (1), 121-123.
5. Anas, A.; Akita, H.; Harashima, H.; Itoh, T.; Ishikawa, M.; Biju, V.,

Photosensitized breakage and damage of DNA by CdSe-ZnS quantum dots. J
Phys Chem B 2008, 112, (32), 10005-10011.

6. Jones, C. F.; Grainger, D. W., In vitro assessments of nanomaterial
toxicity. Adv Drug Deliver Rev 2009, 61, (6), 438-456.

7. Lewinski, N.; Colvin, V.; Drezek, R., Cytotoxicity of nanoparticles.
Small 2008, 4, (1), 26-49.

8. Cheng-Teng Ng; Jasmine J. Li; Boon-Huat Bay; Yung, L.-Y. L.,
Current Studies into the Genotoxic Effects of Nanomaterials. Journal of
Nucleic Acids 2010.

9. Wu, P. K.; Ringeisen, B. R.; Krizman, D. B.; Frondoza, C. G.; Brooks,
M.; Bubb, D. M.; Auyeung, R. C. Y.; Pique, A.; Spargo, B.; McGill, R. A,;

232



Quantum Dot Applications | PART I

Chrisey, D. B., Laser transfer of biomaterials: Matrix-assisted pulsed laser
evaporation (MAPLE) and MAPLE Direct Write. Rev Sci Instrum 2003, 74, (4),
2546-2557.

10. Thordal-Christensen, H.; Zhang, Z.; Wei, Y.; Collinge, D. B.,
Subcellular localization of H202 in plants. H202 accumulation in papillae and
hypersensitive response during the barley—powdery mildew interaction. The
Plant Journal 1997, 11, (6 ), 1187-1194.

11. Fryer, M. J.; Oxborough, K.; Mullineaux, P. M.; Baker, N. R., Imaging
of photo-oxidative stress responses in leaves. J Exp Bot 2002, 53, (372),
1249-1254.

12. Ortega-Villasante, C.; Rellan-Alvarez, R.; Del Campo, F. F.; Carpena-
Ruiz, R. O.; Hernandez, L. E., Cellular damage induced by cadmium and
mercury in Medicago sativa. J Exp Bot 2005, 56, (418), 2239-2251.

13. Smeets, K.; Cuypers, A.; Lambrechts, A.; Semane, B.; Hoet, P.; Van
Laere, A.; Vangronsveld, J., Induction of oxidative stress and antioxidative
mechanisms in Phaseolus vulgaris after Cd application. Plant Physiol Bioch
2005, 43, (5), 437-444.

14, Santos, A. R.; Miguel, A. S.; Tomaz, L.; Malhd, R.; Maycock, C;
Patto, M. C. V.; Fevereiro, P.; Oliva, A., The impact of CdSe/ZnS Quantum
Dots in cells of Medicago sativa in suspension culture. Journal of
Nanobiotechnology 2010, 8, 24.

15. Apel, K.; Hirt, H., Reactive oxygen species: Metabolism, oxidative
stress, and signal transduction. Annu Rev Plant Biol 2004, 55, 373-399.

16. Valentine, J. S.; Wertz, D. L.; Lyons, T. J.; Liou, L. L.; Goto, J. J.;
Gralla, E. B., The dark side of dioxygen biochemistry. Curr Opin Chem Biol
1998, 2, (2), 253-262.

17. Rubio, M. C.; Gonzalez, E. M.; Minchin, F. R.; Webb, K. J.; Arrese-
Igor, C.; Ramos, J.; Becana, M., Effects of water stress on antioxidant
enzymes of leaves and nodules of transgenic alfalfa overexpressing
superoxide dismutases. Physiol Plantarum 2002, 115, (4), 531-540.

18. Bergmeyer, H. U., Methods of enzymatic analysis: Samples,
reagents, assessment of results. Verl. Chemie: 1983; p 539.

19. Smith, I. K.; Vierheller, T. L.; Thorne, C. A., Assay of Glutathione-
Reductase in Crude Tissue-Homogenates Using 5,5'-Dithiobis(2-Nitrobenzoic
Acid). Anal Biochem 1988, 175, (2), 408-413.

20. Shanker, A. K.; Djanaguiraman, M.; Sudhagar, R.; Chandrashekar, C.
N.; Pathmanabhan, G., Differential antioxidative response of ascorbate
glutathione pathway enzymes and metabolites to chromium speciation stress
in green gram (Vigna radiata (L.) R.Wilczek. cv CO 4) roots. Plant Sci 2004,
166, (4), 1035-1043.

21. Singh, N. P.; Mccoy, M. T.; Tice, R. R.; Schneider, E. L., A Simple
Technique for Quantitation of Low-Levels of DNA Damage in Individual Cells.
Exp Cell Res 1988, 175, (1), 184-191.

22. Petersen, E. J.; Nelson, B. C., Mechanisms and measurements of
nanomaterial-induced oxidative damage to DNA. Anal Bioanal Chem 2010,
398, (2), 613-650.

23. Sun, C. Q.; Chen, T. P.; Tay, B. K.; Li, S.; Huang, H.; Zhang, Y. B;
Pan, L. K.; Lau, S. P.; Sun, X. W., An extended 'quantum confinement' theory:
surface-coordination imperfection modifies the entire band structure of a
nanosolid. J Phys D Appl Phys 2001, 34, (24), 3470-3479.

233



Chapter 5

24. Jasieniak, J.; Smith, L.; van Embden, J.; Mulvaney, P.; Califano, M.,
Re-examination of the Size-Dependent Absorption Properties of CdSe
Quantum Dots. J Phys Chem C 2009, 113, (45), 19468-19474.

25. Alivisatos, P., The use of nanocrystals in biological detection. Nat
Biotechnol 2004, 22, (1), 47-52.

26. Riegler, J.; Ditengou, F.; Palme, K.; Nann, T., Blue shift of CdSe/ZnS
nanocrystal-labels upon DNA-hybridization. Journal of Nanobiotechnology
2008, 6, (7).

27. Nizamoglu, S.; Demir, H. V., Excitation resolved color conversion of
CdSe/ZnS core/shell quantum dot solids for hybrid white light emitting diodes.
J Appl Phys 2009, 105, (8).

28. Gopal, A.; Hoshino, K.; Kim, S.; Zhang, X. J., Multi-color colloidal
quantum dot based light emitting diodes micropatterned on silicon hole
transporting layers. Nanotechnology 2009, 20, (23).

29. Kazes, M.; Saraidarov, T.; Reisfeld, R.; Banin, U., Organic-Inorganic
Sol-Gel Composites Incorporating Semiconductor Nanocrystals for Optical
Gain Applications. Adv Mater 2009, 21, (17), 1716-1720.

30. Klimov, V. I.; Mikhailovsky, A. A.; McBranch, D. W.; Leatherdale, C.
A.; Bawendi, M. G., Quantization of multiparticle Auger rates in semiconductor
quantum dots. Science 2000, 287, (5455), 1011-1013.

31. Klimov, V. I.; Mikhailovsky, A. A.; Xu, S.; Malko, A.; Hollingsworth, J.
A.; Leatherdale, C. A.; Eisler, H. J.; Bawendi, M. G., Optical gain and
stimulated emission in nanocrystal quantum dots. Science 2000, 290, (5490),
314-317.

32. Smirnova, T. N.; Sakhno, O. V.; Yezhov, P. V.; Kokhtych, L. M,;
Goldenberg, L. M.; Stumpe, J., Amplified spontaneous emission in polymer-
CdSe/ZnS-nanocrystal DFB structures produced by the holographic method.
Nanotechnology 2009, 20, (24).

33. McDonagh, C.; Bowe, P.; Mongey, K.; MacCraith, B. D,
Characterisation of porosity and sensor response times of sol-gel-derived thin
films for oxygen sensor applications. J Non-Cryst Solids 2002, 306, (2), 138-
148.

34. Yu, S. Z.; Wong, T. K. S.; Hu, X.; Pita, K., The effect of TEOS/MTES
ratio on the structural and dielectric properties of porous silica films. J
Electrochem Soc 2003, 150, (5), F116-F121.

35. Dabbousi, B. O.; RodriguezViejo, J.; Mikulec, F. V.; Heine, J. R;
Mattoussi, H.; Ober, R.; Jensen, K. F.; Bawendi, M. G., (CdSe)ZnS core-shell
guantum dots: Synthesis and characterization of a size series of highly
luminescent nanocrystallites. J Phys Chem B 1997, 101, (46), 9463-9475.

36. Hunter, C. N.; Check, M. H.; Bultman, J. E.; Voevodin, A. A,
Development of matrix-assisted pulsed laser evaporation (MAPLE) for
deposition of disperse films of carbon nanoparticles and gold/nanoparticle
composite films. Surf Coat Tech 2008, 203, (3-4), 300-306.

37. Pate, R.; Lantz, K. R.; Stiff-Roberts, A. D., Resonant infrared matrix-
assisted pulsed laser evaporation of CdSe colloidal quantum dot/poly[2-
methoxy-5-(2  '-ethylhexyloxy)-1,4-(1-cyano  vinylene)phenylene] hybrid
nanocomposite thin films. Thin Solid Films 2009, 517, (24), 6798-6802.

234



Chapter 6

General Discussion and Future

Perspectives






General Discussion and Future Perspectives

General Discussion and Future Perspectives
General Discussion and Future Perspectives..........ccccccvveeevivcvvinnnnnnn, 239

RETEIBNCES ... e r s 247

237






General Discussion and Future Perspectives

General Discussion and Future Perspectives

The research work described in this thesis was constructed with the aim of
developing a fluorescent biomarker for application in biological assays,
namely microscopy imaging and immunotests. Generally, for this kind of
application, fluorescent techniqgues making use of standard organic dyes (e.g.
encoded fluorescent proteins or chemically synthesized dyes) are widely
used. However, due to the optical limitations presented by these fluorophores
(e.g. narrow specific excitation wavelengths, photobleaching), semiconductor
nanoparticles, also called Quantum dots (QDs), have been introduced to
replace the dyes and their use has been evolving over the years. So far, the
most studied are the CdSe/ZnS QDs due to their unique optical and electronic
properties and their relatively high availability. Quantum dots emerged in
science and technology in the eighties, but it was almost one decade later that
the interest and constant development in nanoparticle research started. Since
that date many modifications have been made to these synthetic procedures
in order to produce QDs with enhanced properties for specific applications .
2 The first commercial application of QDs took place in 2002, when nanotech
start-up Quantum Dot Corporation launched its first QD bioimaging agent.
Since that date, other companies worldwide have emerged. However, a key
problem related to commercial QDs developed by these enterprises is the
price that these particles can cost restricting their use to highly specialized

&1, Among the price, other disadvantages are also associated

applications
with these products. Issues such as poor reproducibility and homogeneity
between samples from different batches and the lack of information about the
nature of shell material is a constant. For these reasons, but particularly due
to the high cost of these nanopatrticles, one of the main goals of this Doctoral
work was to synthesize CdSe/ZnS core-shell QDs for application in
bioassays. The synthesis of a core-shell system involves two steps: the core
synthesis and the shell growth. When the synthesis of core-shell QDs is
considered, the main idea that should be kept in mind is to find a protocol
which permits the obtention of small particles with narrow size distribution.
Moreover, it is important to find a protocol which maintains the size
distribution of nanocrystals during the growth of shell materials but more

importantly allows the construction of shell layers in solution with the same
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thickness around each core. Much work has been reported for this purpose,
but many of these protocols are not reproducible, present lack of information
about the experimental conditions or use dangerous/toxic reagents. In
addition, parameters such as inorganic nature and concentration of core and
shell precursors, coordinating solvent used and temperature applied for core
synthesis and shell growth have suffered several modifications and
sometimes are not coherent between protocols. Taking this into consideration
and knowing that these parameters can affect the structural and optical
properties of QDs, for both core synthesis and shell growth, many protocols
were tested until the best conditions were found to produce QDs with
enhanced properties. For the synthesis of the CdSe cores, the best procedure
encountered to produce small cores with a narrow size distribution was the
protocol developed by Aldana et al ! and posteriorly modified by Xie et al
with some modifications in the reagents used. For the growth of a ZnS
multishell around each core with precise thickness control, the successive ion
layer adsorption and reaction (SILAR) method previously adapted by Peng et
al ® to the synthesis of QDs was found to be the best protocol "), Initially, the
synthesis of the core-shell system was carried out with only 2 monolayers of
ZnS.

At this primary phase, these nanoparticles possess on their surface only
hydrophobic ligands which are not suitable for use in agueous buffers. To
have utility in biological applications, these nanoparticles should be soluble in
aqueous solutions and for this purpose surface modification is required to
achieve biocompatibility. To reach this goal a family of ligands consisting of
dihydrolipoic acid appended to polyethylene glycols, of different molecular
weights, bearing functional groups such as hydroxyl, amine, carboxyl or
carbohydrate moieties were designed and synthesized. Furthermore, shorter
ligands such as 3-mercaptopropiopnic acid (MPA) and dihydrolipoic acid
(DHLA) were also used to promote the hydrophilicity of the native QDs.
Making use of the ligand exchange method, water-soluble QDs were created
with these ligands. However, it was observed that the CdSe cores passivated
with only two monolayers of ZnS, after solubilisation in aqueous
environments, presented a very low fluorescence and in the majority of the

cases their fluorescence was completely destroyed. For this reason the
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synthesis of CdSe QDs was again carried out but increasing the number of
ZnS monolayers around each core. Dabbousi et al® reported previously that
after more than 1.3 monolayers of ZnS around the cores a steady decline in
the fluorescence quantum vyield is observed. Even though a decrease in the
quantum vyield could occur, after passivating the CdSe cores with 5
monolayers of zinc sulphide it was found that the nanoparticles were still
fluorescent, were small and monodisperse and had a slightly elongated
shape. More importantly, they became more resistant to possible oxidation or
chemical degradation imposed by the ligand exchange procedure making
possible the biological applications initially proposed.

These data were confirmed by the structural and optical characterization
performed on the lipophilic QDs using transmission electron microscopy,
dynamic light scattering and UV/visible spectroscopy. Microscopic
characterization indicated some irregular shapes or structural defects in some
particles. These defects were derived from the large number of ZnS
monolayers and the high temperature at which the procedure occurs
(245°C)®. A photoluminescence study indicated that the quantum vyield
obtained for these nanoparticles did not exceed 12%. This was also due to
the high number of monolayers around the cores leading to an incoherent
shell growth causing some defects in ZnS shell. Moreover, the presence of a
primary amine (HDA) in the coordinating solvent mixture (TOPO/HDA) could
also explain the obtention of a low QY . They have also the capability to
be more strongly bound when the outer surface is a ZnS shell, especially,
more strongly bound to Zn-sites on the surface of QDs leading to the
obtention of particles with a low QY (10-15%)"..

As previously mentioned, to achieve hydrophilicity and biocompatibility of the
native CdSe/ZnS core-shell QDs, a ligand exchange with a variety of water-
soluble ligands had occurred on their surface. Except for MPA, all the
compounds used for this target were synthesized during this work. The
synthesis of the DHLA ligand as well as the compounds with the structural
format DHLA-PEGnN-FN (n=8 and 40; FN=OH, COOH and NH,) were based

11, 12]

on previously reported literature . The compounds made of DHLA

appended to TEG or PEG,, but bearing a carbohydrate moiety as functional
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terminal were developed during this work. The family of compounds
consisting of DHLA appended to a hydrophilic spacer and support a functional
end group brought some advantages when compared with shorter ligands as
in the case of MPA. The incorporation of the thioctic acid moiety which after
reduction of the 1,2-dithiolane ring led to the obtention of a bidentate and
strong anchoring group with high affinity to the surface of native QDs. With the
presence of a hydrophilic spacer such as PEG or TEG the solubility of these
ligands in agueous environments was increased. The presence of diverse
reactive end groups onto the QD surface permitted the obtention of water-
soluble QDs with different hydrodynamic sizes and degrees of charge. More
interesting, the obtention of ligands with a carboxyl or amino reactive group
allowed the obtention of water-soluble QDs with groups suitable for further

conjugation with biomolecules using different chemical strategies.

In order to be applied in biological systems, QDs must be linked to
biomolecules without altering the biological activity of the conjugated form. For
this reason, a number of successful conjugation methods have been
developed over the years including covalent and non-covalent attachment M,
Taking advantage of the EDC/NHS chemistry commonly used for the

(3151 the coupling of water-soluble

conjugation of QDs with biomolecules
carboxy-QDs with monoclonal antibodies was carried out. Due to the higher
solubility presented by the ligands which support a hydrophilic spacer (PEG)
and the bidentate nature and strong affinity demonstrated by the DHLA group,
for the surface of CdSe/ZnS QDs, such coupling to biomolecules was first
attempted with carboxyPEG,400-QDs (QD-DHLA-PEG,40,-COOH). However,
one of the main problems encountered in the bioconjugation protocol using
these QDs was the activation of the terminal COOH groups with EDC and
NHS. Apparently, the length of these ligands caused by the long PEG 40 chain
makes such ligands roll up on themselves, thus making the carboxy group
inaccessible and turning the posterior activation of the functional COOH
groups with EDC/NHS and consequently their bioconjugation with antibodies
impossible. To overcome this issue, carboxyPEG,p-QDs in the
bioconjugation with antibodies, were replaced by carboxy-QDs bearing
shorter ligands such as MPA or DHLA.
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Among other parameters, the bioconjugation of QDs to biomolecules could be
affected by pH or by the buffers in which the QDs were dispersed, because
depending of these conditions the nanoparticles could form large aggregates
thus preventing a possible posterior bioconjugation. MPA and DHLA-QDs
before the conjugation with antibodies were evaluated in terms of pH stability
and electrophoretic mobility. Based on these studies it was possible to
demonstrate that CdSe/ZnS core-shell QDs capped with dithiol-terminated
ligands (DHLA-QDs) were more stable and well-dispersed in a wide pH range
from 6 to 12 when compared with those functionalized with monothiol ligands
(MPA-QDs) where the aggregates built up and were stable only at pH 6. The
same studies also showed that the stability of the water-soluble QDs not only
depended on the nature of the ligand and pH, but also the media (buffer) for
their dispersion. Although 4-morpholineethanesulfonic acid (MES) buffer was
a suitable bioconjugation buffer for similar systems ™ 1 for MPA-QDs this
buffer promoted aggregation whereas sodium phosphate (Na-P) buffer did
not.

Taking this into account, the coupling between carboxy-QDs and the
monoclonal antibodies were conducted at pH 6 and 8 in Na-P buffer. Through
these results it was demonstrated that using the EDC/NHS strategy, the
number of antibodies attached to a single QD as well as the type of binding,
strongly depends upon the pH and salt conditions of the aqueous media. By
the Protein A280 assay the QD/Ab molar ratio in QD-Ab complexes was
estimated. It was demonstrated that at pH 6 the ionic and covalent binding of
the antibodies was promoted achieving on average three biomolecules per
QD, while increasing the pH to 8 and adding some salts only the covalent
attachment was achieved and no more than one biomolecule per particle was
obtained. Regardless of the number of antibodies per particle, it was
confirmed that after the bioconjugation reaction the antibodies linked to QDs
kept their functional properties and recognized their specific antigen.
Conjugation of carboxy-QDs bearing shorter ligands with the monoclonal
antibodies was successfully achieved, although one of the principal problems
found after bioconjugation was the stability of the QD-Ab complexes because
frequent and persistent aggregation was observed in the final conjugates.

This suggested that maybe the type of ligand used to coat the hydrophobic
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surface of the nanoparticles as well as the type of conjugation strategy
applied was not the most efficient for this purpose.

In order to avoid the undesirable nanoparticle aggregation problem and
improve the colloidal stability of conjugated and non-conjugated
nanoparticles, some improvements are required. The synthesis of more
complexes ligands or polymers with multiple functional groups able to form
direct multiple binding to the nanoparticle surface and enhance colloidal
stability should be considered. Moreover, such ligands need to present high
hydrophilicity to increase the solubility of the particles in aqueous
environments. As a possible example, recently cysteine-functionalized

polyaspartate ™

was synthesized by Ying's group. This polymer was
designed in a way that the ligand exchange method could be applied for the
coating of QDs without producing particle aggregates. The multiple thiol
groups on the polymer backbone provided strong chemisorption to the
nanoparticle surface, and the carboxyl group convey water solubility and
provide further bioconjugation™?.

Amphiphilic polymers such as maleic copolymer (PMAQO) should also be
regarded. These polymers bear a hydrophobic part which can interact
hydrophobically with the organic ligands present in QD surface and a
hydrophilic part constituted by maleic anhydride moieties. These reactive
groups can confer stability to the nanopatrticles and are able to suffer chemical
modifications (e.g. hydrolysis) for further bioconjugation with biomolecules [0,
With this type of polymer, it may be possible to avoid the carboxyPEG 40-QDs
issue related with bioconjugation. As this polymer has the ability to interact
with the hydrophobic ligands on the QD surface, the functional end groups
available for posterior bioconjugation are at the end of these hydrophobic
chains as a network-like pointing outwards. This may avoid the possibility of
such ligands rolling up and making the activation of these groups difficult or
impossible.

The conjugation strategies using specific sites on the antibody should also be
tested and evaluated. Even though these strategies involve the subtle
modification of the biomolecules, higher or complete antibody conjugation
efficiency may be achieved. In this case, covalent QD-antibody conjugation

based on cross linking reactions between amino-QDs and an aldehyde
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formed by oxidation of carbohydrate groups located on the antibody’s Fc

region (reductive amination)®"

should be considered and performed. For this
target, the amino-QDs and the QDs with ligand mixtures of
aminoPEG0/hydroxyPEG,q on their surface developed in this thesis can be
used. Using the same QDs it is also possible to conjugate them with
antibodies by reacting the NH, groups on QD surface with sulfo-SMCC
(Michael acceptor) forming maleimido-QDs, which in turn can react with the
sulphydryl groups present in antibodies fragments previously derived from IgG
reduction with dithiothreitol (DTT) 21 with this strategy heterocyclic moieties
are introduced into the system and these could have their own biological

activity and hence interfere in posterior biological applications.

QDs conjugated with monoclonal anti-RAP 1 antibody were applied for the
immunodetection of the rhoptry associated protein (RAP-1) present in the
apical complex of Babesia bovis parasites of infected bovine blood samples.
The results obtained were visualized by fluorescence microscopy. To control
the efficiency of this assay, simultaneously, samples of the same infected red
blood cells with B. bovis parasites were incubated with the monoclonal
antibody against RAP-1 protein and the immunofluorescence reaction was
monitored by the use secondary antibodies conjugated with FITC commonly
used in the standard indirect immunofluorescence assay. The study
developed in such application demonstrated that direct immunofluorescence
assay using QD-antibody conjugates represent a good alternative method for
this type of test. Furthermore, the fluorescence emitted by the QDs is more
intense than the fluorescence emitted by the standard dye conjugate to
secondary antibody. This evidenced the higher capability that QDs have to be
more resistant to large periods of excitation at different wavelengths. In
conclusion, the CdSe/zZnS core-shell QDs when coupled with specific
biomolecules could be useful in the development of an immunosensor for
disease diagnosis. In this particular application the identification of antibodies
against the Babesia bovis parasite in bovine blood smears was demonstrated.
I's noteworthy that during these studies the colloidal instability of the QD-Ab
conjugates was persistent during the assays. This problem was partly

eliminated by agitating the assay to permit a better homogeneity of the
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conjugated sample. This assay could be improved by the development of
more stable QDs and better conjugation processes, as mentioned above

Due to their chemical composition which includes toxic elements, such as
cadmium and selenium, the use of CdSe/ZnS core-shell QDs for biological
applications has raised many concerns. Although a few studies have already
been conducted and reported, no data was available about the cytotoxic and
genotoxic effects of this class of nanoparticles in higher plant cells. To
overcome the lack of information in this area, studies on QD cytoxicity [22, 23)
and genotoxicity were conducted. This part of the work was mainly focused on
the study of the impact of CdSe/ZnS core-shell QDs coated with MPA (MPA-
QDs) on Medicago sativa cells in suspension culture. This study
demonstrated that the observed effects were dependent on a number of
factors including QD properties, dose and environmental conditions of
administration. This led to the conclusion that this work sets a limit for the
concentrations that should be used when experiments on plants using
nanoparticles are being considered. QD concentrations between 1 and 5nM
are enough for imaging immunoassays and should not be exceeded for such
cellular biological system.

These cytotoxic and genotoxic studies were only carried out with CdSe/ZnS
core-shell QDs coated with 3-mercaptopropionic acid. It has been reported
that the coatings used to increase the quantum yield of the core, or for
solubility and conjugation, reduce the cytotoxicity of QDs M Moreover, such
coatings bearing a hydrophilic spacer such as PEG on the nanoparticle
surface could decrease the level of cytotoxicity caused by QDs in different

mammalian cell lines

. Taking this into consideration, it is intended to
expand this kind of study to other ligands developed in the course of this
work. For example, ligands containing dihydrolipoic acid bearing an oligo or
polyethylene glycol as hydrophilic spacer and functional terminals (OH,
COOH, NH, or mannose) should be applied to the same cell line of higher
plants in suspension culture in order to evaluate the level of toxicity caused by

the PEG and/or even by the functional terminus present in such ligands.

Apart from their extensive use in biological applications, QDs, which are

semiconductors, have also been applied in electro-optic devices such as
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LEDs or solar cells ?* %, For such purposes QDs are usually deposited on
solid substrates from colloidal solutions by conventional methods such as
drop casting or spin coating. These deposition techniques, although simple
and profitable, do not guarantee an accurate control over the amount of the
immobilized material deposited or its surface uniformity and is not suitable for
multilayer structure growth since this implies a repeated use of solvents.
Making use of the recently developed matrix assisted pulsed laser

evaporation (MAPLE) technique @7 studies to immobilize the native

CdSe/ZnS core-shell QDs onto SiO, substrates were conducted [28]
Characteristics such as surface morphology and growth mode, crystalline
structure and chemical composition as well as the functional properties of the
immobilized QDs were analysed using techniques including AFM, TEM, EDX
and fluorescence microscopy. After the laser immobilisation using the MAPLE
technique, it was demonstrated that the immobilized CdSe/ZnS core-shell
QDs evidence the formation of a long-range self-organized network-like
morphology but more importantly the intense fluorescence observed in the
deposited QDs indicated that their functional properties were preserved after
the immobilization process. This led to conclude that MAPLE is a suitable
technique for the immobilization of CdSe/ZnS core-shell QDs onto solid
substrates making them good candidates in electronic applications,

biosensors, or lasers or devices.

Altogether, this Doctoral work contributed to enhance the knowledge of the
unique optical and electronic properties of the CdSe/ZnS core-shell QDs. It
was possible to show how these nanoparticles are multifunctional and can be
used in biological but also in electronic applications. New ideas and
improvements were addressed and new directions are still open in order to

better understand and further expand QD research.
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Abstract

stress and ROS accumulation, besides their cytomobility.

accumulation.

biological applications.

Background: Nanotechnology has the potential to provide agriculture with new tools that may be used in the
rapid detection and molecular treatment of diseases and enhancement of plant ability to absorb nutrients, among
others. Data on nanoparticle toxicity in plants is largely heterogeneous with a diversity of physicochemical
parameters reported, which difficult generalizations. Here a cell biology approach was used to evaluate the impact
of Quantum Dots (QDs) nanocrystals on plant cells, including their effect on cell growth, cell viability, oxidative

Results: A plant cell suspension culture of Medicago sativa was settled for the assessment of the impact of the
addition of mercaptopropanoic acid coated CdSe/ZnS QDs. Cell growth was significantly reduced when 100 mM of
mercaptopropanoic acid -QDs was added during the exponential growth phase, with less than 50% of the cells
viable 72 hours after mercaptopropanoic acid -QDs addition. They were up taken by Medicago sativa cells and
accumulated in the cytoplasm and nucleus as revealed by optical thin confocal imaging. As part of the cellular
response to internalization, Medicago sativa cells were found to increase the production of Reactive Oxygen
Species (ROS) in a dose and time dependent manner. Using the fluorescent dye H,DCFDA it was observable that
mercaptopropanoic acid-QDs concentrations between 5-180 nM led to a progressive and linear increase of ROS

Conclusions: Our results showed that the extent of mercaptopropanoic acid coated CdSe/ZnS QDs cytotoxicity in
plant cells is dependent upon a number of factors including QDs properties, dose and the environmental
conditions of administration and that, for Medicago sativa cells, a safe range of 1-5 nM should not be exceeded for

Background

Nanotechnology is a fast-developing industry, having
substantial impact on the economy, society and the
environment [1] and predictions so far exceed the
Industrial Revolution, with a $1 trillion market by 2015
[2]. Nanotechnology has the potential to revolutionize
the agricultural and food industry with new tools for the
molecular treatment of diseases, rapid disease detection
and enhancing plant ability to absorb nutrients. Smart
sensors and smart delivery systems will help the
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( BioMVed Central

agricultural industry to fight viruses and other crop
pathogens [3].

However, the novel size-dependent properties of nano-
materials, that make them desirable in technical and
commercial uses, also create concerns in terms of envir-
onmental and toxicological impact [4].

Nanotoxicology is emerging as an important subdisci-
pline of nanotechnology and involves the study of the
interactions of nanostructures with biological systems.
Nanotoxicology aims on elucidating the relationship
between the physical and chemical properties of nanos-
tructures with the induction of toxic biological
responses [5]. This information is important to charac-
terize nanomaterial in biotechnology, ecosystems, agri-
culture and biomedical applications [6].

© 2010 Santos et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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The few studies conducted to date on the effects of
nanoparticles on plants have focused mainly on phyto-
toxicity and how certain plant metabolic functions are
affected. The reported effects vary depending on the
type of nanoparticle, as well as plant species, and are
inconsistent among studies [2]. So far, there is only one
report of nanoparticle toxicity in cells of a photosyn-
thetic organism, the green microalgae Chlamydomonas
reinhardtii, in which the toxicity of two types of widely
used nanomaterials (TiO2 and CdTe) was evaluated [7].
No data is available concerning toxicology of Quantum
Dots (QDs) in higher plant cells [8].

QDs are inorganic semiconductor nanocrystals, typi-
cally composed of a cadmium selenide (CdSe) core and a
zinc sulphide (ZnS) shell and whose excitons (excited
electron-holepairs) are confined in all three dimensions,
giving rise to characteristic fluorescent properties. QDs
are extremely photostable, bright and are characterized
by broad absorption profiles, high extinction coefficients
and narrow and spectrally tunable emission profiles [9].

Cell-based in vitro studies play an essential role on
meaningful toxicity testing. They allow the setting up of
high-throughput systems for rapid and cost-effective
screening of hazards, while targeting the biological
responses under highly controlled conditions [4]. The eva-
luation of five categories of cellular response, including
reactive oxygen species (ROS) production and accumula-
tion, cell viability, cell stress, cell morphology, and cell-
particle uptake, are central themes in such testing [10].

Aiming to develop a nano-strategy using coated QDs
conjugated with specific biomolecules to precociously
identify the presence of fungal infections in Medicago
sativa (a perennial pulse with economic relevance) we
established a fine plant cell suspension culture that was
subsequently used to investigate the potential cytotoxi-
city of CdSe/ZnS Mercaptopropanoic acid coated QDs
and its uptake at cellular level.

Methods
Cell suspension culture establishment
Cell suspension cultures were established from a Medi-
cago sativa line M699, seeds being kindly provided by
Diego Rubiales (IAS-CSIC, Spain). Well-developed
petioles from 25 day old in vitro germinated M699 seed-
lings were used as explants for callus induction. Petioles
were placed in solid Murashige & Skoog (M&S) medium
supplemented with 0.5 mg/L of 2.4-D and kinetin and
5 mg/L of dithiothreitol, maintained in growth chamber
under a 16 hours photoperiod and a day/night tempera-
ture of 24°/22°C (Phytotron Edpa 700, Aralab, Portugal).
Two friable portions of 8 weeks old dark grown callus
from petioles were placed in a 250 mL Erlenmeyer flask
with 50 mL of liquid M&S medium, supplemented with
the same growth hormone composition used for callus
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phase. The flasks were maintained in an orbital shaker
at 110 rpm (Innova 4900, New Brunswick Scientific,
Germany) in the dark, at 24°C. After 10 days, 100 mL of
fresh medium was added. 10 days later, 100 mL of fresh
medium was added to 20 mL of decanted cell suspen-
sion culture. Until an adequate cell density was
obtained, the cells were pelleted and medium replaced
every 8/9 days. When stabilized, suspensions were sub
cultured every 8 days transferring 20 mL to 100 mL of
fresh medium (in 250 mL Erlenmeyer flasks). Growth
regulators were always filter sterilized through 0.2 pm
Orange Scientific filters and added to cooled autoclaved
medium (20 minutes at 121°C).These cell suspension
cultures will be referred to as stock.

Synthesis, solubilisation and characterization of

CdSe/ZnS core shell QDs

All chemicals unless indicated were obtained from
Sigma-Aldrich and used as received. UV-vis absorbance
spectra were taken using a Beckman DU-70. Photolumi-
nescence spectra were recorded with a SPEX Fluorolog
spectrofluorimeter.

TOPO/HDA - capped CdSe nanocrystals were synthe-
sized using standard procedures [11]. This typically gen-
erates CdSe nanocrystals with the first absorption peak
around 580-590 nm and a diameter of 3.6-4.5 nm. For
the synthesis of core-shell CdSe/ZnS QDs, the cores
obtained were monodisperse after passivation with at
least 5 monolayers of ZnS. Passivation was obtained
using the SILAR method [12] that consists of alternating
injections of Zn and S precursors to the solution con-
taining CdSe-core nanocrystals suspended in octade-
cene/hexadecylamine. After extraction with methanol,
centrifugation and decantation, the particles were dis-
persed in chloroform for further processing.

The Mercaptopropanoic acid coated nanocrystals were
synthesized by the phase transfer method as described
previously [12]. The obtained Mercaptopropanoic acid
coated CdSe/ZnS QDs were then concentrated using a
Sartorius Vivaspin 6 tube (cutoff 10 KDa) at 7.500 g.

For the characterization of the synthesized CdSe/ZnS
QD nanoparticles Transmission Electron Microscopy
(TEM) was used. Low resolution images were obtained
using a JEOL 200CX traditional TEM operating at an
acceleration voltage of 200 kV.

Quantum yields were measured relative to Rhodamine
6G with excitation at 530 nm. Solutions of QDs in
chloroform or water and dye in ethanol were optically
matched at the excitation wavelength (A = 530 nm).

Dynamic Light Scattering (DLS) analysis was per-
formed using a Nano series dynamic light scatterer from
Malvern. With this equipment the hydrodynamic dia-
meter (HD) and zeta potential (§) of synthetic CdSe/ZnS
and their corresponding Mercaptopropanoic acid coated
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particles were measured. For the HD analyses all the
samples were between 0.06 and 0.3 uM and filtered
through a 0.2 um filter before analyses. HD were
obtained from number-weighted size distribution analy-
sis and reported as the mean of triplicate measurements.
&-Potential for Mercaptopropanoic acid coated QDs
with concentration between 0.06 and 0.3 pM were mea-
sured in H,O Milli-Q basified to pH = 12. Values are
reported as the average of triplicate runs consisting of
20 runs at 25°C. Similarly, the &-potential of the mercap-
topropanoic acid-QDs in M&S medium was measured
using the DLS equipment. Value reported is the average
of triplicate runs consisting of 14 runs at 25°C.

Imaging and Microscopy settings

Unless stated otherwise, images were acquired in a
Nikon Eclipse TE2000-S (Japan) inverted microscope
equipped with a HMX-4 100 W Mercury lamp and
appropriate filter settings. Images were acquired with an
Evolution MP 5.1 megapixel digital CCD Color Camera
(Media Cybernetics) controlled by Image Pro Plus 5.0
software (Media Cybernetics).

Thin time-course confocal optical sections (~2 pm
thick) were acquired with a Leica SP-E Confocal Laser
Scanning Microscope using <20% laser intensity and
operating in the mode 1024 x 1024, 400 Hz (~1/2 sec
per frame). A x 20 Plan Apo dry objective (NA = 0.75)
(Leica) was used. For quantification purposes, gain and
offset settings were kept constant so that the average
background pixel intensity was between 0 and 10 and
the fluorescent signal coming from the cells was
between 60 and 220 (0-255 scale for 8 bit images).

Effect of Mercaptopropanoic acid-QDs supplement

on the plant cell growth

A 250 mL Erlenmeyer flask with 120 mL of 8 days old
M. sativa cell suspension culture was randomly taken
from the stock and 4 mL aliquots were inoculated in five
100 mL Erlenmeyer flaks containing 20 mL of fresh med-
ium. Three days after sub-culture a suspension of mer-
captopropanoic acid -QDs was added to two of the five
Erlenmeyer flasks in order to obtain the final concentra-
tion of 100 nM in the culture medium. At day 8 of cul-
ture they were sub-cultured by gentle setting and
addition of 20 mL of fresh medium. Then, every day, and
during 8 days, small aliquots (about 0.5 mL) of the five
Erlenmeyers were taken and cells were counted (three
counts per aliquot) in a Neubauer Chamber. This allowed
to establish a growth curve for the M. sativa cells culture.

Effect of Mercaptopropanoic acid-QDs supplement

on the plant cell viability

Cell viability was assessed through the activity of cyto-
plasmic esterases that hydrolyze FDA to yield the
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fluorescent product fluorescein, which accumulates
intracellularly if the cell membrane remains functional
[13].

A 250 mL Erlenmeyer flask with 120 mL of a 8 days
old M. sativa cell suspension culture was randomly
taken from the stock and 2 mL aliquots were inoculated
in five 50 mL Erlenmeyer flaks containing 10 mL of
fresh medium. After 3 days of subculture a suspension
of mercaptopropanoic acid -QDs was added to two
Erlenmeyer flasks in order to obtain the final concentra-
tion of 100 nM in the culture medium. Before adding
the mercaptopropanoic Acid-QDs and every day after,
viability of the cultures was checked using the Fluores-
cein Diacetate (FDA) method [14].

A stock solution of FDA was prepared by adding
10 mg of FDA and 2 mL of acetone and kept at -20°C.
A diluted solution of FDA was then freshly prepared at
the time of the assay, adding 20 pL of the stock solution
to 1 mL of MS medium. Finally, a drop of both suspen-
sion culture and diluted FDA was placed on a micro-
scope slide. The counts were performed using an
inverted microscope, with excitation at 488 nm. Two
preparations were made from each Erlenmeyer and the
number of viable cells was counted in five random spots
per microscope slide.

QDs uptake by the plant cells

A 250 mL Erlenmeyer flask with 120 mL of 4 days old
M. sativa suspension culture was randomly taken from
the stock. From this flask, 2 mL aliquots were placed in
50 mL Erlenmeyer flasks (in triplicate), and a volume of
mercaptopropanoic acid -QDs to obtain the final concen-
tration of 10 nM was added. After 48 hours samples were
visualized using a confocal and an inverted microscope.

Effect of mercaptopropanoic acid-QDs supplement on
ROS accumulation and oxidative stress

ROS formation in cultures exposed to the mercaptopro-
panoic acid-QDs was evaluated using three different
probes: 3,3’-diaminobenzidine (DAB) and nitroblue tet-
razolium (NBT) that are specific to hydrogen peroxide
(HO,) and superoxide anion (O, -) respectively, and
2,7~ Dichlorodihydrofluorescein diacetate (H,DCFDA)
that is a nonspecific probe for ROS accumulation.

All assays were carried out in 6 well plates (Orange
Scientific) to reduce the experimental volume and sub-
sequently the amount of mercaptopropanoic acid-QDs
required. This also allowed performing the assays in a
standard and randomized approach.

For each experiment two controls were prepared. A
negative control was used consisting of cells placed in
the same conditions as the assay but without the addi-
tion of mercaptopropanoic acid-QDs. As a positive con-
trol, cells were heated at 45°C during 20 minutes.
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1) H,0, detection

Production of H,O, at the cellular level was examined
by applying the (DAB) staining technique described by
Thordal-Christensen et al. [15], with few modifications.
DAB reacts rapidly with H,O, in the presence of peroxi-
dase, forming a brown polymerized product.

A 250 ml flask with 120 mL of 7 days old cell suspen-
sion culture of M. sativa was randomly taken from the
stock to establish the following experimental setup:
2 mL of suspension culture plus 0.1 mg/mL of DAB
(negative control), 2 mL of suspension culture treated
45°C for 20 minutes plus 0.1 mg/mL of DAB (positive
control), 2 mL of suspension culture plus 10 mM of
H,0O, plus 0.1 mg/mL of DAB and 2 mL of suspension
culture plus 32.6 puL of mercaptopropanoic acid-QDs to
a final concentration 100 nM plus 0.1 mg/mL of DAB.
All samples were placed in sterilized 6 well plates (in tri-
plicate), in an orbital shaker at 110 rpm, in the dark, at
24°C. After 1 hour and half, samples were taken from
each assay and observed using an inverted microscope.
2) O, « detection
The detection of O, « was carried out as described by
Fryer et al. [16] with slight modifications, and similarly
to the DAB assay.

Nitro-substituted aromatics such as nitroblue tetrazo-
lium can be reduced by O, + to the monoformazan
(NBT") [17,18], with the accumulation of dark spots of
blue formazan [19].

A 250 ml flask with 120 mL of 7 days old cell suspen-
sion culture of M. sativa was randomly taken from the
stock to establish the following experimental setup:
2 mL of suspension culture with a final concentration of
NBT of 60 nM (negative control), 2 mL of suspension
culture treated 45°C for 20 minutes with a final concen-
tration of NBT of 60 nM (positive control), 2 mL of sus-
pension culture plus 32.6 uL of mercaptopropanoic
acid-QDs to a final concentration of 100 nM plus a final
concentration of NBT of 60 nM. All samples were
placed in sterilized 6 well plates (in triplicate), in the
orbital shaker at 110 rpm, in the dark, at 24°C. After 4
hours samples were visualized using an inverted micro-
scope in bright field.

3) Cellular oxidative stress assay

2,7’- Dichlorodihydrofluorescein diacetate (H,DCFDA)
was used to determine cellular oxidative stress as
described by Ortega-Villasante et al. [20], using the
same procedure as for the previous assay, but adding
5 uM of H,DCFDA instead of NBT. After 1 hour and
half samples were visualized using an inverted micro-
scope (Aex = 488 and Ao, = 525 nm).

H,DCFDA diffuses passively through the cellular
membrane and then is enzymatically hydrolysed by
intracellular esterases to 2’,7’-dichlorodihydrofluorescein
(DCFH). This nonfluorescent product is converted by
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ROS into DCF (2’,7’-dichlorofluorescein), which can
easily be visualized by a strong fluorescence around
525 nm when excited at 488 nm.

The NBT and H,DCFDA assays were repeated for
longer periods of exposure of cell suspension cultures to
the mercaptopropanoic acid-QDs. A 250 mL flask with
120 mL of 8 days old cell suspension culture was ran-
domly taken from the stock, 4 mL and 20 mL aliquots
were inoculated in a 100 mL and 250 mL Erlenmeyer
flask containing 20 mL and 100 mL of fresh medium,
respectively. Three days after subculture a suspension of
mercaptopropanoic acid -QDs to obtain the final con-
centration of 100 nM in the culture medium was added
to the Erlenmeyer flask containing 24 mL of cell suspen-
sion culture. Finally, on 5™ and 6™ day the same experi-
mental protocol described above for the two probes was
applied.

4) Oxidative stress dose response assay

A 250 mL flask with 120 mL of 3 days old cell suspen-
sion culture was randomly taken from the stock. 2 mL
(in triplicate) were placed in sterilized 6 well plates. Ali-
quots of mercaptopropanoic acid -QDs were added to
each well to obtain the following final concentrations:
1 nM, 5 nM, 10 nM, 20 nM, 40 nM, 60 nM, 100 nM,
120 nM and 180 nM. All plates were placed on an
orbital shaker at 110 rpm in the dark at 24°C. After
48 hours of incubation, an aliquot of H,DCFDA, to
obtain a final concentration of 5 uM, was added to all
treatments including to the negative and positive (cells
heat treated 45°C for 20 minutes) controls. After 1 hour,
samples from each treatment were visualized using an
inverted microscope and the fluorescence was quantified
in terms of average pixel intensity, using the commercial
program Image]. Images were acquired 1 hour after the
H,DCFDA addition, always with the same settings and
exposure time.

Statistical analysis

All results are presented as the mean + standard devia-
tion (SD). One-way ANOVA was used to test for signifi-
cant differences among average fluorescence intensity
(Microsoft Office Excel 2007). The result was considered
significant if p < 0.001, when compared to the control.

Results and Discussion

mercaptopropanoic acid-QD stability

The mercaptopropanoic acid -QDs used in this work
had a size distribution between 4 and 6 nm (Fig. 1a)
and a quantum vyield of 7% (relative to Rhodamine 6G)
(Fig. 1b).

The properties of nanomaterials can change, some-
times dramatically, when placed in contact with biologi-
cal systems [21]. Nanoparticle aggregation influences
their uptake by cells, and variables such as the surface
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Figure 1 Characterization of the synthesized CdSe/ZnS QD nanoparticles. (A) TEM image (acceleration voltage of 200 kV) of CdSe cores
after 5 monolayer's of ZnS. (B) Emission spectra and quantum yields for synthetic CdSe/ZnS and their corresponding hydrophilic QDs. The
orange spectra is an example of UV-Vis spectra with abs = 0,05 at the excitation wavelength (530 nm).
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ligands and the solution composition influence nanopar-
ticle suspension stability [22]. Assessment of mercapto-
propanoic acid-QD stability and aggregation under the
assay conditions was then necessary to correctly inter-
pret their biological effects.

Mercaptopropanoic acid-QDs were supplied in water
with a zeta ({) potential of -45,6 mV (Table 1), but

introduction into the M&S culture medium decreased
the ¢ and the mercaptopropanoic acid-QDs tended to
aggregate, particularly when applied to the culture at
relatively high concentrations. The { potential of the
culture medium was -12.5 mV, well under the absolute
value of [25 mV], above which the system is considered
to be in a disperse state.
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Table 1 Results of size and zeta potential measurements
for synthetic CdSe/ZnS and their corresponding
hydrophilic QDs in water.

Sample Hydrodynamic &-Potential
diameter (nm) (mV)
CdSe/ZnS (CHCls5) 93 -
MPA- QD (H,0) 13,5 -45,6

The QD surface coating is also considered a critical
factor for the extent and time scale of their potential
cytotoxicity. Mercaptopropanoic acid is known to be one
of the smallest ligands among deprotonated thiols (thio-
lates) most often used to stabilize QDs in solution [23].

Effect of mercaptopropanoic acid-QDs on cell growth
The mercaptopropanoic acid-QD concentration used in
this study (100 nM) was one order of magnitude higher
than those often referred to in the literature [24,25]. It was
adopted to ensure that an impact on cell viability could be
detected since experiments with lower concentrations did
not reveal any consistent effects (data not shown).

At the end of the cell cycle (8 days), cell suspensions
grown in the presence of mercaptopropanoic acid-QDs
showed a reduced biomass production compared to the
control and all isolated cells were plasmolyzed (data not
shown). However, when cells grown with or without the
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mercaptopropanoic acid-QDs, were sub-cultured, all the
suspensions (test and control) showed similar growth
parameters (Fig. 2b). Both cultures had comparable
growth profiles (Fig. 2a) but those previously treated
with mercaptopropanoic acid-QDs started the exponen-
tial growth phase one day sooner and reached the sta-
tionary phase earlier.

These results suggest that cultures recovered from QD
damage in the second cell growth cycle which could be
explained by the observed cell aggregation after the
addition of the mercaptopropanoic acid-QDs. Cell
aggregation can be interpreted as a response by plant
cells to the presence of mercaptopropanoic acid-QDs,
which may induce cell wall lignification and crosslinking
of cell wall components. Cell aggregation was also
reported in Chlamydomonas reinhardtii cultures in the
presence of CdTe and TiO, nanoparticles [7]. Cellular
aggregation will provide greater protection against toxic
agents, particularly for cells in the middle of the aggre-
gates,. These cells will be able to act has a viable inocu-
lum when subcultured in fresh culture medium.

Effect of mercaptopropanoic acid-QDs on cell viability
Twenty four hours after the exposure to 100 nM of
mercaptopropanoic acid -QDs, cell viability had already
been reduced by 6% (Fig. 3).

B Exp. points
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A Exp. Points
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— Fitting control

(A)
2.0E+05
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£
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cultures treated with QDs.

Figure 2 Effect of mercaptopropanoic acid-QDs in Medicago sativa cell growth and kinetic parameters. (A) Growth curve. Black line refers
to control cultures and grey line to cultures treated with the 100 nM of QDs. The fitting was obtained using the software TableCurve 2 D. Error
bars represent standard deviation. (B) Maximum specific growth rate (u) and duplication time (Dt) of control suspension cultures and suspension




Santos et al. Journal of Nanobiotechnology 2010, 8:24
http://www.jnanobiotechnology.com/content/8/1/24

Page 7 of 14

100

% viability

deviation.

90
80 I
T ¥Rl
60
50
40
30
20
10

0

3 4 5 6

Day of culture

Figure 3 Effect of 100 nM of mercaptopropanoic acid-QDs on cell viability determined with FDA method. Black line refers to control
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After 72 hours in contact with mercaptopropanoic
acid-QDs, isolated cells, or cells in small aggregates,
were not viable and most of them were plasmolysed.
Less than 50% of the isolated cells were viable when
compared with the control. However, most cells were
found in large clusters. These clusters seemed to be
viable, despite the significant decrease in fluorescence
intensity when compared to the control (data not
shown). This explains why subcultures previously sub-
jected to mercaptopropanoic acid-QDs continued to
grow. Cell aggregation seemed to guarantee in this case
a certain level of protection against toxicity probably

due to a certain impermeabilization of the cell wall in
response to the imposed stress, as suggested previously.
Envisaging the application of this type of mercaptopro-
panoic acid-QDs to plant organs our results showed that
elevated concentrations of mercaptopropanoic acid-QDs
reduced significantly plant cell viability, mainly in cases
where cells were isolated. They also showed that some
cells in aggregates maintain a certain degree of viability.

Quantum dot uptake
M. sativa cells internalized mercaptopropanoic acid-
QDs as shown in Fig. 4a and 4b. Fluorescent spots due

Scale bar = 20 yM.

Figure 4 Confocal (A, B) and wide field (C, D) fluorescence images of M. sativa cells after 48 hours of incubation with 10 nM of
mercaptopropanoic acid-QDs showing QD internalization. Arrows point to 1- nucleus, 2- cytoplasmic strands, 3-vacuole and 4-hyaloplasm.
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to mercaptopropanoic acid-QDs could be observed
mainly in the nucleus and in the cytosol. Also cytoplas-
mic strands presented fluorescent particles, the vacuole,
which occupies the majority of the cell volume, being
the exception.

Images acquired using the inverted microscope
(Fig. 4c and 4d) clearly showed the fluorescence of mer-
captopropanoic acid-QDs in several structures, such as
the nucleus and nucleolus, the cytoplasm and cytoplas-
mic strands. In a recent study on the biogenic uptake of
platinum (Pt), the roots of Medicago sativa were found
to accumulate Pt in vivo in the form of nanoparticles on
cell walls and organelles [24].

When the putative cytotoxicity of nanoparticles is
determined, it is prudent to consider whether cells do in
fact encounter individual nanoparticles, in contrast to
aggregates of several nanoparticles; this becomes parti-
cularly relevant when studying internalization. Therefore
it is necessary to have in mind that if the nanoparticles
had not aggregated in the culture medium, probably
more cells would internalize them.

ROS accumulation and oxidative stress

1) H,0, detection

Cells treated with DAB (Fig. 5b), in the absence of any
oxidative stress, did not present the typical brown preci-
pitate. Cells heat treated for 20 min at 45°C with subse-
quent addition of DAB (Fig. 5c), showed a brownish
colour as well as precipitates indicative of oxidative
stress due to H,O, presence. Cells treated with 10 mM
of H,O,, followed by the addition of DAB, showed the
same brown precipitate (Fig. 5d) confirming that the
cells were able to metabolize H,O,.

The addition of 100 nM of mercaptopropanoic acid-
QDs to M. sativa cells did not seem to induce H,O,
production, as illustrated in Fig. 6. The resulting
orange/brownish coloration around the cells was due to
precipitated mercaptopropanoic acid -QDs, which was
confirmed by comparing the UV light picture (upper)
with the UV image of cells and DAB (lower) where no
orange coloured spots were detected.

The comparison of the cells reaction in the presence of
mercaptopropanoic acid-QDs with the reaction when
H,0, was added to the culture, leaded to the conclusion
that the production of H,O, induced by the addition of
mercaptopropanoic acid-QDs is far less than 10 mM, if
any.

2) O, « detection

After heating at 45°C for 20 minutes, cells exhibited
dark blue formazan spots (Fig. 7b). These deposits indi-
cated that O, « was produced by the cells in response
to heat stress, since no spots were seen in the controls
(Fig. 7a). The presence of formazan deposits indicate
that in these cells the rate of O, « production had
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Figure 5 Cell suspension culture controls for the DAB assay.
(A) Without treatment. (B) Treated with DAB (negative control).

(C) Heat-treated (45°C for 20 minutes) to induce the production of
H,0, (positive control). (D) Treated with 10 mM H,0, and DAB to
visualize the peroxidase activity. All experiments were visualized

1 hour and half after the addition of DAB, in bright field. Scale

bar = 50 uM.
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excitation. Scale bar = 50 uM.

Figure 6 DAB assay for H,0, detection. (A, B) Cell suspension culture treated with 100 nM of QDs plus DAB. (C,D) Cell suspension culture
treated only with DAB. The orange/brownish precipitates around cells are QDs and not due to the DAB polymerization as revealed by UV light

become significantly greater than the rate of detoxifica-
tion [16].

Studies that applied the NBT technique were mainly
focused on evaluating responses in plant tissues rather
than in single cells. The few reports in cell suspension
cultures that used this technique quantified the response
spectrophotometrically, rather than study the precise
location of the formazan deposits [26,19].

In M. sativa cell suspension cultures treated with
mercaptopropanoic acid-QDs, no blue formazan spots
were detected, as shown in Fig. 7c, which could suggest
that the interaction of 100 nM of mercaptopropanoic
acid-QDs did not induce the formation of O, « after
4 hours of exposure. Also cultures exposed to mercap-
topropanoic acid-QDs for 48 and 72 hours (Fig. 7d and
7e respectively) did not show any noticeable produc-
tion of O, « since no blue formazan spots were
detected.

A previous study [27] on the generation of free radi-
cals (in an aqueous, cell-free system) by three types of
mercaptopropanoic acid-QDs revealed that while CdS
QDs apparently had sufficient redox power to generate
hydroxyl and superoxide radicals, CdSe QDs exclusively
generate hydroxyl radicals.

Chloroplasts are a major site for ROS generation in
plants due to the photosynthesis process. Peroxisomes
and glyoxysomes are other major sites of ROS genera-
tion in plants during photorespiration and fatty acid oxi-
dation, respectively [28]. However plant cell cultures
used in this work are dark grown and therefore do not
have differentiated chloroplasts. This also may explain
why no O« was found in our system.

3) Cellular oxidative stress assay

When treated with H,DCFDA, control cells showed a
basal-level fluorescent signal (Fig. 8a) that accumulated
uniformly in the cytoplasm. This has been also reported
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Figure 7 Detection of O, - by the NBT assay in cell suspension
cultures. (A) Treated with NBT. (B) Treated 20 minutes at 45°C and
NBT exhibiting blue formazan spots due to O, - production
(indicated by arrows). (C) Treated with 100 nM QDs and stained
with NBT showing no blue formazan spots. (D) Treated with 100 nM
QDs for 48 hours and NBT and (E) treated with 100 nM QDs for

72 hours and NBT confirming that there is no O, - production. All
samples were visualized 4 hours after the NBT addition in bright
field. Scale bar = 50 uM.
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in tobacco cells by Ashtamker et al. [29]. In the heat
treated (45°C/20 min) cell suspension cultures, the DCF
signal was significantly increased (Fig. 8b) showing a
response in terms of ROS accumulation, also observed
in the mercaptopropanoic acid-QDs treated cell suspen-
sion cultures (Fig. 8c). These results confirmed the
induction of an oxidative stress in cell suspension cul-
tures treated with 100 nM of mercaptopropanoic acid-
QDs during 1.5 hours.

To evaluate the response of the cell suspension cultures
when exposed to mercaptopropanoic acid-QDs over a
longer period of time, QDs addition was performed at
day 3 of culture and the H,DCFDA assay performed after
48 and 72 hours (Fig. 8d and 8e respectively). A progres-
sion of the intensity of the DCF signal could be seen in
the cell cultures exposed to mercaptopropanoic acid-
QDs, when compared with the controls.

To further clarify the results in terms of the mean
fluorescence intensity of DCF, a normalized graphic
representation was obtained (Fig. 8f). Comparing the
results of the three intensity values obtained over time,
it can be concluded that while the control (cells plus
H,DCFDA) maintained an intensity bellow 8 a.u., cells
treated with mercaptopropanoic acid-QDs progressively
increased the fluorescence intensity with the exposure
time. mercaptopropanoic acid-QD treated cultures
increased ROS production in 52%, 73% and 85%, respec-
tively 1.5, 48 and 72 hours after the mercaptopropanoic
acid-QD addition, showing that ROS production was
intensified in a time dependent manner.

Conclusions about the specificity of H,DCFDA are
contradictory. DCFH oxidation to DCF can occur as a
result of interaction with either H,O, or «OH™ [30].
Myhrea et al. [31] suggest that H,DCFDA is sensitive to
the oxidation by ONOO™ (peroxynitrite, often included
as ROS), H,O, (in combination with cellular peroxi-
dases), peroxidases alone, and «OH’, but not suitable to
detect NO, HOCI, and O, « radicals in biological sys-
tems. Due to the indiscriminate nature of DCFH, the
increase of intracellular DCF fluorescence may not
necessarily reflect the levels of ROS directly, but rather
an overall oxidative stress index in cells [32,33].

4) Oxidative stress dose response

Since it is clear that the presence of mercaptopropanoic
acid-QDs in cell suspension cultures induces an oxida-
tive stress, it is important to clarify if there is a relation
between this cell response and the concentration of
mercaptopropanoic acid-QDs. Our results showed that
fluorescence increased with the increasing concentra-
tions of mercaptopropanoic acid-QDs (Fig. 9a-i).

The mean fluorescence intensity of the cells subjected
to the different QD concentrations was calculated,
showing a linear increase (Fig. 9j). Regarding the range
of concentrations used, it seems that to have a minor
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Figure 8 General oxidative stress assay in cell suspension cultures. (A) Treated with H,DCFDA showing a basal level of fluorescence.
(B) Treated 20 minutes at 45°C and H,DCFDA exhibiting a fluorescence increase due to an oxidative stress. (C) Treated with 100 nM QDs and
H>DCFDA. (D) Treated with 100 nM QDs for 48 hours and H,DCFDA and (D) treated with 100 nM QDs for 72 hours and H,DCFDA. Scale bar =
50 uM. (F) graphic representation of mean fluorescence intensity in A-E. Black bars represent the mean of pictures from control cultures (cells +
H,DCFDA) and grey bars the QD treated cultures in the three exposure times performed. Data represent mean from one experiment (n = 6) +
SD. Columns with * indicate a significant difference from the control value with p < 0.001 (ANOVA).

impact in terms of oxidative stress, the concentration
range of mercaptopropanoic acid-QDs to be used should
be between 1-5 nM, since cultures subjected to this con-
centration range presented a fluorescence intensity value
that was not significantly different from the control.
Concentrations above 5 nM led to the intensification of
ROS production in more than 47%, measured in terms
of fluorescence intensity, with a maximum of 85% at a
concentration of 180 nM of mercaptopropanoic acid-
QDs.

Heterogeneity in cellular ROS production was also
found to accompany the mercaptopropanoic acid-QD
concentration which is likely to reflect variability in the
physiological conditions of the cells.

Conclusions

Here we report for the first time the response of in vitro
cultured Medicago sativa plant cells when exposed to
Quantum dots. Our results showed that concentrations
above 1 nM of mercaptopropanoic acid -CdSe/ZnS QDs
induce a cyto-oxidative response in the plant cells.

Plant cells treated with 100 nM of mercaptopropanoic
acid-QDs showed a low cytotoxicity in short term expo-
sure (24 hours) with a reduction of 6% in cell viability,
which is probably related with the increase of 50% in
ROS production. 72 Hours after the QD addition, less
than 50% of the isolated cells were viable, when

compared with the cells in the control, and ROS pro-
duction was intensified in 85%.

Plant cells were found to increase the production of
ROS in a dose dependent manner, and we shown that
concentrations of 1-5 nM could be cyto-compatible for
this type of QD. We also concluded that the superoxide
anion is not the reactive species involved in the oxida-
tive stress, since no superoxide anion production was
detected upon 78 hours of exposure.

Mercaptopropanoic acid -CdSe/ZnS QDs were taken
up by the cells of Medicago sativa and found to accu-
mulate in the nucleus and the cytoplasm, but not in the
vacuoles. This uptake may explain the verified cyto-oxi-
dative stress of QD treated cultures after only 1 hour of
exposure.

Together these results confirm that the extent of QD
cytotoxicity in plant cell cultures is dependent upon a
number of factors including QD properties such as the
coated material and surface chemistry, but also depends
on the dose and on the environment where they are
administered.

The intracellular formation of ROS is believed to be
one of the causal factors of QD induced cytotoxicity
[10]. Although mercaptopropanoic acid coated CdSe/
ZnS QDs are not completely innocuous to plant cells, a
safe range of concentrations for biological application
can be defined. The results presented in this work
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Figure 9 Oxidative stress dose response assay. Cell suspension cultures treated with QDs and H,DCFDA: (A) 1 nM QDs, (B) 5 nM QDs,
(©) 10 nM QDs, (D) 20 nM QDs, (E) 40 nM QDs, (F) 60 nM QDs, (G) 100 nM QDs, (H) 120 nM QDs, (1) 180 nM QDs. Scale bar = 50 uM. (J) graphic
representation of mean fluorescence intensity of pictures from cultures subjected to the different treatments. Data representing means from two
independent experiments + SD (n = 6 in each experiment), except for the conditions 120 nM and 180 nM which represent one experiment (n =
7). Columns with * indicate a significant difference from the control value with p < 0.001 (ANOVA). Fluorescence intensity in cultures treated

with QDs shows a linear behaviour represented by Y = 0,1581x + 9,6342 and R? = 0,9735. The H,DCFDA assay was performed 48 hours after the
QD addition.
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contribute to the characterization of the parameters that
regulate the toxicity of QDs in plant cell cultures, pro-
viding a basis for further work towards the improvement
of nanoparticles functionalization and surface-coating
strategies.
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QDs: Quantum Dots; ROS: Reactive Oxygen Species; Mercaptopropanoic
acid-Mercaptopropanoic acid; M&S: Murashige & Skoog; 2.4 D:
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dichlorodihydrofluorescein diacetate.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

ARS performed the majority of the experiments and wrote the first draft of
the manuscript. ASM synthesized and characterized the quantum dots and
wrote that part of the manuscript. LT contributed to the cell suspension
culture establishment. RM contributed to the confocal and inverted
microscopy and image processing. CM supervised the QD synthesis and
contributed to the elaboration of the manuscript. MCVP contributed to the
design of the project. PF participated in the design and coordination of the
study, contributed to the interpretation of data and drafting of the
manuscript. AO conceived the overall project and participated in the design
of the work. All authors read, participated in the writing of the manuscript
and approved the final manuscript.

Acknowledgements

This work was supported by the project “Development of ultra-sensitive
detection methods and plant nano-vaccines for the fungi Fusarium spp.
using nanotechnological devices” Iberian Capacitation Program in
Nanotechnologies: Call 2006/2007".

Ana Sofia Miguel acknowledge Fundacao para a Ciéncia e Tecnologia for a
PhD grant (SFRH/BD/40303/2007).

We thank Benjamin Hardy Wunsch, MIT, Boston, USA for the TEM image.

Author details

'Biomolecular Diagnostics Laboratory, Instituto de Tecnologia Quimica e
Bioldgica, Universidade Nova de Lisboa, Apartado 127, 2781-901 Oeiras,
Portugal. “Plant Cell Biotechnology Laboratory, Instituto de Tecnologia
Quimica e Bioldgica, Universidade Nova de Lisboa, Apartado 127, 2781-901
Oeiras, Portugal. *Organic Synthesis Laboratory, Instituto de Tecnologia
Quimica e Bioldgica, Universidade Nova de Lisboa, Apartado 127, 2781-901
Oeiras, Portugal. *Universidade de Lisboa, Faculdade de Ciéncias, 1749-016
Lisboa, Portugal.

Received: 30 June 2010 Accepted: 7 October 2010
Published: 7 October 2010

References

1. Lin DH, Xing BS: Phytotoxicity of nanoparticles: inhibition of seed
germination and root elongation. Environ Pollut 2007, 150:243-250.

2. Zhu H, Han J, Xiao J, Jin Y: Uptake, translocation, and accumulation of
manufactured iron oxide nanoparticles by pumpkin plants. J Environ
Monit 2008, 10:713-717.

3. Joseph T, Morrison M: Nanotechnology in agriculture and food. 2007
[http://nanoforum.org].

4. Auffan M, Rose J, Wiesner M, Bottero J: Chemical stability of metallic
nanoparticles: A parameter controlling their potential cellular toxicity in
vitro. Environ Pollut 2009, 157:1127-1133.

5. Fischer H, Chan W: Nanotoxicity: the growing need for in vivo study. Curr
Opin Biotechnol 2007, 18:565-571.

6. Saez G, Moreau X, Jong L, Thiéry A, Dolain C, Bestel |, Giorgio C, Méo M,
Barthélémy P: Development of new nano-tools: Towards an integrative
approach to address the societal question of nanotechnology? Nano
Today 2010, 5:251-253.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Page 13 of 14

Wang J, Zhang X, Chen Y, Sommerfeld M, Hu Q: Toxicity assessment of
manufactured nanomaterials using the unicellular green alga
Chlamydomonas reinhardtii. Chemosphere 2008, 73:1121-1128.

Muiller F, Houben A, Barker P, Xiao Y, Kds A, Melzer M: Quantum dots - a
versatile tool in plant science? J Nanobiotechnology 2006, 4:5.
Ferndndez-Suarez M, Ting AY: Fluorescent probes for super-resolution
imaging in living cells. Nat Rev Mol Cell Bio 2008, 9:929-943.

Jones C, Grainger D: In vitro assessments of nanomaterial toxicity. Adv
Drug Deliv Rev 2009, 61:438-456.

Aldana J, Wang Y, Peng X: Photochemical instability of CdSe nanocrystals
coated by hydrophilic thiols. J/ Am Chem Soc 2001, 120:8844-8850.

Xie R, Kolb U, Li J, Basché T, Mews A: Synthesis and Characterization of
Highly Luminescent CdSe-Core CdS/ZngsCdgsS/ZnS Multishell
Nanocrystals. J Am Chem Soc 2005, 127:7480-7488.

Widholm J: The use of fluorescein diacetate and phenosafranine for
determining viability of cultured plant cells. Stain Technol 1972,
47:189-194.

Stepan- Sarkissian G, Grey D: Plant Cell and Tissue Culture. In Methods in
Molecular Biology. Edited by: Pollard J, Walker J. New Jersey, The Humana
Press; 1984:6:14-17.

Thordal-Christensen H, Zhang Z, Wei Y, Collinge D: Subcellular localization
of H,0, in plants. H;0, accumulation in papillae and hypersensitive
response during the barley-powdery mildew interaction. Plant J 1997,
11:1187-1194.

Fryer J, Oxborough K, Mullineaux P, Baker N: Imaging of photo-oxidative
stress responses in leaves. J Exp Bot 2002, 53:1249-1254.

Tarpey M, Fridovich I: Methods of Detection of Vascular Reactive Species
Nitric Oxide, Superoxide, Hydrogen Peroxide, and Peroxynitrite.
Circulation Res 2001, 89:224-236.

Armstrong J, Whiteman M: Measurement of reactive oxygen species in
cells and mitochondria. Methods Cell Biol 2007, 80:355-377.
Romero-Puertas M, Rodriguez-Serrano M, Corpas F, Gomez M, del Rio L,
Sandalio L: Cadmium-induced subcellular accumulation of O *, and H,0,
in pea leaves. Plant, Cell and Environ 2004, 27:1122-1134.

Ortega-Villasante C, Rellan-Alvarez R, del Campo F, Carpena-Ruiz R,
Hernéndez L: Cellular damage induced by cadmium and mercury in
Medicago sativa. J Exp Bot 2005, 56:2239-2251.

Sahu S, Casciano D: Nanotoxicity: from in vivo and in vitro models to
health risks. Wiley, John Wiley & Sons, Ltd 2009.

Mahendra S, Zhu H, Colvin V, Alvarez P: Quantum Dot Weathering Results
in Microbial Toxicity. Environ Sci Technol 2008, 42:9424-9430.

Koeneman B, Zhang Y, Hristovski K, Westerhoff P, Chen Y, Crittenden J,
Capco D: Experimental approach for an in vitro toxicity assay with non-
aggregated quantum dots. Toxicol Vitro 2009, 23:955-962.

Bali R, Siegele R, Harris A: Biogenic Pt uptake and nanoparticle formation
in Medicago sativa and Brassica juncea. J Nanopart Res 2010.

Parak W, Pellegrino T, Plank C: Labelling of cells with quantum dots.
Nanotechnology 2005, 16:R9-R25.

Chang E, Thekkek N, Yu W, Colvin V, Drezek R: Evaluation of Quantum Dot
Cytotoxicity Based on Intracellular Uptake. Small 2006, 2:1412-1417.
Zrébek-Sokolnik A, Asard H, Gérska-Koplinska K, Gérecki R: Cadmium and
zinc-mediated oxidative burst in tobacco BY-2 cell suspension cultures.
Acta Physiol Plant 2009, 31:43-49.

Ipe B, Lehnig M, Niemeyer C: On the Generation of Free Radical Species
from Quantum Dots. Small 2005, 7:706-709.

Gechev T, Breusegem F, Stone J, Denev |, Laloi C: Reactive oxygen species
as signals that modulate plant stress responses and programmed cell
death. BioEssays 2006, 28:1091-1101.

Ashtamker C, Kiss V, Sagi M, Davydov O, Fluhr R: Diverse subcellular
locations of cryptogein-induced reactive oxygen species production in
tobacco bright yellow-2 cells. Plant Physiol 2007, 143:1817-1826.

Hoek T, Li C, Shao Z, Schumacker P, Becker L: Significant Levels of
Oxidants are Generated by Isolated Cardiomyocytes During Ischemia
Prior to Reperfusion. J Molec Cell Cardiol 1997, 29:2571-2583.

Myhrea O, Andersena J, Aarnesc H, Fonnuma F: Evaluation of the probes
2',7'-dichlorofluorescin diacetate, luminol, and lucigenin as indicators of
reactive species formation. Biochem Pharmacol 2003, 65:1575-1582.


http://www.ncbi.nlm.nih.gov/pubmed/17374428?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17374428?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18528537?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18528537?dopt=Abstract
http://nanoforum.org
http://www.ncbi.nlm.nih.gov/pubmed/19013699?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19013699?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19013699?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18160274?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18768203?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18768203?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18768203?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16776835?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16776835?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19383522?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15898798?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15898798?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15898798?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15898798?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15898798?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4113995?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4113995?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11997373?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11997373?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11485972?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11485972?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17445704?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17445704?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15996984?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15996984?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19174926?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19174926?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17192996?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17192996?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17041898?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17041898?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17041898?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17277088?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17277088?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17277088?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12754093?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12754093?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12754093?dopt=Abstract

Santos et al. Journal of Nanobiotechnology 2010, 8:24
http://www.jnanobiotechnology.com/content/8/1/24

33. Wang H, Joseph J: Quantifying cellular oxidative stress by
dichlorofluorescein assay using microplate reader. free Radic Biol Med
1999, 27:612-616.

doi:10.1186/1477-3155-8-24

Cite this article as: Santos et al: The impact of CdSe/ZnS Quantum Dots
in cells of Medicago sativa in suspension culture. Journal of
Nanobiotechnology 2010 8:24.

Page 14 of 14

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

e Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central



http://www.ncbi.nlm.nih.gov/pubmed/10490282?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10490282?dopt=Abstract

THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

Synthesis and Laser Immobilization onto Solid Substrates of CdSe/ZnS

Core—Shell Quantum Dots

E. Gy&’)rgy,*’*’* A. Pérez del Pino,§]. Roqueta,+ B. Ballesteros,” A. S. Miguel,” C.D. Maycock,”’# and A. G. Oliva"

TCentre d’Investigacié en Nanociencia i Nanotecnologia, Institut Catala de Nanotecnologia, Consejo Superior de Investigaciones Cientificas,

(CIN2, ICN-CSIC), Campus UAB, 08193 Bellaterra, Spain

*National Institute for Lasers, Plasma and Radiation Physics, P.O. Box MG 36, 76900 Bucharest V, Romania
SInstituto de Ciencia de Materiales de Barcelona, Consejo Superior de Investigaciones Cientificas (ICMAB-CSIC), Campus UAB,

08193 Bellaterra, Spain

Mnstitato de Tecnologia Quimica e Bioldgica, Universidade Nova de Lisboa, 2781-901 Oeiras, Portugal

“Departamento de Quimica e Bioquimica, Faculdade de Ciéncias, Universidade de Lisboa, 1749-016 Lisboa, Portugal

ABSTRACT: CdSe/ZnS core—shell quantum dots (QDs) have been immobi-
lized by ultraviolet matrix-assisted pulsed laser evaporation (UV-MAPLE) onto
SiO, glass substrates covered by silica thin films. The silica thin films were
deposited by the sol—gel method. An UV KrF* (4 = 248 nm, Typm = 25 ns)
excimer laser source was used for the laser immobilization experiments. Toluene
was chosen as solvent material for the preparation of the composite MAPLE
targets. The surface morphology and growth mode of the deposited structures
were investigated by optical and atomic force microscopy in acoustic (dynamic)
configuration. The crystalline structure and chemical composition of the base
material used for the preparation of the MAPLE targets as well as the laser
transferred QDs were studied by transmission electron microscopy and energy
dispersive X-ray spectroscopy. The functional properties of the immobilized
QDs were studied by fluorescence microscopy. The immobilized materials form

self-organized 2D arrays constituted by complex CdSe/ZnS core—shell QDs preserving the functional properties of the base

material used for the preparation of the MAPLE targets.

1. INTRODUCTION

Semiconductor quantum dots (QD) are nanocrystals com-
posed of hundreds to up to a few thousand atoms. These
nanostructures can be prepared in a variety of compositions,
and shapes as nearly spherical,' elongated nanorods,” or crystals
with more complex shapes such as tetrapods.” The small size of
these systems leads to a quantum confinement effect, resulting in
a strong modification of their band structure. In these conditions,
effects such as an expansion of the band gap, the quantization of
the energy levels to discrete values and the strong enhancement
of the Coulomb interaction between the charge carriers take
place. Such phenomena have a great effect in the e-h dynamical
behavior, arising exciting mechanisms such as the direct genera-
tion of multiexcitons by single photons (carrier multiplication).*

As known, the physical properties of the QDs are size
dependent.>® Thus, remarkable electronic and photonic char-
acteristics can be tuned by simply controlling their shape and size,
adding up significant functionality in applications as biological
labeling, nonlinear optics, or photovoltaics technology.”® A step
forward consists in overcoating such QDs with a shell of a second
semiconductor, resulting in core—shell systems that exhibit
novel properties as compared to simple dots.” Overcoating the
nanocrystals with higher band gap inorganic materials has been

v ACS Publications ©2011 American chemical Society
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found to improve the photoluminescence quantum yields by
passivating surface nonradiative recombination sites.'”'" In
addition, nanoparticles passivated with inorganic shells are more
robust than those passivated with organic materials and with-
stand more severe processing conditions when incorporated into
solid state structures. Besides, by the appropriate choice of the
core and shell materials, it is possible to adjust the emission
wavelen%th in a larger spectral range than with both materials
alone.'>"® These features make them promising besides emitters
for quantum information, also for biological labeling,m’15 design
of devices such as thin film LEDs,"®"'® or nanocrystal quantum
dot lasers.'* ™!

CdSe/ZnS core—shell QDs are usually deposited on solid
substrates from colloidal solutions by conventional methods as
drop casting or spin coating. These techniques are rather simple
and cost-effective. However, they do not guarantee an accurate
control over the amount of the immobilized material and its
surface uniformity. In addition, conventional methods are not
suitable for multilayer structures growth since they imply
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repeated use of solvents. Laser technologies could represent an
alternative solution for these drawbacks: the amount of evapo-
rated and deposited material on the substrate surface can be
controlled through the number and/or irradiance of the laser
pulses, offering high reproducibility and versatility for multilayer
synthesis. However, immobilization of nanoparticles with a
narrow size distribution by conventional pulsed laser deposition
technique can be a difficult task. Usually the deposited nanopar-
ticles have a broad size distribution range and often form
aggregates with dimensions in the micrometer range. An addi-
tional problem in the case of multicomponent materials repre-
sents the selective evaporation of elements making difficult to
reproduce structures with identical chemical composition as the
base materials used as targets submitted to laser irradiation.

Matrix-assisted pulsed laser evaporation (MAPLE) is a laser-
based deposition technique developed more recently, mostly for
organic and bio-organic materials processing.”” The material to
be immobilized on a solid substrate surface is diluted in a laser-
absorbing solvent. After the solution is frozen in liquid nitrogen it
is submitted to laser radiation. The laser energy is mainly
absorbed by the solvent which is vaporized and transports the
material of interest toward the substrate placed in front of the
target ensuring a gentle transfer mechanism. Besides organic
species, some recent works have demonstrated the possibility to
transfer TiO, and SnO,> or carbon nanogarticles24 by ultravio-
let (UV)-MAPLE as well as CdSe QDs> by resonant infrared
(RIR)-MAPLE techniques.

We report in this paper the creation of self-organized 2D
arrays constituted by complex CdSe/ZnS core—shell QDs im-
mobilized on solid substrates by UV-MAPLE technique. The
networklike structures synthesis can be controlled by the in-
cident laser fluence value. The formation of a photonic band gap
due to the periodically changing refractive index can be used for
future photonic applications implying guided light propagation
or enhanced spontaneous emission.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Core—Shell CdSe/ZnS QDs. The chemical
reagents and solvents used for the CdSe/ZnS QDs synthesis
were obtained from Sigma-Aldrich and Fluka. Air-sensitive
materials were handled in a Braun MB150-GI glovebox under
dry argon atmosphere. All solvents were spectrophotometric
grade. Trioctylphosphine oxide (TOPO)/hexadecylamine
(HDA) capzped CdSe QDs were synthesized using standard
procedures,™ generating nanocrystals with the first absorption
peak around 560—570 nm and diameters of 3.6—4.5 nm. The
growth of the ZnS shell coating is based on SILAR method®’
which consists of injections of Zn and S precursors to the
solution containing CdSe nanocrystals suspended in octadecene
(ODE)/HDA. 0.1 M solutions of ZnO in ODE/oleic acid and S
in ODE were used. For each monolayer shell growth, a calculated
amount of these solutions were simultaneously injected via
syringe into the dot suspension at 245 °C using standard gas-
free conditions. A period of 10 min between each addition was
left for the reaction to be complete. The CdSe cores were covered
with § ZnS monolayers, which took about 1 h and 30 min. Then,
the solution was kept for another 30 min at 260 °C and finally
cooled down to room temperature. After extraction with metha-
nol, centrifugation, and decantation, the particles were dispersed
in chloroform and capped with a layer of TOPO/HDA.

2.2. Laser Immobilization of CdSe/ZnS QDs on SiO, Glass
Substrates. The laser immobilization experiments were per-
formed inside a stainless steel deposition chamber. A pulsed UV
KrF* (A = 248 nm, Tgepm = 25 ns, v = 10 Hz) COMPexPro 205
Lambda Physik excimer laser source was used for the irradiations.
Prior to each experiment, the irradiation chamber was evacuated
down to a residual pressure of 10> Pa. This pressure value was
maintained during the experiments.

For the preparation of the composite MAPLE targets 2.5 ug
CdSe/ZnS core—shell QDs were added to 3 mL of toluene. The
obtained solutions were introduced into a special double wall
target holder and flash-frozen at —190 °C circulating liquid
nitrogen inside the holder walls. The targets were kept frozen
during the irradiation experiments. The complete MAPLE work-
station was purchased from SURFACE.

To avoid significant morphological changes upon irradiation,
the laser beam scanned the targets’ surface at a constant velocity
of 2 mm/s. The irradiated XY surface area was 1 X 1 cm?® The
angle between the laser beam and the target surface was chosen
of 45°. The number of subsequent laser pulses applied for the
deposition of the nanostructures was 5 x 10°. The laser pulses
succeeded each other with a repetition rate of 10 Hz. The laser
fluence value incident on the target’s surface was fixed at 0.1 or
0.2 J/cm®.

Silica films coated on SiO, glass substrates were placed parallel
to the target at a separation distance of S cm. The silica films were
deposited bg sol gel technique based on the method described
previously.”*** The solution was composed by two types of
precursors, tetraethyl orthosilicate (TEOS) and methyltriethox-
ysilane (MTES). The TEOS/MTES molar ratio was 1:1. The
films were deposited by dip-coating onto 6.5 mm x 50 mm SiO,
glass substrates in a two step process with 1 min interval between
them. Drying was performed at room temperature for 24 h
followed by thermal treatment at 70 °C for 24 h. For the
described experimental conditions a film porosity of 26% was
estimated from nitrogen absorzption isotherms, with a pore size
ranging between 2 and 10 nm.”” Prior to introduction inside the
irradiation enclosure the substrates were carefully cleaned in
ultrasonic bath in acetone. During the laser irradiations the
substrates were kept at room temperature.

The CdSe/ZnS core shell QDs were investigated by transmis-
sion electron microscopy (TEM). A JEOL 2011 transmission
electron microscope operated at an acceleration voltage of
200 kV was used for observing the CdSe/ZnS QDs. The samples
were purified by acetone precipitation from their chloroform or
hexane solutions. The laser immobilized QDs were prepared for
TEM analysis by placing a droplet of milli-Q water on the
deposited nanostructures with a subsequent mild stirring to
suspend the QDs. The droplet was then transferred with a pipet
onto a carbon-coated copper grid and left to evaporate. Energy
dispersive X-ray spectroscopy (EDX) analyses were carried out
using an Oxford Instruments EDX detector controlled by INCA
software. Quantum yields (QY) measurements were performed
with the aid of a SPEX-Fluorolog fluorometer spectrometer
relative to Rhodamine 6G dye, at 530 nm excitation wavelength.
Solutions of QDs in chloroform and dye in ethanol were optically
matched at the excitation wavelength. Fluorescence spectra
of solutions containing QDs and dye were taken under iden-
tical spectrometer conditions. To calculate QY the optical
density at the peak was kept below 0.05, and the integrated
intensities of the emission spectra were corrected for differences
in index of refraction and concentration. The hydrodynamic
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diameter (HD) of the synthetised CdSe/ZnS core—shell QDs
was measured by dynamic light scattering analysis using a Nano
series dynamic light scatterer from Malvern. The samples were
measured in CHCl; with QD concentrations between 0.06 and
0.30 #M and filtered through a 0.2 ym filter before analysis. The
surface morphology and growth mode of the deposited nanos-
tructures were investigated by atomic force microscopy (AFM)
by intermittent contact (dynamic) configuration with a 5100
AFM/SPM apparatus from Agilent Technologies. The AFM
measurements were studied with MountainsMap software from
Digital Surf. Fluorescence optical images were acquired using a
Carl Zeiss Axio Observer Z1 inverted microscope equipped with
a motorized XY stage. A 100-W Hg lamp was used as excitation
light source. Microscope images were acquired with an Axio-
CamHR digital CCD Color Camera and image capture and
exposure times were controlled using Axio Vision Rel 4.6

software.

3. RESULTS AND DISCUSSIONS

The synthesized CdSe/ZnS core—shell QDs were analyzed by
TEM (Figure 1). As can be observed in the higher resolution
TEM image (Figure 1b), the QDs have a narrow size distribution,
with dimensions between 4 and 6 nm. High-resolution TEM
(HRTEM) investigations showed that the particles have two
different crystalline structures. The measured interplanar dis-
tances correspond to the ZnS hexagonal wurtzite as well as ZnS
cubic zinc-blende phases. No significant difference can be
observed as concerns the crystalline structure between the
QDs immobilized with different laser fluence values as well as
the nonirradiated base material (Figure 2). The interplanar
distances correspond to the bulk ZnS hexagonal wurtzite and
ZnS$ cubic zinc-blende crystalline phases. These measured bulk
interplanar distances can be explained by the high ~S ZnS
monolayers shell coverage, since it has been reported that at

Figure 1. TEM images of CdSe/ZnS core shell QDs deposited on SiO,
glass substrates covered by silica sol gel deposited film at 0.1 J/cm® laser
fluence.

coverage higher than ~2 monolayers ZnS shells grow with the
bulk ZnS lattice parameter, with incoherence between the CdSe
core and the Zn$S shell'' As in our case, TEM micrographs
correspond to the ZnS structure and the growth of the thick ZnS
overlayer was described as epitaxial but incoherent."' The EDX
data confirms that the laser deposited nanostructures are com-
posed by CdSe and ZnS (Figure 3).

For the QY measurements the integrated intensity areas of the
fluorescence emission spectra for both solutions, one containing
QDs and the other dye, were corrected for differences in index of
refraction and concentration. The optical absorbance of QDs
containing solution at the excitation wavelength was about 0.0S.
The QY was calculated by the relative method™® according to the
equation

QYQp — QYdye (Adye /AQD) (EQD /Edye) (”QDsolvent ) > / (ndyesolvent ) >

Where QYgy. stands for the QY of the solution containing the
Rhodamine 6G dye, A the absorbance of the solutions, E the
corrected intensity areas, and 7 the average refractive index of the
solutions. A QY of 0.12 was estimated. The relatively low QY
value could be associated with the high coverage of QDs,
approximately 5 ZnS monolayers. It was reported that the QY
begins to decrease as the surface coverage exceeds approximately
a completed Zn$ shelling.""'>*" This behavior was attributed to
the effect of strain created at the interface due to the 12% lattice
mismatch between CdSe and ZnS leading to a incoherent
epitaxial mechanism for the growth of the ZnS shell at high
coverage, as suggested also by our HRTEM results. The relaxa-
tion of the crystallographic structure should be associated with
formation of structural defects, dislocations, and grain bound-
aries and creation of sources for nonradiative recombination sites
in the ZnS shell."!

Figure 4 shows the tilted AFM image (a) and surface profile
(b) across the line marked in the AFM image of silica films
deposited by sol gel technique on SiO, glass substrate. The
formation of dome-shaped structures of the films surface can be
observed, with an average in-plane diameter of about 0.5—1 yum
and height around 30 nm. The density of these structures is about
0.1 /,tmfz. A root-mean-square (rms) roughness of 1.5 nm was
measured. We would like to note that the porous structure of the
layers can not be observed due to the small size of the pores,
smaller or similar to the AFM tip diameter of 10 nm. Then, the
surface roughness is underestimated, including also the contribu-
tion of the AFM tip.

Figure S shows the tilted (a, b, d, ¢) AFM images as well as
surface profiles (c, f) across the line marked in the AFM images of

Figure 2. HRTEM images and fast Fourier transform patterns of (a) reference drop-cast sample and CdSe/ZnS core shell QDs deposited on SiO, glass
substrates covered by silica sol gel deposited film at (b) 0.2 and (c) 0.1 J/ cm? laser fluence.
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Figure 3. EDX spectrum of CdSe/ZnS core shell QDs deposited on
SiO, glass substrates covered by silica sol gel deposited film at 0.1 J/cm®
laser fluence.

Figure 4. Tilted AFM micrograph and surface profile across the line
marked in the AFM micrograph of sol gel deposited silica film on SiO,
glass substrates.

CdSe/ZnS core—shell nanoparticles immobilized on SiO, glass
substrates coated with silica films, at incident laser fluence values
of 0.2 (a—c) and 0.1 J/cm® (d—f). The particulates present on
the surface of films deposited at both laser fluence values have a
quite homogeneous size distribution. As can be observed, the
deposited material consists of tens of nanometer sized clusters.
However, at 0.2 J/cm® laser fluence the deposition is not
continuous over the substrate surface forming an interconnected
line-structure (marked in Figure Sa). At higher magnification the
individual particles can be clearly distinguished (Figure S b).

With the decrease of the laser fluence the deposited films surface
is characterized by a more uniform morphology, constituted by
tens of nanometer sized particulates (parts d and e of Figure S).

The efficiency and homogeneity of the QDs attachment is
superior on the silica buffer layer related to the nontreated glass
slide surface (data not shown). This could be due to the porosity
of the surface and the presence of dome-shaped structures
providing a higher specific surface area and therefore a larger
available area for QDs attachment as compared to the completely
flat glass substrate. Moreover, the porous silica structure can be
broken locally by the laser transferred particles. Note that at
higher magnification the particles seem to be embedded in the
silica matrix (parts b and e of Figure S). In addition, it was
reported that multivalent hydrophobic interactions provide a
strong driving force for efficient immobilization of TOPO
surfactant-coated QDs in silica nanopores.*” A further advantage
of the silica film is that allows for the utilization of different
support materials (glass, fiber optics, polymeric or plastic, etc.)
keeping similar characteristics as regards surface topography for
the QDs deposition.

The optical micrographs (parts a and b of Figure 6) of
immobilized CdSe/ZnS core—shell nanoparticles evidence the
formation of a long-range self-organized networklike morphol-
ogy. The network is constituted by interconnected lines as
observed also by AFM (see Figure Sa) composed by CdSe/
ZnS QDs with transversal dimensions reaching about one
micrometer and lengths of several micrometers. Figure Sb shows
a detail of one of these lines constituted by tens of nm sized
clusters. The density of the lines increases with the decrease of
the laser fluence, resulting in a percolated structure.

Figure 7 shows the optical microscope (a) and the fluores-
cence (b) images corresponding to the same surface area of a
positive reference (blank) sample prepared by the deposition
onto SiO, glass substrate of a drop from the solution, 2.5 ug of
CdSe/ZnS core shell QDs in 3 mL toluene, used for the frozen
composite targets preparation in the MAPLE experiments. The
observed orange fluorescence (Figure 7b) is characteristic for the
CdSe/ZnS QDs using UV light for excitation.

The optical microscopy images and the fluorescence patterns
corresponding to the same surface area of the deposited QDs on
the SiO, glass substrates coated by silica films are presented in
Figure 8. The insets belong to the edge of the depositions, the
border between the substrate surface and the laser transferred
QDs. The fluorescence image corresponding to the sample
obtained with 0.1 J/cm” (Figure 8d) is more intense as compared
to that of the QDs immobilized using higher, 0.2 J/ cm? laser
fluence (Figure 8b) and reproduces the characteristic organized,
networklike surface morphology. On the other hand, the inten-
sity of the fluorescence patterns of the laser immobilized QDs
can not be compared to that of the reference drop-cast sample
(Figure 7b). A direct comparison would be possible only if the
quantity of the laser evaporated QDs would be equal to the
quantity of the QDs deposited by drop-casting. The few ran-
domly distributed large micrometer sized particulates visible also
in parts a and b of Figure 6 are the most probably characteristic
for the substrate surface morphology since they are present on
the uncovered substrate areas as well (see inset of Figure 8a).

The QDs are transported to the substrate surface the most
probably by the solvent vapor. The laser pulses incident onto the
frozen target cause melting of the composite target followed by
the vaporisation of the liquid solvent. We would like to note that
we chose toluene as solvent for the frozen composite targets
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Figure 5. Tilted AFM micrographs (a, b, d, e) as well as surface profiles (¢, f) across the lines marked in the AFM micrographs of CdSe/ZnS core shell
QDs thin films obtained on SiO, glass substrates covered by silica sol gel deposited film at (a, b, ¢) 0.2 and (d, e, f) 0.1 J/em? laser fluence.

Figure 6. Optical microscopy images of CdSe/ZnS core shell nanos-
tructures obtained on SiO, glass substrates covered by silica sol gel
deposited film at 0.2 (a) and 0.1 J/cm® (b) laser fluence. Scale bars
correspond to 20 ym.

preparations due to its highly absorption at the wavelength of the
incident laser radiation. This is the typical situation in MAPLE
experiments, where the solvents are highly absorbing at the
incident laser wavelength in order to ensure a protection for the
material to be irradiated and transferred to the substrate surface.

On the other hand, the laser radiation is also absorbed by the
QDs. The threshold laser fluences necessary for ablation and
plasma ignition upon KrF* excimer laser irradiation of CdSe and
ZnS with a pulse width of 14 ns were estimated to be 0.1 and 1.3
J/cem® for CdSe and ZnS, respectively. These laser fluence values
correspond to incident laser irradiances of 7.1 and 92.8 MW/
cm?, respectively.33 Moreover, it was found that due to the low
sublimation temperature of ZnS, the sublimation process is
responsible for the onset of ablation, before the material reaches
its melting temperature.** Theoretical calculations showed that a
threshold laser irradiance value of 16.6 MW /cm? is sufficient to
reach the sublimation temperature on the surface of ZnS:Mn thin
films.>®> We would like to note that the 0.2 J/ cm? laser fluence
used in our experiments corresponds to an irradiance of 8 MW/
cm?, well below the calculated sublimation threshold value.
However, the thermal diffusion length in ZnS for 25-ns laser
pulses can be estimated at around 900 nm.*® As a consequence,
the ablation process in case of the only 5 monolayer thick ZnS
shells is governed by the CdSe cores, the incident laser irradiance
being at the limit of the estimated plasma ignition threshold.>
Then, part of the irradiated QDs especially those situated in the
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Figure 7. Optical microscopy (a) and fluorescence (b) images corresponding to the same surface area of positive reference (blank) sample prepared by
the deposition onto SiO, glass substrate of a drop from the solution, 2.5 ug of CdSe/ZnS core shell QDs in 3 mL toluene, used as targets in the MAPLE

experiments. Scale bars correspond to 20 um.

Figure 8. Optical microscopy (a, c) and fluorescence (b, d) images corresponding to the same surface area of CdSe/ZnS core shell nanostructures
obtained on SiO, glass substrates covered by silica sol gel deposited film at 0.2 (a, b) and 0.1 J/cm® (¢, d) laser fluence. The insets belong to the border
between the substrate and CdSe/ZnS QDs thin films. Scale bars correspond to 20 um.

outmost surface layer of the frozen composite target could be
damaged. However, the solvent vapor can carry QDs toward the
substrate surface from deeper zones, where the temperature just
surpasses the evaporation temperature of toluene.

Conversely, the laser fluence value of 0.1 J/ cm?, with the
corresponding 4 MW/ cm? irradiance, remains below the plasma
ignition threshold of CdSe. Indeed, as can be observed in the
AFM and optical microscopy images, a higher amount of material
were transferred and immobilized at 0.1 J/cm? laser fluence as
compared to 0.2 J/cm®, and the fluorescence patterns are more
intense. Besides, at 0.1 J/cm” laser fluence the fluorescence
pattern reproduces the specific networklike surface morphology
visible in Figure 8c. These results confirm that the CdSe/ZnS
core—shell QDs were transferred at 0.1 J/cm” incident laser

fluence to the substrate surface without damage or selective
evaporation.

B CONCLUSION

The synthesized CdSe/ZnS core—shell QDs have a narrow
size distribution, with dimensions between 4 and 6 nm. The
obtained CdSe/ZnS QDs were immobilized by UV-MAPLE
onto SiO, glass substrates covered by silica films. The formation
of a specific self-organized network-like morphology was ob-
served, built from micrometer-sized lines of CdSe/ZnS core—
shell QDs. At high laser fluence value damage of QDs situated in
the outmost surface layer of the frozen composite target can
explain the reduced fluorescence of the processed and transferred
material. At lower incident laser fluence the deposited QDs
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structure the fluorescence pattern is more intense and repro-
duces the specific network-like surface morphology, proving that
laser techniques are suitable for the immobilization of CdSe/ZnS
QDs. The preserved functional properties make the immobilized
QDs suitable for key applications as biosensors, lasers, or high
performance electronic devices.
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CdSe/ZnS core-shell quantum dots (QDs) have been immobilized
onto solid substrates by matrix assisted pulsed laser evaporation
(MAPLE). An UV KrF" (A =248 nm, Trwpm =225 ns) excimer
laser source was used for irradiations of the composite MAPLE
targets. The targets were prepared by the dispersion of the
CdSe/ZnS QDs in a solvent with high absorption at the incident
laser radiation. The dependence of the surface morphology,

1 Introduction CdSe/ZnS core-shell quantum dots
(QDs) have received special interest from the scientific
community due to their high photoluminescence (PL) quantum
yield (QY) with narrow bandwidth, large band gap tunability
across the visible spectrum and robustness for being processed
[1]. Composite materials containing CdSe/ZnS nanocrystals are
promising for a wide range of high-performance applications,
as biosensors [2, 3], high efficiency quantum-LEDs [4-6],
photovoltaic devices [7, 8], and lasers [9].

As compared to conventional processes used for the
immobilization of inorganic nanoparticles, drop casting or
spin coating from colloidal solutions, laser technologies
offer several advantages: high reproducibility, practically
any kind of substrate materials can be used without any pre-
treatment procedure, good control over the immobilized
material structure and composition, and thus the possibility
of tailoring its functional properties. Additionally, the
technique allows for multilayers growth and due to its

crystalline structure, chemical composition, and functional
properties of the laser transferred CdSe/ZnS QDs on the
processing conditions as incident laser fluence value and
ambient atmosphere inside the irradiation chamber was
investigated. The possible physical mechanisms implied in
the laser ablation process were identified.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

pulsed character offers a good control over the amount of
evaporated and immobilized material through the number
of laser pulses. Matrix assisted pulsed laser evaporation
(MAPLE) is a laser-based deposition technique in which the
material to be immobilized on a solid substrate surface is
suspended in a solvent and frozen in liquid nitrogen [10]. The
obtained target is subsequently irradiated using laser pulses.
The MAPLE technique has already been tested for a large
variety of materials, such as functional polymers [11-14],
proteins [15-18], bacteria, and even living cells [10]. Some
recent studies have demonstrated the use of this technique
for the successful deposition of TiO, and SnO, colloidal
nanoparticles [19] and carbon nanopearl films [20] by
ultraviolet (UV)-MAPLE, or CdSe QDs [21] by resonant
infrared (RIR)-MAPLE techniques.

In this work, UV-MAPLE technique was applied for
the transfer and immobilization onto solid substrates of
CdSe/ZnS core-shell QDs. These investigations represent a

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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continuation of our previous work on CdSe/ZnS QDs
immobilization in vacuum conditions at low laser fluence
values [22]. The main purpose of the present research was to
elucidate the influence of the experimental conditions such
as incident laser fluence value and ambient atmosphere
inside the irradiation chamber on the structure, chemical
composition, and fluorescence properties of CdSe/ZnS QDs.
The possible physical phenomena taking place during
UV-MAPLE process were also identified and discussed.

2 Experimental For the synthesis of CdSe/ZnS
QDs standard procedures were used, as described in
Refs. [23, 24]. The details of the synthesis process were
presented in our previous work [22]. The laser irradiations
were performed inside a stainless steel deposition
chamber with the aid of a pulsed UV KrF* (1 =248 nm,
TrwaM =2 25 ns, v = 10 Hz) COMPexPro 205 Lambda Physik
excimer laser source. Before each experiment the irradiation
chamber was evacuated down to a residual pressure of
1.6 x 107> Pa. The laser immobilization experiments were
performed in vacuum or in 0.3 PaN, atmosphere. Toluene
was used as solvent for the preparation of the composite
MAPLE targets. The target preparation conditions and
details of laser irradiation experiments were described in
Ref. [22]. 10* laser pulses were applied for the deposition of
each nanostructure. SiO, glass plates were used as substrates.
The laser fluence value incident on the target’s surface was
fixed at 0.25 or 0.45Jcm ™2 The MAPLE workstation was
purchased from Surface Systems & Technology GmbH & Co
KG, (Hiickelhoven, Germany).

The structure of the QDs before and after deposition was
studied by transmission electron microscopy (TEM). The
samples preparation procedure was described in Ref. [22].
TEM images were acquired on a Jeol JEM-2011 system
operated at 200kV. Energy dispersive X-ray spectroscopy
(EDX) analyses were carried out using an Oxford Instru-
ments EDX detector controlled by INCA software. The
surface morphology and growth mode of the deposited
nanostructures were investigated by atomic force micro-

scopy (AFM) by means of intermittent contact (dynamic)
configuration with a 5100 SPM apparatus from Agilent
Technologies. The AFM data were processed with the aid of
MountainsMap software from Digital Surf. The fluorescence
properties of the QDs were investigated with the aid of an
inverted microscope model TE2000-S from Nikon equipped
with a Nikon HMX-4 100 W Mercury lamp as a light source.
Microscope images were acquired with an Evolution MP 5.1
megapixel digital CCD Color Camera (Media Cybernetics)
and image capture as well as exposure times were controlled
using Image Pro Plus 5.0 software (Media Cybernetics).

3 Results and discussion Figure 1 shows the TEM
images of (a) the reference CdSe/ZnS core shell QDs drop-
cast sample as well as nanostructures immobilized at (b)
0.45Jcm 2 laser fluence in vacuum and at (c) 0.25Jcm >
laser fluence in 0.3 Pa N, atmosphere. The reference sample
was deposited by drop-casting from the liquid MAPLE target
solution, 2.5 pg CdSe/ZnS core-shell QDs in 3 ml of toluene,
on Si0O, glass substrate, identical to those used in the laser
immobilization experiments. As can be observed, both the
spherical shape and dimensions, around 5 nm in diameter, of
the particles were preserved after the laser processing and
transfer. However, in the case of the sample deposited
at 0.45Jcm ™ laser fluence besides the spherical particles,
elongated whisker like nanostructures called in literature
quantum rods [25], can be identified with high, about 2.5,
aspect ratio (Fig. 1b). We mention that nanorods are not
present in the reference sample suggesting that they were
formed as an effect of laser irradiation possibly during the
transit of the laser irradiated material from the target towards
the substrate surface.

The HRTEM image of the reference sample (Fig. 2)
contains particles with two different crystalline structures.
The measured interplanar distances of (A) 0.33 nm can be
assigned to the {100}, {110} and respectively {010} lattice
plane reflection of the ZnS hexagonal wurtzite (JCPDS
file no. 036-1450) as well as (B) 0.31 and 0.27 nm assigned to
the {111} and respectively {200} lattice plane reflections of

Figure 1 TEM images of (a) reference drop-cast sample prepared by the deposition onto SiO, glass substrate of a drop from the solution,
2.5 pg of CdSe/ZnS core shell QDs in 3 ml toluene, used as targets in the MAPLE experiments and CdSe/ZnS core shell QDs deposited
on SiO; glass substrates at (b) 0.45] cm 2 laser fluence in vacuum as well as (c) 0.25J cm 2 laser fluence in 0.3 PaN, atmosphere.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2 HRTEM image of reference drop-cast sample prepared
by the deposition onto SiO, glass substrate of a drop from the
solution, 2.5 pg of CdSe/ZnS core shell QDs in 3 ml toluene, used
as targets in the MAPLE experiments. The insets correspond to
FFT patterns of the selected areas.

the ZnS F43m (zinc blende) cubic (JCPDS file no. 005-
0566) phases. The insets correspond to the fast Fourier
transformation (FFT) patterns of the selected areas. The FFT
of the selected areas are viewed along the [001] and [011]
zone axis of the ZnS hexagonal and cubic phases. It has been
reported that the thickness of the ZnS shell determines the
crystalline structure of the core-shell QDs [26]. At low-
coverage ZnS growth is coherent and epitaxial on the CdSe
nanocrystals used as nucleation centers and the lattice fringes
are similar to the bulk CdSe. However, at coverage higher
than ~2 monolayers ZnS shells grow with the bulk ZnS
lattice parameter, with incoherence between the core and the
shell. Indeed, as in our case with ~5 ZnS monolayers, TEM
micrographs correspond to the ZnS shell and the growth of
the thick overlayer was described as epitaxial but incoherent.
Indeed, X-ray diffraction peaks for the core-shell structures
has been reported to shift towards the position of the bulk
values of the shell [1, 26, 27]. Two distinct mechanisms were
proposed to explain this behavior [1]: (i) the growth could be

coherent at low coverage but as the thickness of the shell
increases, the strain due to the lattice mismatch between
CdSe and ZnS of 12% could induce the formation of
dislocations relaxing the structure and thus the growth
progresses incoherently or (ii) the growth begins in form of
small islands of ZnS with a structure coherent with the CdSe
core and as the thickness of the shell increases the islands
coalesce to form a shell with a relaxed structure similar to
that of bulk ZnS.

The HRTEM images of the laser transferred QDs prove
that the crystalline structure of the laser transferred particles
was unchanged as compared to that of the reference non-
irradiated QDs deposited by drop-cast method from the
liquid MAPLE target solution (Fig. 3). The measured
interplanar distances correspond to the lattice plane reflec-
tions of the hexagonal and cubic zinc-blende ZnS phases
(Fig. 3a and c). In case of the sample deposited at the highest
laser fluence the measured interplanar distance of the
quantum rods (Fig. 3b) of 0.25nm can be assigned to
the {102} lattice plane reflection of the hexagonal CdSe
phase (JCPDS file no. 008-0459).

The EDX spectra of reference non-irradiated drop-cast
sample and laser deposited sample at 0.25J cm 2 incident
fluence value are presented in Fig. 4. Both the spectrum of the
reference (Fig. 4a) as well as laser deposited sample (Fig. 4b)
are composed by the lines corresponding to the CdSe/ZnS
core shell QDs.

The additional lines in the EDX spectra are specific to the
substrate as well as the TEM specimen grid. The intensity of
the lines is proportional to the amount of material present
on the microscope grids. However, at high, 0.45] cm 2 laser
fluence, most probably due to the smaller amount of
material immobilized on the substrate surface and trans-
ferred to the microscope grid, it was not possible to record
EDX spectra.

Figure 5 shows the top view (a, d, and g) and tilted higher
magnification (b, e, and h) AFM images as well as surface
profiles (c, f, and 1) of CdSe/ZnS core-shell nanostructures
immobilized on SiO, glass substrates, at incident laser
fluence values of 0.45 (a—c) and 0.25] cm 2 (d-f) in vacuum

Figure 3 HRTEM images and FFT patterns of CdSe/ZnS core shell QDs deposited on SiO, glass substrates at (a and b) 0.45 J cm ™ laser
fluence in vacuum as well as (c) 0.25 Jcm 2 laser fluence in 0.3 PaN, atmosphere.

WWwWw.pss-a.com
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Figure 4 EDX spectra of (a) reference drop-cast sample prepared
by the deposition onto SiO, glass substrate of a drop from the
solution, 2.5 pg of CdSe/ZnS core shell QDs in 3 ml toluene, used
as targets in the MAPLE experiments and (b) CdSe/ZnS core shell
QDs deposited on SiO, glass substrates at 0.25 J cm ™2 laser fluence
in 0.3 Pa N, atmosphere.

as well as at 0.25Jcm 2 fluence and 0.3 PaN, atmosphere
(g-1). As can be observed, at high, 0.45] cm~? laser
fluence the deposited material consists of particulates
forming separate islands without covering completely the
substrate surface (Fig. 5a). The particulates have an average
in plane diameter and height of around 100 nm (Fig. 5b and
¢). With the decrease of the incident laser fluence to

0.25Jcm 2, the surface morphology of the immobilized
material changes being characterized by continuous cover-
age over the substrate surface and the presence of circular
features with diameters from about 1 to a few pm (Fig. 5d
and e). Similar surface morphology can be observed also
for the sample deposited at the same laser fluence but in
0.3PaN, atmosphere (Fig. 5g and h). The corresponding
surface profiles are presented in Fig. 5c, f, and i, across
the lines marked in the AFM images (Fig. 5b, e, and h).
The profile of the deposition obtained at 0.45 J cm ™2 fluence
reproduces the shape of the particulates present on the
surface (Fig. 5c). At lower, 0.25] cm 2 laser fluence both in
vacuum and N, atmosphere the profiles show the shape of the
circular features, containing high amount of material over
their whole area (Fig. Se and f) or ring-shape, concentrating
the material at their edges with heights of tens of nm (Fig. 5h
and 1).

Figure 6 shows the optical microscope (a) and the
fluorescence (b) images corresponding to the same surface
area of the reference drop-cast sample. An intense orange
fluorescence can be observed in Fig. 6b, which is typical
for the CdSe/ZnS QDs. The fluorescence signal follows
the surface morphology. Its intensity is due to the large

Figure 5 (online color at: www.pss-a.com) Top view and tilted AFM micrographs as well as surface profiles across the lines marked
in the AFM micrographs for CdSe/ZnS core shell QDs deposited on SiO, glass substrates in vacuum at (a—c) 0.45 and (d-f) 0.25] cm 2
laser fluence, as well as at (g—i) 0.25] cm ™2 laser fluence in 0.3 PaN, atmosphere.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6 (online color at: www.pss-a.com) Optical microscopy
(a) and fluorescence (b) images corresponding to the same surface
area of reference drop-cast sample prepared by the deposition onto
Si0; glass substrate of a drop from the solution, 2.5 g of CdSe/ZnS
core shell QDs in 3ml toluene, used as targets in the MAPLE
experiments.

amount of QDs transferred by drop-casting method. The
fluorescence images of the laser immobilized CdSe/ZnS
core-shell QDs are shown in Fig. 7. Representative intensity
profiles of each image are also included. For the deposition
obtained at high, 0.45J cm ™ laser fluence in vacuum small
number of intense orange fluorescent dots (with a maximum
intensity of about 200 a.u.) was observed on reduced
intensity (~25 a.u.) fluorescence background (Fig. 7a). The
fluorescent dots correspond the most probably to the large
particles and aggregates observed by AFM, composed by
QDs. With the decrease of the laser fluence to 0.25Jcm 2 a

pale orange tonality fluorescent background (~50 a.u.) can
be observed over the whole deposited area proving the
formation of a more uniform and continuous surface layer
composed by QDs. Fluorescent lines and spots can be also
distinguished (Fig. 7b). For the sample obtained at the
same, 0.25] cmfz, laser fluence and 0.3 PaN, atmosphere
the fluorescence pattern shows more intense fluorescent
orange tonality background (~60 a.u.) and several bright
orange dots (up to 210 a.u.), corresponding to CdSe/ZnS
core-shell QDs aggregates (Fig. 7c). Circular fluorescent
areas can be also distinguished, corresponding to the specific
ring-shape surface features observed by AFM, concentrating
significant amount of QDs at their edges. The intensity of the
fluorescent background diminished towards the periphery of
the sample to approximately 25 a.u. (Fig. 7d).

The observed surface morphology can be assigned to
photothermal ablation mechamisms. Indeed, according to
our numerical calculations assuming that the incident
light energy is entirely converted into thermal one, even at
the lowest, 0.25Jcm 2 incident laser fluence the surface
temperature reaches the boiling point of toluene, 110 °C, at
atmospheric pressure [28]. Thus, explosive boiling can take
place. Note also that under vacuum the boiling point is lower
than at atmospheric pressure. Molecular dynamic simulation
results suggested that explosive decomposition of the
MAPLE target leads to the expulsion of liquid droplets with
dimensions comparable to the optical penetration depth of

Figure 7 (online color at: www.pss-a.com) Fluorescence images and corresponding characteristic intensity profiles of CdSe/ZnS core
shell QDs deposited on SiO; glass substrates in vacuum at (a) 0.45 and (b) 0.25] cm ™ laser fluence, as well as at (cand d) 0.25J cm ™ laser

fluence in 0.3 Pa N, atmosphere.
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the matrix, incorporating and transporting the material of
interest towards the substrate surface [29]. The optical
penetration depth in toluene matrix was estimated at 8.9 um
from the inverse of the linear optical absorption coefficient
at 248nm [30]. However, the laser radiation is also
absorbed by the QDs. It was found that in the case of laser
irradiation of ZnS sublimation is the controlling factor for
the onset of ablation process, before reaching the melting
temperature [31]. This behavior is attributed to the low
sublimation temperature of ZnS. According to theoretical
calculations the laser intensity threshold value to reach the
sublimation temperature of ZnS:Mn thin films under KrF",
248nm wavelength excimer laser irradiation is around
16.6 MW cmfz, in agreement with the threshold determined
experimentally, around 15 MW cm ™2 [32].

In our experiments, the higher, 0.45 J cm ™2 laser fluence,
corresponding to an intensity value of 18 MWcm 2,
surpasses this threshold value. On the other hand, ZnS
sublimation can be followed by vaporization of the CdSe
particles. The threshold laser fluence necessary to ablate
CdSe was determined to be 1.3Jcm ™2 for a KrF* 248 nm
wavelength excimer laser with a pulse width of 14 ns, around
7MW cm 2 [33], well below our laser intensity value.
Sublimation of the ZnS shell with high QY as well as CdSe
nanoparticles vaporization could explain the low particulates
density observed by AFM on the substrate surface (Fig. 5a
and b) and the low fluorescence emission of the laser
processed and transferred material (Fig. 7a). We would like
to note that CdSe nanoparticles are covered with ZnS shell
specially to enhance its fluorescence QY [34]. Indeed,
uncoated CdSe nanoparticles could be identified by HRTEM
studies (Fig. 3b).

The 0.25Jcm™? laser fluence, corresponding to an
intensity value of 10 MW cm*2, remains below the sublima-
tion threshold of ZnS [31], but still exceeds the reported
ablation threshold of CdSe. The thermal diffusion length in
ZnS for 25 ns laser pulses was estimated at around 900 nm
[35]. As a consequence, the ablation process in case of the
only 5 monolayer thick ZnS shells is governed by the
CdSe cores. Then, part of the laser irradiated QDs, especially
those situated in the outmost surface layer of the frozen
composite target could be damaged. The presence of an
ambient gas inside the irradiation chamber produces plasma
confinement and an increase of the density of the ejected
species in the plasma [36]. As a consequence, the amount of
material reaching the substrate surface is higher than under
vacuum conditions, resulting in a more intense fluorescence
background (Fig. 7c and d).

The micrometer sized circular surface features (Fig. 5d,
e, g, and h) could be attributed to liquid droplets coming
from the target. We recall that we used toluene as solvent
material for the preparation of the MAPLE targets, with
high absortion at the wavelength of the incident laser
radiation. Molecular dynamics simulation of laser inter-
actions with polymers in a toluene matrix explain the
formation of “deflated balloon™ structures as the result of
droplet ejections during explosive boiling of the overheated

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

surface region of the MAPLE target [29]. The droplets
consist of a mixture of liquid solvent, polymer, and vapor-
phase solvent molecules. The solvent vapor inside the
droplet pushes the polymer molecules to the surface of
the droplet. Following the deposition of the droplet onto
the room-temperature substrate, the solvent evaporates
leaving behind the characteristic circular surface features.
To a certain extent, similar surface features were observed
in the case of carbon nanopearls films deposited by MAPLE
using the same incident laser wavelength and highly
absorbing solvents such as acetone, dimethyl formamide,
ethyl acetate, and toluene [20]. Conversely, the effect was
minimal in the case of solvents with low absorption at the
incident laser radiation such as dimethyl sulfoxide and
methanol.

4 Conclusion CdSe/ZnS QDs were immobilised on
the surface of SiO, glass substrates by UV-MAPLE
technique using a solvent with high absorption at the
wavelength of the incident laser radiation. The influence of
ablation process parameters such as incident laser fluence
value and ambient gas pressure inside the irradiation
chamber on the surface morphology, crystalline structure,
chemical composition, and functional properties of the
immobilised material was investigated. At low fluence
values and in the presence of ambient gas the shape,
dimensions, composition, and structure of the QDs were
preserved after the laser processing and immobilisation.
With the increase of the laser fluence the onset of sublimation
processes and selective evaporation of the QDs could explain
the loss of fluorescence properties of the processed and
transferred material.
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buffers for further biological applications.

Key words: (separated by Quantum dots - 3-Mercaptopropionic acid - Water-soluble - Phase transfer method -
-) Hydrodynamic diameter - E-Potential - Bio-conjugation
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Chapter 10

Synthesis and Functionalization of CdSe/ZnS QDs
Using the Successive lon Layer Adsorption Reaction
and Mercaptopropionic Acid Phase Transfer Methods

Ana Sofia Miguel, Christopher Maycock, and Abel Oliva

Abstract

Detailed protocols for the preparation of CdSe nanocrystals coated with a multishell structure of ZnS and
their surface modification based on the successive ion layer adsorption and reaction method are described.
The first phase of the synthesis produces a hydrophobic surface consisting of a TOPO,/HDA ligand
mixture. This is followed by a surface modification of the quantum dots (QDs) with 3-mercaptopropionic
acid by the phase transfer method. The modified QDs become soluble in aqueous systems such as water or
bufters for further biological applications.

Key words: Quantum dots, 3-Mercaptopropionic acid, Water-soluble, Phase transfer method,
Hydrodynamic diameter, &-Potential, Bio-conjugation

1. Introduction

Quantum dots (QDs) have emerged as a new class of fluorescent
label with unique optical properties. The development of water-
soluble and bio-conjugated QDs has made them very appealing for
applications in bio-sensing and bio-imaging. QDs made of CdSe
core and ZnS shells have been widely used for bio-conjugation (1).
Several procedures for the synthesis of CdSe/ZnS QDs have been
reported; including the method of successive ion layer adsorption
and reaction (SILAR) (2—4). The core-shell CdSe/ZnS QDs syn-
thesis reported here is based upon modified SILAR technique. The
obtained cores are monodisperse and after coating of the CdSe
(TOPO/HDA) with at least five monolayers of ZnS show a high
fluorescence, are stable in organic solutions and are suitable for the
posterior functionalization reactions with different ligands to

Mikhail Soloviev (ed.), Nanoparticles in Biology and Medicine: Methods and Protocols, Methods in Molecular Biology, vol. 906,
DOI 10.1007/978-1-61779-953-2_10, © Springer Science+Business Media, LLC 2012
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29
30
31
32
33
34
35
36
37
38
39

obtain hydrophilic and biocompatible QDs. However, CdSe /ZnS
core-shell QDs are synthesized in organic medium and have a sur-
face layer of lipophilic ligands which makes them insoluble in aque-
ous solution. We describe here the generation of water-soluble
CdSe/ZnS QDs by ligand exchange of TOPO/HDA with
3-mercaptopropionic acid (MPA). Ligand exchange by the phase
transfer method leads to a change of the surface polarity from
hydrophobic to hydrophilic and yields water-soluble nanoparticles.
The reported technique is advantageous due to its practical sim-
plicity and the potential for further derivatization through the
introduced carboxylic acid groups (5, 6).

40 2. Materials

41
42
43
44
45
46
47
48

49 2.1.CdSe Core
50 Nanocrystal
51  Components

52

53
54

55
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57
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59
60
61
62
63
64
65
66

67

All of the reagents used for the synthesis of CdSe/ZnS and
functionalization of MPA-coated QDs can be stored at room tem-
perature, unless indicated otherwise. All solutions should be freshly
prepared under an argon atmosphere. We recommend using Pt 100
probe and a digital thermometer for the temperature control. Place
the probe inside the reaction flask. For aqueous solutions, ultra-
pure water is recommended (18 MQ at 25 °C, Millipore Milli-Q).
All common solvents should be p.a. ACS grade.

1. UV /Vis spectrophotometer Beckman DU-70 or similar
instrument.

2. Dynamic light scattering (DLS) instrument, Zetasizer Nano
ZS (Malvern Instruments).

3. Precision cells made of Quartz Supracil®, Type Nr 101-QS,
10 mm, Hellma.

4. Centrifuge for use with 50 mL centrifuge tubes and capable of
5,000x 4, e.g., Eppendorf 5804R.

5. Rotary evaporator, BUCHI rotavapor R-205 with vacuum
controller V-800 and heating bath B-490.

. Ultrasound bath, Banson 1200.
. Vortex mixer.

. pH meter.

O & NN O

. High vacuum pump.

10. Heating mantle.

11. Magnetic stirrer.

12. Digital thermometer with Pt 100 sensor.
13. Glass Pasteur pipettes (230 mm).

14. Disposable syringe (1, 2, and 5 mL)
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15.
16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
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13.
14.
15.
16.
17.
18.
19.
20.

10 Mercaptopropionic Acid Coated CdSe/ZnS QDs

Polypropylene centrifuge tubes (50 mL).

Syringe needles (19-gauge stainless steel, 10 in., with Luer hub
and deflecting tip).

100 mL three-neck flask.

10 mL two-neck flask.

Chloroform.

Methanol (puriss. p.a., Reag. ACS).

Cadmium oxide (99.99 %).

Trioctylphosphine oxide (TOPO, technical grade).
Oleic acid (Ph Helv).

1-Hexadecylamine (HDA, tech. 90 %).

Selenium /trioctylphosphine (Se /TOP) solution: add 0.0632 g
of selenium powder (99.5 %, powder, 100 mesh) into a 10 mL
two-neck flask under an argon flow. Add 2.4 mL of trioc-
tylphosphine (TOP, tech. 90 %) and sonicate the solution until
a colorless optically clear solution is obtained.

. Centrifuge for use with 50 mL centrifuge tubes and capable of

8,000 x g, e.g., Eppendort 5804R.

. Rotary evaporator, BUCHI rotavapor R-205 with vacuum

controller V-800 and heating bath B-490.

. Ultrasound bath, Branson 1200.

. High vacuum pump.

. Heating mantle.

. Magnetic stirrer.

. Digital thermometer with Pt 100 sensor.

. Glass Pasteur pipettes (230 mm).

. Filter (PTFE membrane, 0.2 um pore size, filter-&: 15 mm).
10.
. Single-use syringes (1, 2, and 5 mL).
12.

Polypropylene centrifuge tubes (15 and 50 mL).

Syringe needles (19-gauge stainless steel, 10 in., with Luer hub
and deflecting tip).

100 mL three-neck flask.

10 mL two-neck flasks.

250 mL glass funnel.

Chloroform.

Methanol (puriss. p.a., Reag. ACS).
Hexane.

Acetone.

TOPO (technical grade).
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122 2.3. MPA-Coated QDS
123 Components
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140  2.4. Optical

141 Characterization
142 Components
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23.
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14.

1-Hexadecylamine (tech. 90 %).

Zinc oxide precursor solution. To prepare 0.1 M solution
transfer 0.041 g of ZnO to a 10 mL two-neck flask, under
argon flow and add 1.4 mL of oleic acid (Ph Helv). Heat the
mixture at 300 °C until the solution is completely clear. Add
3.6 mL of 1-octadecene (tech. 90 %) and keep the final solu-
tion at 80 °C until the growth shell procedure is complete.

Elemental sulfur solution: The sulfur precursor solution,
0.1 M, is prepared by dissolving sulfur in 1-octadecene (tech.
90 %) at 180 °C. In a 10 mL two-neck flask, under argon, con-
taining 0.016 g of elemental sulfur (99.98 %, powder), add
5 mL of 1-octadecene. Heat the solution until a clear solution
is obtained, indicating that all sulfur is completely dissolved in
the noncoordinating solvent. Maintain this solution at 80 °C
until the shell growth procedure is complete.

. UV /Vis spectrophotometer, Beckman DU-70.

. Centrifuge for use with 15 mL centrifuge tubes and capable of

7,500x% g, e.g., Eppendort 5804R.

. pH meter.
. Glass Pasteur pipettes (230 mm).
. Centrifugal filter devices (Vivapsin 6, MWCO 10 kDa PES

membrane).

. Polypropylene centrifuge tubes (15 mL).

. 10 mL volumetric flask.

. Glass vials with polypropylene snap cap (5 and 10 mL).
. Polypropylene micro tubes (2 mL).

10.
. Chloroform.
12.
13.

250 mL Duran Shott Bottle.

Sodium hydroxide (p.a. ACS grade).

Stock solution of MPA: In a 10 mL graduated volumetric flask,
add 400 pL of MPA (99 %) (4.59 mmol) to 10 mL of MeOH
tollowed by the addition of 500 mg of KOH.

10 mM NaOH in deionized water (pH 12).

. UV /Vis spectrophotometer, Beckman DU-70.

. Fluorescence  spectrophotometer SPEX  Fluorolog or

Fluoromax-4 (Horiba Jobin Yvon).

. DLS instrument, Zetasizer Nano ZS (Malvern Instruments).

. Precision cells made of Quartz Supracil®, Type Nr 101-QS,

10 mm.

. Universal “Dip” cell (ZEN 1002, Malvern Instruments) (see

Note 1).
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. Filters (PTFE membrane, 0.2 um pore size, filter-&: 15 mm).
. Rhodamine 6G in EtOH solution. Adjust concentration to

achieve the optical density at the peak of approximately 0.1 or
less.

. 10 mM NaOH in deionized water (pH 12).
. Single-use syringes (1 and 2 mL).
10.

Disposable needles (Z0.80x 50 mm).

3. Methods

3.1. Synthesis of CdSe
Gore Nanocrystals

. In a 100 mL three-neck flask, under an argon atmosphere,

place 0.042 g of cadmium oxide (CdO) and 0.6 mL of oleic
acid. Heat the mixture under stirring to 100 °C to obtain a
yellow optically clear solution.

. Then, remove the flask from the heat source and add 2 g of

1-hexadecylamine (HDA) and 2 g of TOPO. Heat the solu-
tion again, but this time to 280-300 °C. When all is com-
pletely dissolved, the temperature is stabilized at 280 °C and
the mixture should be optically clear.

. While keeping the mixture at 280 °C, in one single injection,

add 2.4 mL of Se/TOP solution prepared previously (see
Note 2).

. After 2 min at 280 °C remove the heating mantle. When the

temperature reaches 85 °C inject 20 mL of MeOH, to precipi-
tate the nanoparticles. Leave the reaction mixture to cool to
room temperature.

. Transfer the nanoparticle suspension to five 50 mL polypropyl-

ene centrifuge tubes (10 mL in each tube). Add 20 mL of
chloroform to each tube to force the precipitation of nanocrys-
tals and shake the tubes by hand to mix the solutions. Leave
the tubes to stand for 90 min at room temperature.

. Centrifuge the tubes at 5,000 x4 at room temperature for a

period of 10 min and discard the cloudy supernatant.

. Wash the concentrated pellet at the bottom of the tubes at

least three times with 20 mL of MeOH, centrifuging at
5,000 x 4 for a period of 10 min each time.

. Dry the final red-brownish pellet under vacuum and the nano-

crystals can then be dispersed in chloroform or hexane for fur-
ther processing. Otherwise, they can be stored as a powder in
the dark at 4 °C for several months.

. This procedure typically yields CdSe nanocrystals with the first

absorption peak at 568 nm with a diameter of about 3.5 nm.
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188 3.2. Synthesis of CdSe/
189 ZnS Gore-Shell

190  Nanocrystals, Based
191 on Successive lon
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For shell growth, the SILAR method was found to be the best
approach. This technique is based on alternating injections of pre-
cursor’s solutions containing metal oxides such as ZnO and ele-
mental sulfur into the solution containing the CdSe-core
nanocrystals. Using this method, layers of ZnS can be grown suc-
cessively around the core. The noncoordinating solvent,
1-octadecene is the most appropriate solvent for the growth of
high-quality nanocrystals in general. It has a low melting point,
high boiling point, low cost, low toxicity, low reactivity to precur-
sors and excellent solvation power for many compounds at elevated
temperatures (7, 8). 1-Hexadecylamine (HDA) is used as ligand
for the core-shell nanocrystals because alkylamines have proven to
be very good ligands for highly luminescent plain CdSe /ZnS core-
shell nanocrystals (9).

1. Add 3 mL of 1-octadecene and 1 g of 1-hexadecylamine to a
100 mL three-neck flask. Heat the flask under vacuum at 70 °C
during 1 h to remove any traces of water and then cool to
room temperature.

2. Disperse ~30 mg of CdSe nanocrystals (from Subheading 3.1),
in a polypropylene tube in 15 mL of chloroform and filter
using a 0.2 um PTFE membrane.

3. Place the chloroform suspension containing the CdSe nano-
crystals in the flask and remove the chloroform and other vola-
tiles by heating under vacuum at 70 °C for 30 min (see
Note 3).

4. Remove the vacuum and heat the system under an argon atmo-
sphere to 245 °C. Maintain the reaction at this temperature for
the duration of the shell growth procedure.

5. To calculate the amount of Zn- and S-precursor for the growth
of the first monolayer, assume that the surface of the CdSe-
cores consists equally of Se and Cd atoms. For a solution con-
taining CdSe nanocrystals with 3.5 nm (1.01 x10-* mmol),
0.47 mL of Zn and S precursor solutions should be added for
the first layer; 0.64 mL of each injection solution for the sec-
ond layer; 0.84 mL of each injection solution for the third
layer; 1.064 mL of each injection solution for the fourth layer,
and 1.32 mL of each injection solution for the fifth layer (see
Note 4).

6. After the final injection, incubate the reaction mixture for
30 min at 260 °C.

7. Cool the reaction to room temperature and add 30 mL of
hexane. Transfer the solution to a 250 mL glass extraction fun-
nel and remove the unreacted compounds and possible byprod-
ucts by successive MeOH extractions (20 mL, 6-8 washes)
(see Note 5).
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3.3. Water-Soluble
QDs: QDs Capped with
3-Mercaptopropionic
Acid
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10.
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Transfer the hexane /ODE phase containing the nanoparticles
to a 50 mL centrifuge tube and wash with acetone. Centrifuge
at 8,000 x g at room temperature for 10 min (see Note 6).

. Suspend the final pellet in about 15 mL of hexane and precipi-

tate the nanoparticles with the addition of the same volume of
MeOH. Centrifuge at 8,000x4 at room temperature for
10 min.

Discard the colorless supernatant and dry the final red-brown-
ish pellet under high vacuum for 1 h. The final QDs can be
dispersed in chloroform or hexane for further processing.
Otherwise, it can be stored as a powder in the dark at 4 °C for
several months.

The MPA-coated QDs are obtained by the phase transfer method
(4, 10). When reacted with ZnS-capped CdSe QDs in chloroform,
the mercapto-group binds to the Zn atom and the polar carboxylic
acid group renders the QDs water-soluble. The free carboxyl group
is also available for covalent coupling to various biomolecules (such
as proteins, peptides, and nucleic acids) by cross-linking to reactive
amine groups (0).

1.

Add 10 mg of CdSe/ZnS (ODE/HDA) QDs to a 5 mL glass
vial and disperse in about 1.5 mL of chloroform to give a high
concentration solution (optical density, OD=1.5). Then, add
200 puL of a fresh stock solution containing MPA, close the vial
with a snap cap and manually shake for 2 min (see Note 7).

. Add 1.5 mL of NaOH solution 10 mM (pH 12) to the

flocculate solution and manually shake it again. Two phases
appear which correspond to the transfer of QDs from the
organic to the aqueous phase.

. For the complete phase separation, transfer the two-phase

solution to a 15 mL polypropylene tube and centrifuge at
5,500 x g at room temperature for 5 min. Recover the aqueous
phase (colored phase). Repeat steps 2 and 3 to ensure the total
collection of water-soluble QDs.

. Purify and concentrate the aqueous solution containing the

MPA-capped CdSe/ZnS QDs using a Vivapsin 6 tube (cutoff
10 kDa) at 7,500 x g, at room temperature for 15 min and
wash (three times) with NaOH solution 10 mM (pH 12).

. Disperse the concentrated sample in 1 mL of NaOH solution

10 mM (pH 12) affording an orange optically clear solution.
The sample can be stored in the dark at 4 °C (see Note 8).
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273 3.4. Characterization Record UV-Vis absorption spectra using a spectrometer and
274 of CdSe/ZnS and photoluminescence (PL) spectra with a spectrofluorometer.
275 Corresponding Quantum yields (QY) can be measured relative to Rhodamine 6G
276  MPA-QDs in ethanol solution with excitation at 530 nm. Solutions of QDs in
277 ) chloroform (CdSe/ZnS QDs) or water (MPA-QDs) and dye in
2 41 0p tl.cal. ethanol are optically matched at the excitation wavelength
27g  Characterization (A=530 nm). Fluorescence spectra of QDs and dye are measured
280 under identical spectrometer conditions. The optical density at the
281 peak should be maintained below 0.1, and the integrated intensi-
282 ties of the emission spectra, corrected for differences in index of
283 refraction and concentration, should be used to calculate QY using
284 the expression (see Note 9):
izz QYQD = QYDye X (abSDye /abSQD) X (peak ar'eaQD /peak areaDye) X (nQDsoIvent)2/(1’.|Dyesolvent)2
287 where QY,) =0.95 (the quantum yield of the solution containing
288 Rhodamine 6G dye in EtOH), “abs” is absorbance of the solu-
289 tions, “peak area” =corrected areas under the emission peaks, and
290 n is average of refractive indexes of QDots and the dye solvents.
291 1. Using standard 10 mm path length Quartz cuvettes, record
292 the UV-Vis absorbance spectra of the CdSe@ ZnS QDots in
293 chloroform, MPA-QDots in water and Rhodamine 6G (dye)
294 in ethanol. The optical density for both samples and dye at
295 excitation wavelength should be below 0.1.
296 2. Record the emission spectra at 530 nm of the solutions pre-
297 pared in step 1 in the 10 mm fluorescence cuvettes (Fig. 1).
298 3. Correct the fluorescence spectra obtained in step 2 for both
299 samples and dye and calculate the integrated fluorescence
300 intensity, that is, the area of the fluorescence spectra, using the
301 appropriate spectrometer software.
302 4. Calculate the Quantum Yield using integrated intensities of
303 the emission spectra, corrected for differences in index of
304 refraction and concentration. Use the formula shown above
305 (see Note 9).
306 3.4.2. Concentration The determination of QD concentration in solution, water, or a
307 Determination given medium is not straightforward (see Note 10). Measurements
308 of QD Solutions of optical density can in principle be used to find molar concentra-
309 tions if there are established extinction coefficients for these mate-
310 rials. However, the published extinction coefficients for quantum
311 dots vary by more than an order of magnitude. These discrepancies
312 may arise in part from the sensitivity of absorption coefficients to
313 both quantum dot diameter and composition. According to some
314 literature, the absorption spectrum method seems to be the most
315 practical and convenient way to determine the particle concentra-

316 tions. Thus, the optical density in water is measured and an
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Fig. 1. Absorbance and fluorescence spectra. Absorbance spectrum of CdSe/ZnS core-shell (QD585) in CHCI, and MPA-
coated QDs in water (gray lines). Fluorescence spectra with absorption normalized at the excitation of QD585 (A =530 nm)
in CHCI, (QY=12 %) and in water after ligand exchange with MPA (QY =7 %) (black lines).

3.4.3. Dynamic Light
Scattering Measurements
of Hydrophobic and
Hydrophilic CdSe/ZnS QDs

absorption coefficient reported in the literature (see Note 11) for
CdSe core QDs is applied (to calculate the concentration using the
Lambert-Beer’s Law, A=¢bC, where A is the optical density, & is
the light path length, Cis the core/shell QD concentration, and €
is the extinction coefficient) (see Note 12).

1. Resuspend ~10 mg of CdSe core QDs in 1.5 mL of
chloroform.

2. Using 10 mm standard path length Quartz cuvettes, record
the UV-Vis absorbance spectra of the solution prepared in
step 1.

3. From the UV-Vis spectra obtained in the previous step, take
the absorbance value of the highest absorption wavelength
(absorption maximum) between 400 and 700 nm and deter-
mine NPs concentration (see Note 12).

Light scattering analysis is performed using a dynamic light scat-
terer. With this equipment, it is possible to analyze the hydrody-
namic diameter (HD) and zeta potential (§) of synthetic lipophilic
CdSe/ZnS QDs and their corresponding hydrophilic variant. HD
is obtained from number-weighted size distribution analysis and
reported as the mean of triplicate measurements. &-Potential is
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337
338
339
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341
342
343
344
345
346
347
348

349
350
351

352
353
354
355
356
357

measured only for hydrophilic QDs, because synthetic CdSe /ZnS
QDs have no charge density on their surface. Values are reported
as the average of triplicate runs consisting of 20 measurements at

25 °C.

1. Prepare 2 mL of each sample in the appropriate solvent and
concentration: CdSe/ZnS QDs in chloroform and MPA-QDs
in 10 mM NaOH (pH 12). For CdSe/ZnS and their corre-
sponding hydrophilic QDs, sample concentrations between
0.06 and 0.3 uM should be prepared. The samples concentra-
tion should be adjusted to accommodate the scattering prop-
erties of your sample and/or the optical requirements of your
specific instrument.

2. Take 1 mL of each sample solution using a 1 mL disposable
syringe and filter the sample through a 0.2 wm PTFE mem-
brane filter.

3. Transfer the filtered sample into the cuvette for analysis. The
cuvette should be filled slowly to avoid the formation of air
bubbles. For hydrodynamic diameter measurements, close the
cuvette with supplied cap before analysis to avoid contamina-
tion and solvent evaporation. In zeta potential measurements,
the cap is replaced by the universal “dip” cell which has to be

Fig. 2. Dynamic light scattering measurements. Representative dynamic light scattering histogram of (a) CdSe/ZnS QDs in
CHCI, and (b) after ligand exchange with MPA, giving HD =9.3 and 13.5 nm respectively.
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inserted inside the cuvette according to the manufacturer’s
instructions (see Note 13).

. Place the cuvette correctly in the sample holder (quartz win-

dows should be facing the incident beam and detector).

. Perform three measurements per sample at 25 °C (x1 min)

(during 1 min/20 runs for size and zeta potential measure-
ments respectively) with an equilibration time of 2 min.

. To analyze the obtained data, use the instrument’s software to

evaluate parameters such as autocorrelation data, size distribu-
tion, count rate, and zeta potential values (Fig. 2).

4, Notes

. 10 mm precision cells made of quartz should be used to ensure

that the optimum signal is achieved in size and zeta potential
measurements and due to their high resistance to aqueous and
nonaqueous solutions. Therefore, an additional universal “dip”
cell is required (according to instrument manufacturer’s
specifications) to measure zeta potential of the aqueous
samples.

. After the addition of the Se/TOP solution, there is always a

decrease in the temperature of the mixture inside the flask and
could reach 255-265 °C. In this case, you should wait until
the temperature stabilizes again to 280 °C to control the crystal
growth time.

. As the system is under high vacuum, the temperature should

not exceed 70 °C in order to avoid possible evaporation/
loss of the mixture of solvent/ligand 1-octadecene/1-
hexadecylamine from the reaction vessel.

. With fast stirring in place, there is no need for dropwise injec-

tions. A period of 10 min between each addition is sufficient
for the reaction to be completed. The whole procedure for
covering CdSe cores with five monolayers takes about 1 h
30 min.

. In the extraction procedure, the undesired products are solu-

ble in MeOH. Therefore this phase should be discarded, keep-
ing the hexane /ODE phase which contains the nanocrystals.

. This step is important for the elimination of excess ODE. This

noncoordinating solvent can be retained by the nanoparticles
during the MeOH washes. If it is not removed completely, it
may appear on the walls of the tube in the form of a pale yellow
powder. Washing with acetone helps to eliminate ODE, which
will be discarded in the yellow cloudy supernatant. Repeat this
wash four times for a complete removal of ODE.
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11.

12.

13.

. With the addition of MPA stock solution, the chloroform

solution may flocculate and became turbid. The solution is not
optically clear at a pH =5-7, possibly due to inter-particle hydro-
gen bonding between the carboxyl functions of the ligands.

. With time, the functionalized MPA-QDs can form aggregates.

To remove them, centrifuge the sample in 2 mL polypropylene
tube at 2,000 x4 at room temperature for 2 min. Recover the
supernatant and store again in the dark at 4 °C for further use.
In this case, the new concentration has to be determined.

. This formula is from ref. (11).
10.

The published extinction coefficients for QDs can vary by more
than an order of magnitude. Some authors (12) measure the
optical density of the core-shell-structured QDs in water apply-
ing an absorption coefficient that is the average of three
reported in the literature (13-15). In this case, a large error on
the extinction coefficient could exist and the optical density
can at best give concentrations that are only accurate to 50 %.

Accurate determination of the extinction coefficient for QDs is
described in ref. (13). The results show that the extinction
coefficient of nanocrystals in the strong quantum confinement
size regime increases as their size increases approximately as a
square to a cubic function. Furthermore, the integrated € of
the first absorption peak seemed to be independent of tem-
perature, nature of the surface capping groups, the refractive
index of the solvents, the photoluminescence, and the meth-
ods employed for the synthesis of the QDs.

For example, for CdSe core nanocrystals with the first exci-
tonic absorption peak at 568 nm, according to a sizing curve
from Peng and colleagues (13) the typical size is around 3.5 nm
and consequently the size-dependent extinction coefficient of
these nanocrystals is about 1.5x10° M/cm. If the solution
measured has A=1.5in a 1 cm path length,

c=A/e=15/15x10°=1x10" M =10 uM

For both measurements, inspect the cuvette to ensure that no
air bubbles are clinging to the optical window area or interfer-
ing with the metal electrodes of “dip” cell in zeta potential
analysis.
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Chapter 36

Evaluation of Cytotoxicity of 3-Mercaptopropionic
Acid-Modified Quantum Dots on Medicago sativa
Cells and Tissues

Ana Raquel Santos, Ana Sofia Miguel, Pedro Fevereiro, and Abel Oliva

Abstract

Like most of the new technologies designed to interact with biological systems, the applications of
nanomaterials needs a proper assessment for their potential impacts. It is only through addressing the
issues raised by toxicological studies that nanotechnology will be able to acquire its full potential. Here, we
describe the detailed protocols to study the responses of plant cells to their exposure to nanoparticles,
including viability, oxidative stress detection, and reactive oxygen species enzymatic detoxification, as well

as particle uptake.

Key words: Quantum dots, Cytotoxicity, ROS detection, Oxidative stress, Uptake, Antioxidant
enzyme activity, Cell suspension cultures, Medicago sativa

1. Introduction

As a result of the rapid development of nanotechnology an emerging
area of research is now focused on studying the short and medium
term impacts of nanomaterials on the environment. This new dis-
cipline, named nano-ecotoxicology is now being developed to
adequately evaluate the global impact of these new devices and
their multiple applications (1). Cell-based in vitro studies play an
essential role on meaningful toxicity testing. They allow the setting
up of high-throughput systems for rapid and cost-eftective screening
of hazards, while targeting the biological responses under highly
controlled conditions (2). Mechanisms of nanotoxicity should
include the identification of the routes of uptake and intracellular
accumulation of nanoparticles, the modes of its action, the damage
to cellular structures, and the kinetics of toxi- and detoxification
(3). The following protocols were developed to evaluate the plant

Mikhail Soloviev (ed.), Nanoparticles in Biology and Medicine: Methods and Protocols, Methods in Molecular Biology, vol. 906,
DOI 10.1007/978-1-61779-953-2_36, © Springer Science+Business Media, LLC 2012
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cell responses when in contact with quantum dots (QDs), including
cell viability, the histochemistry of reactive oxygen species (ROS)
production and accumulation, the activity of ROS detoxification
enzymes, and cell /plant—particle uptake.

Fluorescein diacetate (FDA) is a widely used viability test due
to quickness and because it can be visualized within individual cells
with the help of a fluorescence microscope and therefore not only
it is used as a general viability assay but also facilitates the determi-
nation of the number of live cells in a population (4). FDA is con-
verted into a fluorescent product if cell membrane is intact and
therefore viable cells present a bright green fluorescence when
excited at 488 nm (5).

Using light microscopy we can monitor ROS production and
accumulation with ROS-specific tracer dye 3-3" diaminobenzidine
(DAB) for hydrogen peroxide (H,0,) and the nitroblue tetrazo-
lium (NBT) for O,~. 2',7'-Dichlorodihydrofluorescein diacetate
(H,DCFDA) was applied to measure oxidative responses in cell
suspension cultures. This probe is oxidized due to the presence of
ROS, and the emitted fluorescence intensity is directly propor-
tional to the level of dichlorofluorescein (DCF) formed intracel-
lularly (6).

There is much evidence obtained from various plant systems
showing that the concentration and activity of enzymes involved in
scavenging ROS are altered by different stresses. The measurement
of the activity of three major antioxidative enzymes is described:
superoxide dismutases (SOD), catalase (CAT), and glutathione
reductase (GR) from the ascorbate-glutathione cycle.

s7 2. Materials

s8 2.1 Initiation
59 of Medicago sativa
e0  Cell Suspension
61 Cultures

62

63

64

65

66

67 2.2. Determination

68 of Gell Viability
69
70

71

1. Eight week dark grown callus from roots or petioles of Medicago
sativa.

2. Murashige & Skoog (M&S) liquid medium supplemented
with 0.5 mg/L of Dichlorophenoxyacetic acid and 0.5 mg/L
of kinetin. pH of medium should be adjusted to 5.8 with 1 M
NaOH before autoclaving (121 °C, 20 min). Growth regula-
tors are filter sterilized (0.2 pm) and added to the cooled auto-
claved medium.

3. Orbital shaker at 120 rpm in the dark, at 24 °C.

1. Stock solution of CdSe nanocrystals filter sterilized (0.2 pum).
To illustrate the methods we will be using Mercaptopropionic
acid (MPA)-QDs nanocrystals coated with a multishell struc-
ture of ZnS (see Note 1).

2. Eight days old M. sativa cell suspension culture.
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in Suspension
Cultures

2.4. In Vitro Uptake
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. Stock solution of FDA: dissolve 10 mg of FDA in 2 mL of

acetone and keep at -20 °C.

4. Fluorescence microscope with a filter set at 488 nm.

. Murashige & Skoog (M&S) liquid medium supplemented

with 0.5 mg/L of Dichlorophenoxyacetic acid and 0.5 mg/L
of kinetin. pH of medium should be adjusted to 5.8 with 1 M
NaOH before autoclaving (121 °C, 20 min). Filter-sterilize
the growth regulators (0.2 pm) and add to the cooled auto-
claved medium.

. Stock solution of CdSe nanocrystals filter sterilized (0.2 pm). To

illustrate the methods we will be using MPA-QDs nanocrystals
coated with a multishell structure of ZnS (see Note 1).

2. Eight days old M. sativa cell suspension culture.
. Fluorescence microscope with a filter set at 588 nm.

4. Murashige & Skoog (M&S) liquid medium supplemented

with 0.5 mg/L of Dichlorophenoxyacetic acid and 0.5 mg/L
of kinetin. pH of medium should be adjusted to 5.8 with 1 M
NaOH before autoclaving (121 °C, 20 min). Filter-sterilize
the growth regulators (0.2 pm) and add to the cooled auto-
claved medium.

. Fourteen days old Medicago truncatula plantlets with roots of

1 cm length, grown in solid Murashige & Skoog (M&S)
medium with 0.2 % (w/v) of gelrite.

. Murashige & Skoog liquid medium supplemented with

200 mM of mannitol.

. Four percent paraformaldehyde (PFA) solution in PBS: in a

fume hood heat 20 mL of PBS to 60 °C in a water bath. Weigh
1 g of (PFA) and add to the PBS while continuously stirring and
maintain on heating plate at 60 °C (do not allow water bath to
go over 70 °C, or formaldehyde will vaporize!). Add one or two
drops of 5 M NaOH with a Pasteur pipette. The solution should
become almost clear fairly rapidly, but will still have some fine
particles that will not disappear. Remove from heat and com-
plete the volume up to 25 mL with PBS. Cool the solution to
room temperature and adjust the pH to 7.2 with a solution of
1 M HCI. Filter, aliquot into tubes, and freeze at =20 °C.

. Phytotron set to a 16 h photoperiod and a day/night tempera-

ture of 24 /22 °C.

. Fluorescence microscope with a filter set at 588 nm.
6. PBS: 8 g of NaCl, 0.2 g of KCl, 1.44 g of Na,HPO,, and

0.24 g of KH,PO,. Adjust pH to 7.4 with HCI and add dis-
tilled water to 1 L.

. Vibratome.
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2.5. ROS Detection

2.5.1. Hydrogen Peroxide
Detection

2.5.2. Superoxide Anion
(0,7°) Detection

2.5.3. Oxidative Stress
Detection

2.5.4. Oxidative Stress
Dose Response Assay

. Stock solution of CdSe nanocrystals filter sterilized (0.2 um).

To illustrate the methods we will be using MPA-QDs nanocrys-
tals coated with a multishell structure of ZnS (see Note 1).

2. Three days old M. sativa cell suspension culture.
. 10 mg/mL DAB stock solution: 20 mg of DAB in 2 mL

DMSO. Vortex the solution and centrifuge because the DAB
does not dissolve completely and filter with a 0.2 pum pore.
Store in dark at 4 °C (see Note 2).

. 0.5 M H,O, solution: mix 102 uL of H,O, and 2 mL of

distilled water. Sterilize with a 0.2 um filter and store in the
dark at 4 °C. Prepare this solution fresh, just before running
the assay.

. Optical microscope.
6. Sterile 6-well plates.
. Orbital shaker.

. Stock solution of CdSe nanocrystals filter sterilized (0.2 um).

To illustrate the methods we will be using MPA-QDs nanocrys-
tals coated with a multishell structure of ZnS (see Note 1).

2. Three days old M. sativa cell suspension culture.
. 12 mM NBT stock solution: dissolve 20 mg of NBT in 2 mL

of distilled water. Vortex and sterilize with a 0.2 um filter. Store
at 4 °C.

4. Optical microscope.
. Orbital shaker.

. Stock solution of CdSe nanocrystals filter sterilized (0.2 um).

To illustrate the methods we will be using MPA-QDs nanocrys-
tals coated with a multishell structure of ZnS (see Note 1).

2. Three days old M. sativa cell suspension culture.
.10 mM H,DCFDA stock solution: dissolve 9.7 mg of

H,DCFDA in 2 mL of DMSO. Vortex and sterilize with a
0.2 pm filter. Store at -20 °C.

4. Fluorescence microscope with a filter set at 488 nm.
. Orbital shaker.
6. Heated water bath.

. Stock solution of CdSe nanocrystals filter sterilized (0.2 pum).

To illustrate the methods we will be using MPA-QDs nanocrys-
tals coated with a multishell structure of ZnS (see Note 1).

. Three days old M. sativa cell suspension culture.
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.10 mM H,DCFDA stock solution: dissolve 9.7 mg of

H,DCFDA in 2 mL of DMSO. Vortex and sterilize with a
0.2 pum filter. Store at -20 °C.

. Fluorescence microscope with a filter set at 488 nm, with a

color camera.

. Open source software Image] (http://rsbweb.nih.gov/ij/)

for quantification of the image intensity.

. Stock solution of CdSe nanocrystals filter sterilized (0.2 pum).

To illustrate the methods we will be using MPA-QDs nanocrys-
tals coated with a multishell structure of ZnS (see Note 1).

2. Three days old M. sativa cell suspension culture.
. 100 mM Tris—HCI extraction buffer, pH 7.5: for 100 mL add

1.22 g of Tris, 3 mM DTT, 1 mM EDTA, 0.2 % triton X-100.
Adjust to pH 7.5 with 1 M HCI and store at 4 °C, use within
2-3 weeks.

. Centrifuge capable of 12,000 x 4.

. Extracts from cell suspension cultures.

. 100 mM potassium phosphate buffer, pH 7.5. First make solu-

tion A by dissolving 13.61 g of KH,PO, in 1 L of distilled
water; and solution B by dissolving 14.2 g of Na,HPO,in 1 L
of distilled water. Add solution A to solution B until the
required pH 7.5 is reached. Keep at 4 °C. The solution can be
used for 2—-3 weeks.

. 0.5 mM xantine stock solution: dissolve 47.6 mg of xantine in

25 mL of potassium phosphate buffer, pH 7.5. Add 1 M
NaOH dropwise with constant stirring, until a clear solution is
obtained. Store at 4 °C, use within 2-3 weeks.

. 0.1 mM EDTA stock solution: dissolve 23.27 mg of EDTA in

25 mL potassium phosphate buffer. Store at 4 °C, use within
2-3 weeks.

. Solution A (superoxide production): dissolve 6.1 mg of

Cytochrome Cin 12.5 mL of potassium phosphate buffer, add
0.5 mL of EDTA stock solution, and 0.5 mL of xantine stock
solution. Prepare fresh before use.

. Solution X (xantine oxidase): Prepare a diluted solution con-

taining 0.72 U of xantine oxidase in 800 pL of potassium
phosphate bufter. Prepare fresh before sue and keep on ice.

. Spectrophotometer.

. Disposable polystyrene cuvettes with 10 mm optical light

path.
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193 2.6.3. Determination

104 OF CAT Activity

195
196

197

198  2.6.4. Determination
199 of GR Activity

200
201

202
203
204
205

206
207
208

209
210
211

212

213
214

1. Extracts from cell suspension cultures.

2. 10 mM H, O, stock solution: 170 pL of H,O, (30 %) in 50 mL
potassium phosphate buffer. Prepare fresh before use.
3. UV /Vis spectrophotometer.

4. Quartz cuvette 10 mm optical light path.

1. Extracts from cell suspension cultures.

2. 100 mM potassium phosphate buffer, pH 7.5 with 1 mM
EDTA: dissolve 372 mg of EDTA in 100 mL of potassium
phosphate buffer. Store at 4 °C, use within 2—-3 weeks.

3. 0.75 mM 5,5’-Dithiobis(2-nitrobenzoic acid) (DTNB) stock
solution: dissolve 11.8 mg of DTNB in 10 mL potassium
phosphate buffer. Prepare just before use, protect from direct
light.

4. 0.1 mM NADPH stock solution: dissolve 3 mg of NADPH in
2 mL of potassium phosphate buffer. Prepare fresh before
use.

5. 1 mM of Oxidized Glutathione (GSSG): dissolve 24.3 mg of
GSSG in 2 mL of potassium phosphate buffer. Prepare fresh
just before use.

6. Spectrophotometer.

7. Disposable polystyrene cuvettes with 10 mm optical light
path.

215 3. Methods

216
217
218
219

220  3.1. Initiation of
221 Medicago sativa Gell
222 Suspension Culture

223

224
225
226

227
228
229
230

All procedures should be carried out in a laminar flow chamber and
with sterilized material unless otherwise specified. Unless men-
tioned otherwise, all cell suspension cultures are grown and main-
tained on the orbital shaker at 120 rpm in the dark, at 24 °C.

1. Place two friable portions of 8 week grown callus in 50 mL of
liquid M&S medium. Grow cells for 8 days. After 8 days, add
100 mL of fresh M&S liquid medium.

2. Grow cells for another 8 days.

3. Remove the cells from the shaker and allow the suspension to
settle for 3—4 min and pipette 20 mL of cells to another flask
with 100 mL of M&S liquid medium (see Note 3).

4. Grow cells until a density of 4x10* cells/mL is obtained.
Change the medium every 8 or 9 days by transferring 20 mL
of cell culture to 100 mL of fresh medium (in 250 mL
Erlenmeyer flasks).
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Take 2 mL aliquots of 8-day-old cell suspension culture of
M. sativa and subculture in a 50 mL Erlenmeyer flask contain-
ing 10 mL of fresh M&S liquid medium.

. On the third day of culture determine the viability of cells.

Prepare fresh diluted solution of FDA by adding 20 pL of the
FDA stock solution and 1 mL of M&S liquid medium, then on
a microscope slide mix 20 pL of suspension culture and 20 pL
of diluted FDA and cover with a cover slip. Incubate 5 at room
temperature and perform the counts under the fluorescence
microscope. FDA is converted into a fluorescent product if cell
membrane is intact and therefore viable cells present a bright
green fluorescence when excited at 488 nm. Count five ran-
dom spots per slide and calculate the percentage of viability:

viability % = (number of viable cells/total number cells)* 100

3. After determining of the cellular viability add the MPA-QDs to

the cell suspension cultures (use different concentrations rang-
ing from 10 to 100 nM).

. Grow cells for 5 days (until the eighth day of culture) and deter-

mine the cell culture viability as described above (see Note 4).

MPA-QDs may accumulate intracellularly due to the hydrophilic
character of MPA and the reduced size of the particles. The exact
mechanisms of QDs attachment to the plant cells are not known.
It has been shown that MPA-QDs can accumulate in different
cellular compartments when contacted with M. sativa cells in
suspension cultures (7).

1.

Inoculate 2 mL aliquot of 8 days old M. sativa cell suspension
culture in 50 mL Erlenmeyer flasks containing 10 mL of fresh
M&S liquid medium.

2. Culture the cells for 3 days.

. Add the MPA-QDs to the cell suspension cultures (final con-

centration ranging from 10 to 100 nM).

4. Grow the cells for 48 h.

. Visualize samples using a confocal and fluorescent microscope

(Fig. 1).

. Acquire thin time-course confocal optical sections (~2 pm

thick) using <20 % laser intensity and operating in the mode
1,024 x 1,024, 400 Hz (~1/2 s per frame). A x20 Plan Apo
dry objective (NA=0.75) (Leica) should be used.

. Gently take out the 14-day-old plantlets from the agar using

torceps (make sure that the roots are taken intact) and place it
in 50 mL Falcon sterilized tubes with 200 pL. of M&S liquid
medium with mannitol. Cover with parafilm and incubate in a
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Fig. 1. Internalization of MPA-QDs in Medicago sativa cells. Confocal (a, b) and wide field (¢, d) fluorescence images
of M. sativa cells after 48 h of incubation with MPA-QDs. Scale bar=20 pM. Reproduced from ref. (7).
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Phytotron under standard culture conditions mentioned
above.

. After 48 h remove the plantlets from the tubes and place them

in a petri dish with a drop of fixation solution. Cut the root
into three pieces no larger than 1 cm: root cap, zone of matu-
ration, and zone of differentiation.

. Transfer the pieces into 15 mL Falcon tubes with 4 % PFA

solution (approximately ten times the volume of the samples)
at 4 °C. Then place the samples under vacuum for approxi-
mately 10 min (to facilitate the fixative penetration into the
samples).

. Let the fixation process run overnight (about 18 h) at 4 °C

with smooth agitation.

. Wash the samples three times 10 min in PBS and store it in

0.1 % PFA in PBS at 4 °C (see Note 5).

. Make longitudinal cuts using a vibratome and visualize them

on a fluorescence microscope under UV light.
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. Take seven 2 mL aliquots from 3-day-old cell suspension

cultures of M. sativa and transfer into sterile 6-well plate. Add
MPA-QDs to the cell suspension cultures to 0, 1, 5, 10, 20,
50, 100 nM final concentration.

2. Grow the cells for 48 h.
. Add 0.1 mg/mL of DAB to all cell suspension cultures (see

Note 6). As control, heat 2 mL of suspension culture at 45 °C
for 20 min (heated in a water bath) and add 0.1 mg/mL of
DAB (see Note 7), as a second control add 40 pL of H,O,
stock solution into 2 mL of suspension culture plus 0.1 mg/mL
of DAB (see Note 8).

. Incubate cells on the orbital shaker for 90 min and check cell

cultures using a fluorescence microscope (see Note 9).

. Take seven 2 mL aliquots from 3-day-old cell suspension

cultures of M. sativa and transfer into sterile 6-well plate. Add
MPA-QDs to cell suspension cultures to 0, 1, 5, 10, 20, 50
and 100 nM final concentrations

2. Grow the cells for 48 h.
. Add 10 pL of NBT stock solution to all cell suspension cul-

tures (final concentration of 60 nM). As control, heat 2 mL of
suspension culture at 45 °C for 20 min (heated in a water bath)
and add 10 pL of NBT stock solution (final concentration of
60 nM).

. Incubate cells on the orbital shaker for 4 h and visualize cells using

a microscope under bright field illumination (see Note 10).

. Take seven 2 mL aliquots from 3-day-old cell suspension

cultures of M. sativa and transfer into sterile 6-well plate. Add
MPA-QDs to cell suspension cultures to 0, 1, 5, 10, 20, 50
and 100 nM final concentrations.

2. Grow the cells for 48 h.
. Add 1 pL. of H DCFDA stock solution to all cell suspension

cultures (to a final concentration of 5 uM). As control, heat
2 mL of suspension culture at 45 °C for 20 min (heated in a
water bath), and add 1 uL of H,DCFDA stock solution (to a
final concentration of 5 pM).

. Incubate cells on the orbital shaker for 1 h and visualize the

samples using a fluorescence microscope (see Note 11).

. Take 27 2 mL aliquots from 3-day-old cell suspension cultures

of M. sativa and add to sterilized 6 well plates. Aliquots of
MPA-QDs are added to each well to obtain the following final
concentrations: 1, 5, 10, 20, 40, 60, 100, 120, and 180 nM
(all in triplicates). All plates are placed on an orbital shaker at
110 rpm in the dark at 24 °C.
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345 3.6. Antioxidant
346 Enzyme Activity
347

3.6.1. Enzyme Extraction
348

349
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361
362

363  3.6.2. Determination
364  of SOD Activity

365

366

367

368

369

370
371

372

. After 48 h of incubation, 1 pL. of H DCFDA is added to all

treatments, to obtain a final concentration of 5 uM.

. The fluorescence is quantified in terms of average pixel inten-

sity, using the open source software Image]. Images are
acquired 1 h after the H,DCFDA addition, always with the
same settings, and exposure time. For each treatment at least
15 pictures should be taken.

. Using the Image] program split the channels of the pictures in

red, blue, and green. Using the green channel histogram (to
exclude the QDs fluorescence), multiply the number of pixels
with their respective intensity value (0-255) and divide it for
the total number of pixels of the image.

. Transfer four 10 mL aliquots from 3-day-old cell suspension

cultures of M. sativa to 50 mL Erlenmeyer flaks. Add MPA-
QDs to a final concentration of 0 (control), 10, 50, or
100 nM.

2. Grow the cells for 48 h.

3.

. Harvest the cells by filtration, wash for a few seconds with dis-

tilled water and make aliquots of about 500 mg and proceed
with the enzyme extraction.

. Prepare a positive control consisting of cell suspension culture

heated at 50 °C for 20 min, and performing the same aliquot-
ing procedure as described in previous step.

. Homogenize each aliquot in a mortar with a pestle in 2 mL of

100 mM Tris—-HCI buftfer (pH 7.5) and 2 % (w/v) insoluble
polyvinylpyrrolidone (PVP-40). Carry this procedure at 4 °C.

. Pipette the homogenate into a microcentrifuge tube and

centrifuge at 12,000 x g for 30 min at 4 °C.

. Store the supernatant in small aliquots at -80 °C, until use

(CAT, GR, SOD, and protein analyses) (see Note 12).

. Determine the enzyme activity using disposable cuvettes. Add

50 pL of'the extract (supernatant obtained in Subheading 3.6.1)
to a reaction mixture composed of 0.5 mM xanthine, 0.05 mM
ferricytochrome-C, 0.1 mM EDTA, and 0.01 U of xanthine-
oxidase to the final volume of 1 mL (see Table 1) (see Note 13).
Prepare the negative control by heating the extract containing
the enzyme (SOD) at 90 °C for 10 min.

. Mix by inverting the cuvette several times and measure the

increase in absorbance at 550 nm for 2 min (10 s interval).

Calculate the enzymatic activity (see Note 14).

% inhibition = (AAbs control — AAbs sample) / AAbs control * 100

373
374

Units/mg protein = (% inhibition/50 %)* (1 / v) / mg of total protein
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Table 1

Reagents and proportions for SOD activity measurement
Control sample (uL) Sample (uL)

Solution A* 500 500

Phosphate buffer 487.5 437.5

Solution X® 12.5 12.5

Extract - 50

*Solution A is defined in Subheading 2.6.2, item 5
®Solution X is defined in Subheading 2.6.2, item 6

Table 2

Reagents and proportions for CAT activity measurement
Blank (uL) Sample (uL)

Phosphate buffer 963 593

Extract 37 37

H, 0, stock solution - 370

3.6.3. Determination 1.

of CAT Activity

3.

Units per mg of protein

3.6.4. Determination 1.

of GR Activity

where 50 %=inhibition of cytochrome C reduction rate as per

Unit definition; » is volume of extract in the cuvette
(»=0.05 mL, Table 1).

In a quartz cuvette prepare 1 mL of solution containing the
reagents in the order and proportions described in Table 2.
Prepare a negative control by heating an extract with the
enzyme (CAT) at 90 °C for 10 min.

. Mix by inverting the cuvette several times and measure the

decrease in absorbance at 240 nm for 2 min (10 s intervals)
against the H,O,-free blank.

Calculate the CAT enzymatic activity (see Note 15):
=(AAbs/At)*(1 /e)*(1 / L)*(1 / v) / mg of total protein

where ¢ is extinction coefficient of H,O, (0.00394 umol/

mm); L is path length (10 mm); and » is volume of extract in
the cuvette (0.037 mL, Table 2).

In a disposable cuvette prepare 1 mL of solution containing
1 mM EDTA in phosphate buffer, 0.75 mM DTNB, 0.1 mM
NADPH, and 1 mM GSSG by pipetting the reagents in the

1.1
1.2

1.3

t1.4

t1.5

t1.6

1.7

1.8
1.9

t2.1
t2.2

t2.3

t2.4

t2.5

t2.6

375
376
377
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379
380
381

382
383
384

385

386
387

388
389
390

391
392
393
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394
395
396

397
398
399

400
401

t3.1
t3.2

3.3

t3.4

t3.5

t3.6

3.7

t3.8

Table 3
Reagents and proportions for GR activity measurement

Sample volume (uL)

Phosphate buffer + 1 mM EDTA stock solution 600

0.75 mM DTNB stock solution 250
0.1 mM NADPH stock solution 50
Extract 50
1 mM GSSG stock solution 50

order and proportions described in Table 3. Prepare a negative
control by heating the extract with the enzyme (GR) at 90 °C
for 10 min.

2. Mix by inverting the cuvette several times and measure the

increase in absorbance at 412 nm (10 s interval during
2 min).

3. Calculate the activity of the enzyme (see Note 16):

402 Units per mg of protein = (AAbs / AT)*(1 /€)*(1 / L)*(1 /v) / mg of total protein

403
404
405

where € is extinction coefficient of GSSG (0.62 mL pmol/
mm); L is path length (10 mm); » is volume of extract in the
cuvette (0.05 mL, Table 3).

406 4. Notes

407
408
409
410
411
412
413
414
415
416

417
418
419
420
421

1. Making of CdSe nanocrystals coated with a multishell structure

of ZnS and their surface modification based on the successive
ion layer adsorption and reaction (SILAR) method has been
described elsewhere in this book. The first phase of the synthe-
sis produces a hydrophobic surface consisting of a TOPO/
HDA ligand mixture. This is followed by a surface modification
of the Quantum Dots (QDs) with 3-mercaptopropionic acid
(MPA) by the phase transfer method. The modified QDs
become soluble in aqueous systems such as water or buffers for
turther biological applications.

2. DAB in solution can be kept at 4 °C for a maximum of 2 days;

however, it is advisable to prepare a fresh solution for each set
of experiments. DAB is difficult to dissolve in water unless the
pH is reduced. An alternative procedure to dissolve DAB is to
prepare a solution of water by adding HCI until pH 3.6 is
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reached and then add the DAB. Shake the solution until all the
DAB is dissolved (8).

. For subculture use a pipette with an orifice narrow enough to

allow single cells and small aggregates to pass through. The
suspension culture is allowed to rest in order to settle down the
large clumps, and the inoculum is taken from the upper part of
the culture. Regular practice of this procedure should allow
obtaining a fine cell suspension culture.

. The presence of QDs can promote cell aggregation so be aware

of this fact to have an accurate cell counting. The metabolism
of FDA to fluorescein reflects the metabolic response of organ-
isms when exposed to toxicants. Furthermore, the degree of
fluorescence depends on the physical and metabolicstate of the
cell (5), therefore pay attention to the variations in the
fluorescence.

. Samples stored this way are stable for weeks.

. The majority of studies investigate acute toxicity, generally

24 h, but longer incubation times are required to see the
influence of nanoparticles (9). We also tested after 48 h of
incubation with QDs, but extended periods can also be used.
Note that the QDs should always be added at day 3 of culture
(beginning of the exponential phase).

. The treatment of cell suspension cultures at 45 °C for 20 min

is a positive control to ensure a cellular stress.

. The use of DAB technique requires the presence of endoge-

nous peroxidase activity in order to ensure the polymerization,
thus a simple test to check the required peroxidase activity is to
expose cells to DAB and H,O, (10).

. DAB reacts rapidly with H,O, in the presence of peroxidase,

forming a brown polymerized product (10).

NBT is reduced by O, to form an insoluble blue formazan
deposit (6).

H,DCFDA is a nonfluorescent product that is converted by
ROS into DCF (2',7'-dichlorofluorescein ), which can easily be
visualized as a green fluorescence around 525 nm when excited
at 488 nm (11). H DCFDA treated cells show a basal-level
signal that accumulates in all cytoplasmic areas, including the
nucleoplasm (12). DCF signal can suffer quenching and
decrease the fluorescence within 5-10 min when continuously
exposed to light.

To normalize the results the total cellular protein concentration
must be determined. The Bradford method is commonly fol-
lowed by using a protein assay kit, and BSA as a standard (13).
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13. The extract volume can be adjusted according to the activity of
the enzymes, e.g., if for a determined enzyme the activity is too
high you should use a smaller volume, but always maintaining
the described proportions.

14. The enzymatic activity of SOD is defined as the quantity neces-
sary for the inhibition of 50 % of cytochrome-C reduction per

minute under the assay conditions (14).

15. The enzymatic activity of CAT is defined as the consumption
of 1 pmol of H,O, per minute per mL at room temperature,

under the assay conditions (15).

16. The enzymatic activity of GR is expressed in U/mL mg protein
wherein unit activity is the amount of enzyme which reduces

1 mM of GSSG per minute at 24 °C under assay conditions (16).
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Abstract

Background

Nanoparticles appear to be promising devices for application in the agriculture and food
industries but information regarding the response of plants to the contact with nanodevices is
scarce. Toxic effects may be imposed depending on the type of nanoparticle as well as its
concentration and time of exposure. A number of mechanisms were envisaged underlying the
ability of nanoparticles to cause genotoxic DNA damage, besides the activation of ROS
scavenging mechanisms. In a previous study we showed that plant cells increased the
production of undifferentiated ROS in a dose dependent manner when exposed to
mercaptopropanoic acid-CdSe/ZnS quantum dots (MPA-QDs) and that a maximum
concentration of 5 nM should be cyto-compatible for this type of QDs.

Results

When Medicago sativa cells were exposed to 10, 50 and 100 of MPA-QDs a correspondent
increase in the activity of Superoxide dismutase, Catalase and Glutathione reducatase was
registered. Different versions of the COMET assay were used to assess the genotoxicity of
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Quantum dots. The number of DNA single and double strand breaks increased with increasing
concentrations of MPA-QDs. At the highest concentrations tested purine bases were more
oxidized than the pirimidine ones. The transcription of the DNA repair enzymes
Formamidopyrimidine DNA glycosylase, Tyrosyl-DNA phosphodiesterase | and DNA
Topoisomerase | is up-regulated in the presence of increasing concentrations of MPA-QDs.

Conclusions

Concentrations as low as 10 nM of quantum-dots (MPA-QDs) although not lethal are
cytotoxic and genotoxic to plant cells. This sets a limit for the concentrations to be used when
experiments on plants using nanoparticles of this type are being considered. This work
describes for the first time the genotoxic effect of Quantum dots in plant cells and
demonstrates that both the DNA repair genes (7dplp, Toplf and Fpg) and the ROS
scavenging mechanisms are activated during the MPA-QDs treatments in M. sativa cells.

Background

Nanoparticles offer many technological solutions since they are valuable as carriers, coaters,
repellents, screens and conductors. Nanoparticles may also be useful as nanosensors, cell
imaging devices and smart delivery systems and appear to be promising devices for
application in the agriculture and food industries.

While the full potential of the different and new nanomaterials is still far from being explored,
their impact on living systems shows that different types of toxic effects may be imposed,
depending on the type of nanoparticle as well as its concentration and time of exposure
among other factors. Properties that characterize nanomaterials such as nanoscale size, large
surface area and high reactivity are also major points of concern, opening the development of
a new area of research called nanotoxicology.

Nanotoxic effects have been detected at relatively high, in many cases unrealistic, particle
concentrations and associated with cell death. But subtler effects that arise at lower
concentrations without necessarily causing cell death also need to be considered. In particular
a number of mechanisms were envisaged underlying the ability of nanoparticles to cause
DNA damage [1].

Little information about the expression and activity of plant detoxifying enzymes and DNA
repairing enzymes in response to contact with nanoparticles is found in the literature. Plants
respond to toxicity producing ROS that trigger the activation of ROS scavenging
mechanisms. These mechanisms include the superoxide dismutase (SOD) enzyme, the water-
water cycle (WWC), the ascorbate-glutathione cycle (AGC), the glutathione peroxidase cycle
(GPXC) and the catalase (CAT) enzyme [2].

In a previous study we showed that plant cells increased the production of undifferentiated
ROS in a dose dependent manner when exposed to mercaptopropanoic acid-CdSe/ZnS
guantum dots (MPA-QDs) and that a maximum concentration of 5 nM should be cyto-
compatible for this type of QDs [3]. The cells accumulated MPA-QDs in the cytoplasm and in
the nucleus. We also showed that cell suspension cultures exposed to 100 nM of QDs during
48 hours did not show any noticeable production of superoxide radicals (Oz*), and the
production of H,O, was far less than 10 nM, if any [3].

-2-



There is much evidence obtained from various plant systems showing that the amounts and
activities of enzymes involved in scavenging ROS are altered by different stresses [4]. Several
biotic and abiotic stress events such as pathogen attack, drought, chilling, heat shock, heavy
metals, and ultraviolet (UV) radiation exposure, trigger ROS production and enhance their
steady-state level in the cell [2]. Reactive oxygen species (ROS) can cause oxidative damage,
to DNA, lipids, and proteins [5] and occur frequently in all cells.

Genotoxic effects have been reported when nanoparticles interact with living systems. Silver
nanoparticles exhibited cytotoxicity by decreasing the mitotic index in a dose dependent
manner in root tips of Allium cepa [6]. In particular two studies have demonstrated that 0.5
nM of CdSe/ZnS QDs cause DNA fragmentation and nicking in cell-free systems [7].
Another study demonstrated that Mercaptoacetic acid-CdSe QDs or Mercaptoacetic acid-QDs
doped with cobalt had the potential to cause indirect in vivo genetic damage in mice [8], but
so far there are no reports about the genotoxicity of MPA-QDs on plant cells.

Since 1996 the COMET assay has been used to quantify the genotoxic effects of different
stress factors in plants [9]. This is an easy, inexpensive, and sensitive test for DNA damage
and was first described in 1988 by Singh et al. [10]. This method has been used to assess the
genotoxic impact of 2-10 mM of titanium oxide nanoparticles on Allium cepa roots [11].

Cytotoxic and genotoxic responses should be accompanied by variations in gene expression.
These variations should corroborate the observable responses as a function of the variation in
enzyme activities. The different ROS forms affect gene expression in specific and sometimes
antagonistic ways [12]. Increases in oxidative stress induce cells to synthesize higher levels of
antioxidants, antioxidant enzymes, repair enzymes, and other molecules that mitigate the
effects of such stress [5].

Genes codifying DNA repair enzymes are also induced by stress factors. DNA topoisomerase
| is essential for vital cellular processes, namely DNA replication, transcription, translation,
recombination and repair [13]. Nicotiana tabacum Topl expression was found to be regulated
by light, cold and also by ABA [14]. Macovei et al (2010) [15] showed that in Medicago
truncatula Topl and also the gene encoding tyrosil-DNA phosphodiesterase (Tdp) are
overexpressed when plants were subject to elevated copper concentrations or to osmotic stress
induced by PEG 6000.

In this work we analyze the cyto- and genotoxic effects of MPA-QDs in Medicago sativa
cells in suspension culture. We show that some of the ROS scavenging mechanisms are active
at the cellular level, preventing the accumulation of some specific ROS when cells contact
QDs. We also show that extensive DNA damage occurs when 100 mM of MPA-QDs are
placed in contact with plant cells, and that the expression of the DNA repair genes Top 1 and
Tdp is activated by the stress imposed by this type of nanoparticle.

Results and Discussion

MPA-QDs trigger the activity of antioxidant enzymes

Cells of Medicago sativa in suspension culture take up MPA-QDs that accumulate in the
cytoplasm and the nucleus (figure 1) as described in [3].



When M. sativa cells were exposed to 10, 50 and 100 of MPA-QDs an increase in SOD
activity of 12%, 27% and 88% respectively, was observed when compared with the control
(figure 2A). An increase of 50% to 70% of SOD activity was recorded when cells were
submitted, as a positive control experiment, to 50°C (without QDs) for the period of 20 min.

The contact of MPA-QDs with plant cells triggers SOD activity and this may explain why, in

our previous work [3], we could not detect O, accumulation when M. sativa cells were
exposed to MPA-QDs.

Within a cell, SODs constitute the first line of defence against ROS, catalyzing the

dismutation of O, . Oxygen activation may occur in different compartments of the cell
wherever an electron transport chain is present, including the cytosol, mitochondria,
chloroplasts, peroxisomes and glyoxisomes [16]. In plant cells the increase in SOD activity
appears to be an important protection mechanism to reduce the oxidative stress caused by the
cytotoxic effects of the MPA-QDs.

An increase of 8%, 16% and 72 % of CAT activity was observed when M. Sativa cells were
exposed to 10, 50 and 100 nM of MPA-QDs respectively (figure 2b). The significant increase
in the activity of CAT suggests the role of this enzyme in constant detoxification of H,0,
when M. sativa cells are exposed to MPA-QDs. An increase in the activity of CAT was
reported in plants exposed to toxic concentrations of heavy metals, namely Cd, Cu and Pb
[17]. Catalase is active only at relatively high H,O, concentrations. Lower H,O, levels are
eliminated by APX and other peroxidases with the aid of various reducing metabolites like
ascorbate and glutathione [18]. Catalase and the ascorbate-glutathione cycle enzymes are both
important in H,O, scavenging. Although their properties and requirements are different, they
effectively act in parallel [19] (Table 2).

Glutathione reducatase (GR) activity increased by 5% and 23% when M. sativa cells were
exposed to 50 and 100 nM of MPA-QDs (figure 2c), while the addition of 10 nM of MPA-
QDs induced a GR activity not significantly different from the control.

Previous studies on the exposure of plants to cadmium (Cd) show that GR activity increases
as part of the defence against Cd stress, an alteration which has been shown to be often dose
dependent and variable over time [4,20].

As seen for other oxidative stresses in plants, mainly when the agent is a metal ion, plant cells
respond to the presence of quantum dots by activating ROS scavenging mechanisms, to
protect the cells from activated oxygen forms. This activation seems to be dose dependent and

to effectively prevent the accumulation of H,O, and O,  when exposed to MPA-QDs at
concentrations between 10 and 100 nM.

MPA-QDs induce DNA damage in exposed plant cells

We used four different versions of the Comet assay to estimate the range and type of
genotoxicity imposed by MPA-QDs in M.sativa cells in a suspension culture: the neutral
version useful to assess DNA double strand breaks (DSBs); the alkaline/neutral version (A/N)
that detect mainly DNA single strand breaks (SSBs); the A/N version followed by an
enzymatic treatment with Formamidopyrimidine DNA glycosylase (FPG) to evaluate the
extent of purine base oxidation; and the A/N version followed by the enzymatic treatment
with Endonuclease 111 (Endolll) to evaluate the amount of oxidized pirimidine bases. The two



enzymes remove the oxidized bases and generate a DNA strand break at the position of the
excised base that can be detected via the comet assay [21].

The A/N Comet assay histogram distribution of cell suspension cultures added to 10, 50 and
100 nM of MPA-QDs, or heated at 50 °C for 20 minutes, is shown in figure 3a). The control
shows that 77% of the comets fall in class 1 and 2, while only 4% fall in classes 3 and 4. This
may be considered as a basal level of damage that may reflect the impact of protoplastization.

The histogram shows that an increment of MPA-QD concentration induces an increase in the
frequency of comets in the higher classes, except for the 10 nM concentration that shows no
significant difference from the control. When cells are exposed to 100 nM MPA-QDs 78% of
the comets fall in class 2 and 13% and 8% of the comets fall in class 3 and 4, respectively.
Heat treated cells present 25% of comet frequencies in classes 0, 1 and 2 and 10 % in class 3
and 4. Figure 3b show images of comets that represent the five classes used for visual scoring.
These results demonstrate that stressed plant cells suffer DNA SSBs, as seen when comparing
the heat treated cells with the control and that increasing concentrations of MPA-QDs
increment the percentage of damage.

In figure 4 the results of the four variants of the Comet assay are plotted together. Strikingly
the contact of 10 nM of MPA-QDs induced an increase in the number of DSBs when
compared to the control, contrasting with the results obtained for the single strand break
analysis. Also it can be seen that at the highest MPA-QD concentration tested purine bases are
more oxidized than the pirimidine ones.

The accumulation of SSBs and oxidatively induced base lesions can lead to DSBs considered
to be the most lethal type of DNA oxidative damage. Compared with other types of DNA
damage, DSBs are intrinsically more difficult to repair and as little as one DSB lesion in the
DNA can kill the cell if the lesion inactivates a critical gene. SSBs and oxidatively induced
DNA base lesions are definitely not harmless, and are known to block DNA transcription and
replication processes, resulting in accelerated cytotoxicity and genomic instability [21]. It
seems that even 10 nM of MPA-QDs may induce DNA double strand breaks in plant cells,
being potentially deleterious and that the increment of nanoparticles induces an increase of
genotoxicity.

MPA-QDs up-regulate DNA repair and antioxidant defence genes

Oxidative DNA damage is typically associated with the accumulation of 7,8-dihydro-8-
oxoguanine (8-oxo-dG), an oxidized form of guanine. The 8-oxo-dG is highly mutagenic
frequently inducing mispairs with the incoming dAMP during DNA replication and causing
G:C to T:A transversions. The Base Excision Repair (BER) is responsible for recognizing and
excising damaged bases by a multi-step process using different enzymes, such as DNA
glycosylases, AP endonucleases or DNA ligases. Formamidopyrimidine DNA glycosylase
(FPG) is a DNA glycosylase/ AP lyase enzyme involved in the repair of oxidized purines
such as 8-ox0-dG and imidazole-ring opened purines (FapyA, FpyG) [22]. The presence of
FPG was initially considered to be a unique feature of prokaryotes, but recently it has also
been detected in plants [23,24,25].

The transcript accumulation of the FPG gene was evaluated in M. sativa cell suspension
cultures treated with 10, 50 and 100 nM of MPA-QDs. Changes in the expression levels of the
FPG gene were observed during the induced treatments (Fig 5). An up-regulation was
observed when the higher QDs concentrations (50 and 100 nM) were used (0.7-fold and 2.0-
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fold, respectively), which is in agreement with the Comet results: cells tend to respond to the
genotoxic effect by increasing the expression of FPG to increase the enzyme activity.

Tyrosyl-DNA phosphodiesterase (Tdpl) is a key enzyme that hydrolyzes the phosphodiester
bond between the tyrosine residue of DNA topoisomerase I (topo I) and the DNA 3’-
phosphate, and thus it is involved in the repair of topoisomerase | — mediated DNA damage
[26]. Macovei et al. (2010) reported on the presence of a Tdpl gene family (7dplo and
Tdp1p) in M. truncatula and demonstrated its involvement in oxidative stress responses, while
Lee et al. (2010) [27] isolated Tdpl-depleted Arabidopsis mutants that exhibited a dwarf
phenotype and cell death events, suggesting the important role that this enzyme plays during
plant development.

The accumulation of transcripts of the  isoforms of Tdpl and Topl transcripts was evaluated
in M. sativa cell suspension cultures treated with 10, 50 and 100 nM of MPA-QDs. Results
(Fig 5) show an increase in the transcript accumulation of both Tdpip and TopI mRNAS. In
the case of Tdp1p a 2.0-fold increase was observed at 10 nM and 50 nM, while the treatment
with 100 nM QDs induced a 7.0-fold transcript accumulation. For the Toplf gene, at the
lower concentrations (10 nM and 50 nM) the results are not statistically different from the
control, while at 100 nM a 4.0-fold increase was observed.

This is the first time that the expression of genes of DNA repair enzymes has been evaluated
when nanoparticles are placed in contact with plant cells. The over accumulation of
transcripts of FPG, Tdplf and Toplp transcripts shows that the nanoparticles are exerting a
genotoxic effect that the cells try to counteract by increasing the expression of these genes.
This is corroborated by the data obtained with the Comet assays, that show that even 10 nM
of MPA-QDs may induce a genotoxic response by plant cells. The fact that the expression of
APX and SOD genes is also up-regulated by the nanoparticles (fig 5), mostly at the highest
concentrations is in agreement with the results obtained for the antioxidant enzyme activities
and our previous results [3]. The balance between ascorbate peroxidase and superoxide
dismutase activity in cells is considered to be crucial for determining the steady-state level of
reactive oxygen species [4]. These enzymatic antioxidant defences protect the cells by directly
scavenging hydrogen peroxide and superoxide radicals, converting them into less reactive
species [28].

Conclusions

Concentrations as low as 10 nM of quantum-dots (MPA-QDs) although not lethal are
cytotoxic and genotoxic to plant cells. This sets a limit for the concentrations to be used when
experiments on plants using nanoparticles of this type are being considered.

M. sativa cells responded to the oxidative stress caused by the addition of MPA-QDs by
activating their antioxidant enzyme systems. In this study, three antioxidant enzymes: SOD,
CAT and GR were activated within 48 hours of MPA-QDs exposure, preventing over-
accumulation of oxygen reactive species, as described previous [3]. Higher concentrations of
MPA-QDs induced the accumulation of ROS that are able to damage the plasma membrane,
mitochondria and nucleus.

Cells may adapt to stress by up-regulating antioxidant and/or repair systems. This may protect
them against damage to some extent but not completely, or sometimes even overprotect; the
cells are then resistant to higher levels of oxidative stress imposed subsequently [29]. This
work describes for the first time the genotoxic effect of Quantum dots in plant cells and
demonstrated that both the DNA repair genes (7dplp, Toplf and FPG) and the ROS
scavenging mechanisms are activated during the MPA-QD treatments in M. sativa cells.
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Methods

Synthesis and characterization of QDs

Mercaptopropanoic acid coated CdSe/ZnS QDs were synthesized, solubilised and
characterized based in our previous report [3]. In brief, the Mercaptopropanoic acid coated
nanocrystals were synthesized by the phase transfer method and the obtained
Mercaptopropanoic acid coated CdSe/ZnS QDs were then concentrated using a Sartorius
Vivaspin 6 tube (cutoff 10KDa) at 7.500g.

For the characterization of the synthesized CdSe/ZnS QD nanoparticles Transmission
Electron Microscopy (TEM) was used. Low resolution images were obtained using a JEOL
200CX traditional TEM operating at an acceleration voltage of 200kV. Dynamic Light
Scattering (DLS) analysis was performed using a Nano series dynamic light scatterer from
Malvern. The nanoparticles had a hydrodynamic diameter of 13.5 nm and a zeta potential of -
26.2 mV and an emission wavelength of 620 nm.

Cell suspension cultures treatments

M. sativa cell suspension cultures previously established [3] were used and maintained in an
orbital shaker at 110 rpm (Innova 4900, New Brunswick Scientific, Germany) in the dark at
24°C. A MPA-QDs stock solution was added to cell suspension cultures at day 3 of culture
(beginning of exponential phase) at different final concentrations (0, 10 nM, 50 nM and 100
nM). After 48 hours of incubation cells were harvested for RNA or enzyme extraction and
frozen at -80°C or used directly for the Comet assays. Cell suspension cultures heat treated at
50 °C for 20 min were used as an abiotic stress control.

Antioxidant enzyme activity

1) Enzyme extraction

The following steps were carried out at 4 °C unless stated otherwise. The in vitro cultured
Medicago sativa cells (about 500 mg of fresh weight) were homogenized in a mortar with 2
mL of 100 mM Tris-HCI buffer (pH 7.5) containing 1 mM ethylenediaminetetraacetic acid
(EDTA), 3 mM DL-dithiothreitol, 0.2 % Triton X-100 and 2% (w/v) insoluble PVPP. The
homogenate was centrifuged at 12000g for 30 min and the supernatant was stored in separate
aliquots at -80 °C, until CAT, GR, SOD and protein quantification.

For the enzyme assays three types of controls were used: a stress control (heated cells), a
control with no treatment and a negative control consisting of a boiled extract of the non-
treated cells (inactivated enzyme).

2) Protein Quantification

Protein concentration was quantified spectrophotometrically at 595 nm according to the
Bradford method [31] with BSA as a standard.

Protein quantification and all enzyme activities were measured using Ultrospec 4000
UV/Visible Spectrophtometer (Pharmacia Biotech).

3) Quantification of Superoxide Dismutase activity

Total SOD activity was quantified according to the modified method described by Rubio et al
[32], measuring the increase in absorbance at 550 nm for 2 minutes (10 seconds interval) in a
1 mL solution containing 0.5 mM xanthine, 0.05 mM ferricytochrome-C, 0.1 mM EDTA and
0.01 U of xanthine-oxidase in 100 mM potassium phosphate buffer (pH 7.5). The enzymatic
activity was estimated as the quantity of enzyme necessary for the inhibition of 50% of
ferricytochrome-C reduction per minute under the assay conditions [33]:
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% inhibition= (AAbs control — AAbs sample)/ AAbs control * 100
Units/mg protein= (% inhibition/ 50%)*(1/v)/ mg of total protein
Where 50 %= inhibition of the rate of cytochrome C reduction; v=0.05 mL.

4) Quantification of Catalase activity

Total CAT activity was measured as described in [34]. Briefly, the decrease in absorbance
was measured at 240 nm for 2 minutes (10 seconds intervals), in a 1 mL solution containing
10 mM of H;0; in 50 mM phosphate buffer (pH 7.5). CAT enzymatic activity was defined as
the consumption of 1 umol of H,O, per minute per ml at room temperature, under the assay
conditions, according to the following equation:

(AADbs/AT)*(1/e)*(1/L)*(1/v)/ mg of total protein
Where ¢ H,0, = 0.00394 umol “Tmm™; L=10 mm; v=0.037 mL

5) Quantification of Glutathione reductase activity

GR activity was quantified based on the increase in absorbance at 412 nm (10 seconds
interval during 2 minutes) when 5.5’-dithiobis (2-nitrobenzoic acid) (DTNB) was reduced by
GSH [35]. The 1 mL reaction mixture contained 100 mM potassium phosphate buffer at pH
7.5, ImM EDTA, 0.75 mM DTNB, 0.1 mM NADPH and 1 mM GSSG. The components of
the reaction mixture were added in the stated order and the reaction was initiated by the
addition of GSSG. The activity of the enzyme was expressed in U/mL*mg protein wherein
unit activity is the amount of enzyme which reduces 1 mM of GSSG per minute at 24 °C
under assay conditions:
(AADbs/AT)*(1/e)*(1/L)*(1/v)/ mg of total protein
Where € GSSG = 0.62 mL pmol 'mm™"; L= 10 mm; v= 0.05 mL

Comet assay

1) Protoplast preparation

Cells from the suspension culture were pelleted by centrifugation at 1000 rpm for 10 min and
incubated with a protoplastization solution consisting of 10 mM of MES buffer pH 5.8 ,10
mM of CaCl2, 0.4 M of mannitol, 1% of Macerozyme and 1% of Cellulase (for about 1 g of
cells 5 mL of enzymatic solution was added) at room temperature in the dark for 3-4 hours
under gentle agitation. After the incubation the protoplasts were sieved through a 90 um mesh
without applying pressure.

200 pL of protoplasts were mixed with 200 pL of 0.75% LMP agarose (at 37 °C) and 80 puL
aliquots were placed on a microscope slide previously coated with 0.75% agarose. A 22x22
mm glass cover slip was placed on each gel and the slides were allowed to set on ice for a few
minutes, the coverslips were then removed. The slides were marked as “control” (protoplasts
from cultures with no treatment), “heat treated” (protoplasts treated for 20 min at 50 °C), “10
nM, 50 nM or 100 nM” (protoplast from cultures treated with one of the three QDs
concentrations), “buffer” (protoplasts from cultures treated with one of the three QDs
concentrations plus enzyme buffer), “FPG” (protoplasts from cultures treated with one of the
three QDs concentrations plus FPG enzyme) and “Endo III” (protoplasts from cultures treated
with one of the three QDs concentrations plus Endo I1l enzyme).

2) Alkaline unwinding/ neutral electrophoresis

The modification of the comet assay described by Angelis et al. 1999 [36] employs various
combinations of neutral and alkali pH solutions immediately prior to and during
electrophoresis. Exposure of DNA to high alkali prior to electrophoresis under neutral
conditions (N/A protocol) allows for the preferential detection of DNA SSBs.
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Briefly, cells embedded in agarose were lysed in a Coplin jar for 1 hour in 2.5 M NaCl, 0.1 M
EDTA, 10 mM Tris-HCI pH 10, 1% Triton X-100 at 4 °C. The slides marked with “buffer”,
“FPG” and “EndolIl” were then washed 3 times for 5 minutes at 4 °C with enzyme buffer
containing 40 mM HEPES, 0.1 M KCI, 0.5 mM EDTA, 0.2 mg/mL BSA, pH 8 adjusted with
KOH. After the last wash the excess was drained with the tissue and the slides were placed on
ice. Then 50 pL of enzyme buffer, FPG (10 dilution) or Endo 111 (10* dilution) were added to
the respective gels and covered with a coverslip. The slides were then transferred to a moisten
box and incubated at 37 °C for 30 min.

During this time the slides marked as “control”, “heat treated” and “10 nM, 50 nM or 100
nM” were kept in the lysis solution. At the end of the incubation period, the coverslips were
removed and all the slides were placed in 0.3 M NaOH and 1 mM EDTA, pH approximately
13,0, at 4 °C for 20 minutes.

The samples were then neutralized by dipping in 0.4 M Tris-HCI, pH 7.5, 3 times for 5
minutes at 4 °C. The slides were transferred to the electrophoresis tank and placed in TBE (pH
8) for a few minutes and then electrophoresed for 10 min at 25V, 10 mA at 4 °C. After being
electrophoresed they were fixed in ethanol 70% 2 times 5 min and left to dry overnight. 20 uL
of 1 ug/mL DAPI was placed on each gel and covered with a coverslip, and scored after 5
min.

3) Neutral incubation/ neutral electrophoresis

DNA unwinding and electrophoresis at neutral pH (pH 7-8) facilitates the detection of
double-strand breaks and crosslinks and the total DNA damage is much less pronounced than
at alkaline conditions [36].

In brief, slides marked as “control”, “heat treated” and “10 nM, 50 nM or 100 nM” were lysed
in the Coplin jar for 1 hour at 4 °C in 2.5 M NaCl, 0.1 M EDTA, 10 mM Tris-HCI pH 7.5.
They were then equilibrated in TBE 2 times for 5 min and electrophoresed in TBE 10 min at
25V, 10 mA. They were fixed, stained as above and scored.

4) Scoring for DNA damage

Visual image analyses of DNA damage were carried out in accordance with the protocol
described [37]. Slides were examined at 200 X magnification on a Nikon Eclipse TE2000-S
(Japan) inverted microscope equipped with a HMX-4 100 W Mercury lamp and UV
excitation filter. One hundred randomly selected non overlapping nucleoids were analyzed by
visual inspection giving each comet a value of 0-4 according to the degree of damage. Two to
three slides were evaluated per treatment and each treatment was repeated at least twice.
Images were acquired with an Evolution MP 5.1 megapixel digital CCD Color Camera
(Media Cybernetics) controlled by Image Pro Plus 5.0 software (Media Cybernetics).

For the lesion-specific enzymes we used the standard procedure that is to include a control
slide (incubated with buffer alone) in parallel with the slide treated with the enzyme, and to
subtract the mean Comet score of the control from the mean score of the slide treated with the
enzyme. Net enzyme-sensitive sites were then the measure of the oxidized bases concerned.

Real Time Quantitative Polymerase Chain Reaction

1) RNA extraction

The RNA extraction protocol was based on the protocol developed by Chang et al. [38] with
some modifications. Frozen cells were ground in the presence of liquid nitrogen in a mortar
and the powder was transferred to a 2 mL microcentrifuge tube. The extraction buffer
containing 2% CTAB, 2% PVP, 100 mM Tris-HCI pH 8, 25 mM EDTA, 2 M Na Cl, 0.5 g/L
spermidine and 2 % B-mercaptoethanol (added just before use) was heated at 65°C for 10 min
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in a water bath. 900 uL of extraction buffer was added to each sample and quickly mixed and
vortexed vigorously. Samples were incubated for 15 min at 65 °C, after that placed on ice for
5 min and 900 pL of chloroform:isoamyl alcohol (CIA) (24:1) were added. Each sample was
vigorously vortexed until a unique phase was observed and again placed on ice for 5 min.
Then samples were centrifuged for 15 min at 20 000g. The CIA extraction was repeated 3
times. The final combined supernatant was placed into a new microcentrifuge tube and 65 pL.
of 4M NaOAc (pH 5.2) and 1500 pL of ethanol were added. Each sample was mixed by
inversion and allowed to precipitate at -20 °C for one hour. The samples were then
centrifuged for 30 min at 20 000g and the supernatant was carefully decanted. 250 pL Of 70%
ethanol at 4 °C was then added, centrifuged and the supernatant again discarded. An
additional washing with absolute ethanol at 4 °C was carried out. The pellet was dried and re-
suspended in 50 pL of MilliQ water and 50 pL of 12 M LiCl and left to precipitate overnight
at -20 °C. It was then centrifuged 1 hour at 20 000g and the supernatant discarded. The
residue was subsequently washed with 70% ethanol and stored in absolute ethanol. Total
RNA was quantified in the Nanodrop1000 spectrophotometer (Thermo Fisher Scientific) and
quality assessed by agarose gel electrophoresis. Only the samples with purity (A260/280
ratio) between 1.8- 2.0 were used for QRT-PCR.

2) cDNA synthesis and Real Time Quantitative Polymerase Chain Reaction (QRT-PCR)

The total RNA was reversely transcribed into cDNAs using the iScript cODNA Synthesis Kit
(Bio-Rad), as indicated by the supplier.

The high degree of sequence identity and remarkably conserved genome structure and
function between Medicago truncatula (barrel medic) and M. sativa (alfalfa) provides the
opportunity to use the model legume M. truncatula as a surrogate [39,40,41] to design the
oligonucleotide sequences of Tdplpg, Toplpg, FPG, SOD and APX genes. Primers were
designed using the Real-Time PCR Primer Design, GenScript software,
(https://www.genscript.com/ssl-bin/app/primer) covering their highly conserved motifs. The
used primer sequences are listed in Table 1. The ELFIa gene was used as a reference gene for
the QRT-PCR reactions [42].

QRT-PCR was carried out in a Rotor-Gene 6000 PCR apparatus (Corbett Robotics, Australia)
by adding 10 pl of SsoFast EvaGreen Supermix (Bio-Rad), 200 ng of cDNA, 0.5 pmol of
each primer and water to a final volume of 20 uL. After one initial incubation step at 95°C for
30 sec, amplification was performed for 40 cycles with the following profile: denaturation at
95°C for 5 sec, annealing at 60°C for 10 sec and extension at 72°C for 10 sec. Fluorescence
data were collected during the extension (72°C) step and the specificity of PCR products was
confirmed by performing a melting temperature analysis at temperatures ranging from 55°C
to 95°C at intervals of 0.5°C. The PCR products were subsequently run on a 2.5% agarose gel
to confirm the presence of a unique band with the expected size. The resulting PCR efficiency
and Ct (Treshold Cycle) were used for transcript quantification. The Pfaff method [43] was
used for the relative quantification of the transcript accumulation. For all the tested genes and
treatments, three independent replicates were performed.

Statistical analysis
All results are presented as the mean + standard deviation (SD). The One Way ANOVA test

of significance was used to compare the different conditions by Tukey Test (VasserStat
Website for Statistical Computation, http://faculty.vassar.edu/lowry/VassarStats.html).
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Figures

Figure 1 — Confocal fluorescence image of M. sativa cells after 48 hours of incubation with
10 nM of mercaptopropanoic acid-QDs showing QD internalization. The fluorescent spots
due to mercaptopropanoic acid-QDs are seen in in the cytosol and in the nucleus. Scale bar =
25 uM.

Figure 2 — Effect of MPA-QDs on the activities of SOD, CAT and GR.

Enzymatic activity of extracts of cell suspension cultures treated with 0, 10, 50 or 100 nM of
MPA-QDS for 48 hours. Activity results for SOD are expressed in relative activity, A/A0,
where A is the measured enzyme activity for the cells in the presence of MPA-QDs and AOQ is
the enzyme activity for the control. For CAT and GR activities results are expressed as U mg”
! protein. Bars indicate the standard deviation of mean values. Values with different letters are
significantly different at p<0.01.

Figure 3 - Histogram of comet distribution.

a) Histogram of comet distribution for cell suspension cultures added with 0, 10, 50 and 100
nM of MPA-QDs and subjected to 50 °C during 20 min based on the comet score with the
A/N version. b) images of comets that represent the 0-4 classes for visual scoring.
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Figure 4 - DNA damage in Medicago sativa cells in suspension cultures

DNA damage in cell suspension cultures treated with 0, 10, 50 and 100 nM of MPA-QDs for
48 hours or at 50 °C for 20 minutes, in alkaline unwinding and neutral electrophoresis (A/N),
in neutral incubation and neutral electrophoresis (N/N), and also by incubation with lesion-
specific FPG or Endolll enzymes. Results are expressed as mean values with standard
deviation. One —~way ANOVA P < 0.0001.Values with different letters are significantly
different at p<0.01 with Tukey test.

Figure 5 - Expression of Tdpl B, ToplB, Fpg, SOD and APX genes in Medicago sativa
cells treated with MPA-QDs.

Expression of Tdpl B, ToplP, Fpg, SOD and APX genes on cell suspension cultures of
M.sativa treated for 48 hours with 0, 10, 50 and 100 nM of MPA-QDs and at 50 °C for 20
minutes. For each treatment, data represent the mean values of three independent replications.
One —way ANOVA P < 0.0001 for Tdplb, Fpg, APX and SOD and P < 0.01 for Topolb.
Tukey test P < 0.01 except for * P < 0.05.

Tables
Table 1-Primer sequences
Gene Forward Primer (5°-3°) Reverse Primer (5°-3°) Efficiency*
T dp] ﬁ GGTTGGTTTGAGCCATCTTT GCAGGCACATTGTGATTTCT 1.79
Toplf | ATACACGTGGGCTATTGTCG TCACTTGGATGAATGCGTT 1.77
FPG TCCTTTCAATTCGGTATGGC GCTCCAAACCATCGTCTAGC 1.76
APX AGCTCAGAGGTTTCATCGCT CGAAAGGACCACCAGTCTTT 1.80
SOD CCTGAGGATGAGACTCGACA GAACAACAACAGCCCTTCCT 1.72
ELFlo | GACAAGCGTGTGATCGAGAGATT TTTCACGCTCAGCCTTAAGCT 1.90
" Efficiency of the primer pair in QRT-PCR
Table 2 -Detoxifying enzymes
Detoxifying enzymes studied in this work and their functions and location.
Enzyme Function Location Reference
Superoxide Dismutation of O, leads to Cytosol, chloroplasts, [44]
Dismutase H,0, formation mitochondria, peroxisomes
Detoxifies H,O,, no reductor Mitochondria, peroxisomes,
Catalase required glyoxysomes [19]
Glutathione Reduces oxidized glutathione Cytosol, chloroplasts, [44]
reductase with NADPH as reductor mitochondria, peroxisomes
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