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Title : Zinc oxide (ZnO) based quantum dots for bioimaging applications of lipid nanocarriers

Keywords : ZnO, Quantum Dots, bioimaing, and lipid nanocarriers

Abstract:Theranostic systems consist of a
single device containing therapeutics and
diagnosis agents and have increased attention in
the actual researches because these devices can
improve the disease therapy such as cancer,
decrease the side effects and the toxicity in no-
cancer cells and permit monitoring the
treatment. The aim of this work was to develop
theranostic systems consisted of lipid based
nanocarriers containing ZnO based quantum
dots (QDs) as cancer cell luminescent guides,
and a model drug for cancer therapy. Firstly, it
was study the synthesis of ZnO/ZnS QDs
aiming to achieve improved luminescent
properties. In this step, X-Rays Absorption
Spectroscopy, together with other usual
characterization techniques, could identify the
synthesis  condition in which core-shell
structures were formed. Nevertheless, the
emission of Zn0O/ZnS QDs in the visible range
was not promising. Therefore, Mg-doped ZnO
QDs were synthesized and their luminescence
went through a maximum for a 20 mol%
nominal concentration of Mg?* ions in the

reaction medium. ZnogMgo,O QDs presented
guantum vyield (QY) six times higher (QY =
64%) than undoped ones (QY = 10%). ZnO and
ZngsMgo,O QDs capped by oleic acid (OA)
were synthesized and formed stable colloidal
dispersions in chloroform and toluene. The QY
of OA-Zn,sMg,,0 was about 4 times (around
40%) higher than that of the OA-ZnO QDs.
Zno_gMgo_zo QDS and OA-ZnolgMgolzo QDS
could be incorporated into lipid based
nanocarriers of average hydrodynamic diameter
around 100 — 220 nm. The luminescent solid
lipid nanoparticles (SLN) were stable in
different media at 37°C during 3 hours. The
fluorescence  association  study  showed
enhanced emission of the J774 macrophage-like
cells treated with 2 mg/mL of luminescent SLN
during 50 min, suggesting partial internalization
of the nanoparticles into the macrophages. The
internalization  study using the video-
microscope and fluorescence microscope were
not successfully, once the equipment condition
used could not overcome the cells auto-
fluorescence phenomena.
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Titre : Conception de Quantum dots a base d’oxyde de zinc (ZnO) pour des applications en bio-

imagerie de nanosystémes lipidiques

Mots clés : ZnO, Quantum Dots, bioimagerie etnanosystémes lipidiques

Résumé :Les systemes théranostiques sont
constitués d’un dispositif unique contenant des
agents thérapeutiques et diagnostiques et
attirent actuellement l'attention pour améliorer
le traitement de maladies telles que le cancer ;
ils pourraient réduire les effets secondaires (e.g.
la toxicité pour les cellules non-cancéreuses) et
permettre le suivi du traitement. Les quantum
dots (QDs) sont utilisés comme agents
d'imagerie in vitro et in vivo. Parmi ceux-ci,
ZnO est moins cher, plus biocompatible et
moins toxique que ceux utilisés couramment
(SeCd, PbS, etc.). Le but de notre étude était de
développer des systémes théranostiques
constitués de  nanoparticules  lipidiques
contenant des QDs a base de ZnO comme
agent luminescent, [’objectif final étant
d’incorporer un principe actif pour le traitement
du cancer. Nous avons d’abord étudié la
synthése de QDs de ZnO/ZnS (structure
coeur/coquille) par le procédé sol-gel, afin
d'améliorer les propriétés de luminescence de
ZnO grace a la passivation de la surface par le
ZnS. Pour cela, deux voies de synthese ont été
explorées: le thioacétamide (TAA), utilisé
comme source d'ions soufre, a été ajouté a (i) la
solution de précurseur de l'acétate de zinc, et
(i) la suspension colloidale de ZnO.
Différentes concentrations de thioacétamide
(TAA) ont été utilisées (1,5, 5 et 50 mM). Pour
distinguer la formation de la structure
coeur/coquille (ZnO / ZnS) d’un simple
melange de particules de ZnO et ZnS, les
échantillons ont été caractérisés par plusieurs
techniques (DRX, XAS, SAXS, UV-vis, pH,
HRTEM et PL). Parmi celles-ci, I’absorption
des rayons X (XAS) a été essentielle pour
montrer que seule la réaction effectuée a partir
de la suspension colloidale de ZnO contenant
5 mm de TAA donnait lieu a la structure
Zn0O/ZnS. Cependant, les QDs de ZnO/ZnS
n'ont pas montré une intensité de I'émission
dans le visible plus grande que celle des QDs
de ZnO. Les QDs de ZnO ont donc été dopés
pour générer des eélectrons ou des trous
supplémentaires dans leur structure, entrainant
des changements de leurs propriétés de
luminescence. Différentes quantités de Mg
(2,5, 5, 10 et 20% en mole) ont été ajoutées lors

de la synthese du ZnO par la voie sol-gel, afin
d'obtenir  des  particules ayant  une
luminescenceplus forte dans le visible.
Plusieurs techniques (XRD, HRTEM, ICP-MS,
SAXS, UV-Vis et PL) ont été utilisées pour
déterminer les caractéristiques  physico-
chimiques des différents Zn,;,MgsO QDs
obtenus. Il a été observé une diminution de la
taille des particules avec l'augmentation de la
concentration de Mg. Lors de l'ajout d’une
concentration nominale de Mg?®* dans le milieu
réactionnel de 20% molaire (Zn,sMgo.0), le
rendement quantique (QY) était six fois plus
élevé (QY= 64%) que celui de la suspension de
ZnO non dopé (QY= 10%). Pour utiliser les
QDs dans un environnement biologique tout en
conservant leurs propriétés de
photoluminescence, leur surface est
généralement modifiée par des substances
hydrophiles pour les rendre stables dans l'eau,
ou des substances hydrophobes pour permettre
leur intégration dans des
systemes/nanoparticules a base de lipides ou de
polyméres. La surface des QDs de ZnO et
ZnosMgy,0 a été recouverte par de l'acide
oléique (AO) ; les QDs ainsi modifiés forment
une dispersion colloidale stable dans le
chloroforme et le toluéne. La spectroscopie
Raman a confirmé la présence d’acide oleique
a la surface des QDs. Le rendement quantique
des QDs de ZnggMgo.,0 recouverts d'AO était
environ 4 fois plus élevé (QR = 40%) que celui
des QDs de ZnO recouverts d’AO. Enfin, les
QDs de ZnggMgp 20, recouverts ou non d’A0O,
ont été incorporés dans des nanoparticules
lipidiques pour une utilisation ultérieure dans
des études d'internalisation cellulaire. Des
formulation a base de DPPC, DSPE-Peg et des
nanoparticules  lipidiques solides (SLN)
contenant des QDs ont été préparées avec une
taille hydrodynamique variant entre 100 et 220
nm. Les formulations & base de DSPE-Peg ont
montré une intensité d'émission plus élevée
dans le visible, comparé aux SLNs. L'étude de
stabilité réalisée avec des SLNs luminescentes
dans différents milieux (eau, PBS, PBS avec du
Mg et du Ca, RPMI avec du sérum a 10%) a
37°C pendant 3 heures a montré que la taille ne
changeait pas
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fortement au cours du temps. Dans cette étude,
la taille maximale était de I’ordre de 300 nm,
montrant que méme en présence de protéines, il
ne se forme pas de gros agrégats. Trois
méthodes ont été utilisées pour I'étude de
I'internalisation cellulaire dans des
macrophages J774. Lorsque la longueur d’onde
d’excitation correspond a celle des QDs, les
mesures d’intensité de fluorescence sur les
suspensions de cellules ont montré une faible
augmentation de Dintensit¢ de 1’émission
visible pour les cellules incubées avec 2
mg/mL de SLNs luminescentes pendant 50
minutes, en comparaison avec les cellules
témoins. Ce résultat suggére une internalisation
partielle des SLNs dans les macrophages.
Malheureusement, ces résultats n’ont pas pu
étre confirmés par vidéo-microscopie et

microscopie de fluorescence sur les cellules
parce que les conditions expérimentales (
longueurs d’onde d’excitation et d’émission
possibles) ne permettaient pas d’observer un
signal supérieur a celui de l'auto-fluorescence
des cellules.

En conclusion, cette étude a permis d’optimiser
la composition et la synthése par voie sol-gel
de QDs a base de ZnO pour les rendre aptes a
étre utilisés comme sondes luminescentes dans
des nanoparticules lipidiques. La relation entre
leur structure et leurs propriétés de
luminescence a été étudiée; les QDs dopés
ZnosMg,20, qui ont le rendement quantique le
plus élevé, ont pu étre incorporés dans des
nanoparticules lipidiques pouvant contenir des
agents thérapeutiques.
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Titulo :Pontos Quéanticos a base de 6xido de zinco (ZnO) para aplicagdes em bioimagem de

nanocarreadores lipidicos

Palavras-chaves : ZnO, Pontos Quéanticos, bioimageme nanocarreadores lipidicos

Resumo :Sistemas terandsticos consistem em
um dnico dispositivo contendo agentes
terapéuticos e de diagnostico e tem ganhado
atencdo nas pesquisas atuais por melhorar o
tratamento de doencas como cancer, podendo
diminuir efeitos colaterais, diminuir toxicidade
em células ndo cancerigenas e permitir o
monitoramento do tratamento. Os pontos
guanticos (PQs) vem sendo usado como
agentes de imagem para realizar o
monitoramento 6tico em investigagGes in vivo e
in vitro. Dentre eles, 0 ZnO tem se destacado
por ser mais barato, mais biocompativel e
menos tdxico do gque os utilizados comumente
(SeCd, PhbS, etc). O objetivo deste trabalho foi
desenvolver sistemas teranosticos constituidos
de nanocarreadores a base de lipideos contendo
pontos quanticos a base de ZnO, como guias
luminescentes de células cancerigenas, e um
farmaco modelo para tratamento do cancer.
Primeiramente, foi estudada a sintese de pontos
guanticos de ZnO/ZnS  (estrutura de
casca/carogo) pelo processo sol-gel, a fim de
melhorar as propriedades luminescentes do
ZnO através da passivagdo da sua superficie
provocada pelo ZnS. Para isto, as reacdes de
sintese tiveram como base (i) a solucdo
precursora de acetato de Zinco e (ii) a
suspensdo coloidal de ZnO. Além disso, foram
variadas as concentracbes de tioacetamida
(TAA) (1.5, 5 e 50mM), usada como fonte de
ions de enxofre. Para diferenciar a formacédo de
estruturas casca/carogo (ZnO/ZnS) e ndo uma
mistura de particulas de ZnO e ZnS, varias
técnicas foram utilizadas para caracterizar as
amostras (DRX, XAS, SAXS, UV-vis, pH,
HRTEM e PL). Dentre elas, XAS foi crucial
para identificar que somente a reacdo realizada
a partir da suspensdo coloidal de ZnO com
TAA 5mM deu origem a estrutura de ZnO/ZnS
do tipo casca/carogo. Entretanto, os PQs de
ZnO/ZnS ndo apresentaram maior intensidade
da emissdo na regido do visivel quando
comparado ao ZnO. Portanto, PQs de ZnO
foram dopados com Mg para gerar elétrons ou
buracos extras na sua estrutura levando a
mudancas em suas propriedades luminescentes.
Diferentes quantidades de Mg (2.5, 5, 10 e 20

% em mol) foram usadas durante a sintese de
ZnO pelo processo sol-gel para poder obter,
assim, particulas com maior luminescéncia na
regido do visivel. DRX, HRTEM, ICP-MS,
SAXS, UV-Vis e PL foram usadas a fim de
avaliar as caracteristicas fisico-quimicas dos
diferentes Zn;,MgsO obtidos. Observou-se a
diminuicdo do tamanho das particulas com o
aumento da concentracdo de Mg. Quando se
utilizou 20 % em mols em concentracdo
nominal de fons Mg® no meio reacional
(ZngsMgp,0), o rendimento quantico (RQ) foi
seis vezes maior (RQ = 64%) do que a
suspensdo de ZnO ndo dopado (RQ = 10%).
Para utilizar os PQs em meio biolégico
mantendo sua propriedade fotoluminescente,
sua superficie normalmente ¢ modificada com
substancias hidrofilicas para torna-los estaveis
em agua, ou com substancias hidrofébicas para
permitir sua incorporacao em
sistemas/carreadores a base de lipideos ou
polimeros. Os PQs de ZnO e de ZnysMgo,0
foram revestidos com &cido oleico (AO)
formando uma dispersdo coloidal estavel em
cloroféormio e tolueno. A espectroscopia
RAMAN permitiu confirmar a modificacdo da
superficie dos PQs pela presenca dos
grupamentos caracteristicos do AO nessas
amostras. O RQ do ZnqgMg,,0 revestido com
AO foi em torno de 4 vezes maior (RQ = 40%)
gue 0 RQ de ZnO revestido com AO. Por fim,
0s PQs de ZnggMgo,O revestidos e ndo-
revestidos com AO foram incorporados em
nanocarreadores lipidicos para serem utilizados
posteriormente nos estudos de internalizagéo
celular. Formulagdes a base de DPPC, DSPE-
Peg e nanoparticulas lipidicas sélidas (NLS)
contendo PQs foram obtidos com didmetro
hidrodindmico entre  100-220 nm. A
formulacdo  preparada com  DSPE-Peg
apresentou maior intensidade de emissdo no
visivel quando comparadas com as NLS. O
estudo de estabilidade realizado com as NLS
luminescentes em diferentes meios (agua, PBS,
PBS com Mg e Ca, RPMI com soro a 10%) a
37°C durante 3 horas, mostrou que o tamanho
delas ndo variou bruscamente no tempo
analisado. Nesse estudo o tamanho méximo
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encontrado foi de 300 nm, mostrando que na
presenca de proteinas, elas ndo formam
grandesagregados que podem favorecer a
fagocitose pelo sistema mononuclear. Foram
utilizados trés métodos para realizar o estudo
de internalizagdo celular. O estudo da
associacdo de fluorescéncia mostrou aumento
da intensidade de emissdo no visivel de células
de macrdfagos J774 tratadas com 2 mg/mL de
NLS luminescente durante 50 min, comparado
com as células sem tratamento. Este resultado
sugere internalizacdo parcial das NLS nos
macrofagos. A video-microscopia e a
microscopia de fluorescéncia néo tiveram su-

cesso para realizar este estudo, uma vez queas
condicBes  experimentais utilizadas ndo
puderam superar o efeito de auto-fluorescéncia
das células. Para concluir, a sintese de PQs a
base de ZnO pelo processo sol-gel possibilitou
estudar as estruturas e  propriedades
luminescentes destes, permitindo otimizar sua
sintese para adequa-los para uso como guias
luminescentes. Desta forma, ZnyogMg,,O com
alto rendimento quéntico foi incorporado em
nanocarreadores lipidicos e sua aplicacdo como
guia luminescente foi evidenciada atraves do
teste de associacao de fluorescéncia.
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Introduction

The use of nanotechnology in the biomedical field is increasing due to the advantages
of drug nanocarriers. For instance, nanoparticles loaded with drugs may improve the
solubility and bioavailability of poorly soluble drugs, protect them from degradation, cross
biological barriers, decrease drug toxicity against healthy cells by delivering the drug in target
tissues. The drug loading capacity, biodistribution, pharmacokinetics and toxicity of
nanoparticles depend on their composition, size, structure and surface properties. For
example, nanoparticle surface modification by hydrophilic polymers or specific ligands has
been explored to promote longer circulation time or to guide them to target tissue. Lipid based
nanocarriers, such as liposomes, phospholid micelles and solid lipid nanoparticles,are widely
imvestigated due to their biocompatibility and biodegradability.

Theranostic devices arise from the combination of therapeutic and imaging agents in a
unique nanoparticle, in order to follow the nanoparticle biodistribution and to evaluate the
disease evolution.

Numerous imaging agents can be used in theranostic nanoparticles, depending on the
type of image: radionuclides for nuclear imaging, heavy elements for computed
tomography,superparamagnetic metal oxides for magnetic resonance imaging and fluorescent
dyes or quantum dots (QDs) for optical imaging. QDs have gained place because they present
original properties, such as alarge absorption spectrum, a narrow emission band and bright
signal. Cadmiun (Cd) based QDs were the first and most explored QDs for bioimaging
application; however, they present high toxicity as well as other heavy metal based QDs. To
minimize the toxic effects, core-shell QDs and surface capped QDs were developed in order
to prevent the release of heavy ions in the biological media. Moreover, coating QDs with a
higher band gap semiconductor can eliminate surface defects, which minimizes the
photoblinking effect, and QDs surface modification with organic molecules can provide
colloidal stability in aqueous media or non-polar solvents. Nevertheless, nontoxic QDs, such
as ZnO or ZnS QDs, began to be used due to their biocompatility and promising
photoluminescent properties.

The photoluminescence of ZnO QDs is directly related to their size and surface
defects. Because of these important characteristics, the synthesis route strongly interferes with
the final properties of the material. Since 1980, researchers have studied the quantum

confinement and luminescent properties of ZnO QDs synthesized using the sol-gel route,
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which allows obtaining nanoparticles with size varying from 2 to 6 nm, displaying surface
defects such as oxygen vacancies. However, the visible luminescence of ZnO QDs vanishes in
the presence of water because they tend to aggregate, precipitate and their luminescent centers
are destroyed. For this reason, the challenge is to keep their visible photoluminescence
emission in biological media to allow their use in bioimaging.

The aim of this work was to develop ZnO based QDs with strong visible emission,
stable in biological media or organic solvent that allow their later incorporation in lipid based
nanocarriers, in order to achieve theranostic devices.

In the first part (Chapter 111), ZnO/ZnS core-shell QDs were developed using a low-
temperature sol-gel route. The formation of ZnS shell around the ZnO core could provide UV
photoluminescence stability and prevent photoblinking and photobleaching undesirable
effects. Numerous techniques, such as Small Angle X-Ray Scattering (SAXS), UV-Vis
Spectroscopy, pH, X-Ray Absorption (XAS), High Resolution Transmission Electron
Microscopy (HRTEM)), X-Ray Diffraction (XRD) were used to monitor the reactions and
characterize the materials obtained. When characterized by Photoluminescence Spectroscopy,
Zn0/ZnS core-shell QDs did not present an increase in the emission intensity in the visible
range.

Because of ZnO/ZnS structures did not demonstrate desirable optical properties, the
optimization of ZnO QDs for imaging was performed differently. Chapter IV described ZnO
QDs doped with Mg®* ions with enhanced luminescence emission. Specifically, we have
shown that the maximum quantum yield (QY = 64%) for Mg precursor concentration of 20
mol% was six times higher than for undoped ZnO QDs (QY = 10%). Mg-doped ZnO QDs
were characterized in order to establish a relationship between the composition and structure
of the QDs and their luminescent properties.

The surface modification of the QDs was then performed using oleic acid (OA) to
hinder their aggregation and to provide them colloidal stability in non-polar environment. Still
in the Chapter 1V, we could show that Mg-doped ZnO QDs capped by OA formed stable
colloidal suspensions in toluene and chloroform, while preserving their photoluminescence
with QY around 40 %, promising for bioimaging.

In the Chapter V, the OA surface modified Mg-doped QDs were incorporated in lipid
based nanocarriers in order to analyze the nanoparticles structure, stability and luminescence.
At low QD concentrations, QDs were embedded within 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC) bilayers, without perturbing their stacking. 1,2-distearoyl-sn-glycero-
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3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] ammonium salt(DSPE-Peg)
/QDs formulations formed aggregates displaying a close-packed, layered structure, of QDs
likely stabilized by a layer of DSPE-Peg. Solid lipid nanoparticles (SLN) loaded with QDs
demonstrated good stability in biological media as shownby the absence of large aggregates.
Cell internalization studies using luminescent SLN were performed using a macrophage-like
cell line. However, cell autofluorescence prevented to unambiguously evidence the

internalization of SLN into the cells.
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V1.1. Final conclusions

The aim of this thesis was to explore ZnO based QDs as bioimaging agents due to
their promising photoluminescent properties, when synthesized via sol-gel route, and low
toxicity compared to the usual QDs, which contain heavy metals such as Cd, Pb, etc.

In a first step, attempts were made to improve the photoluminescence properties of
ZnO QDs by synthesizing ZnO/ZnS core-shell QDs and doping ZnO QDs with Mg ions.
Hereafter, QD surface modification was achieved for later incorporation in lipid based
nanocarriers. Finally, the study of the structure, stability, photoluminescence properties and
cell internalization of lipid nanocarriers loaded with QDs was carried out.

We could monitor the reactions tentatively used for obtaining ZnO/ZnS core-shell
QDs and characterize the final products. We could observe that a small amount of TAA in the
reaction medium was not sufficient to produce ZnS; an intermediate amount of TAA led to
the formation of both species (ZnO and ZnS); and higher quantities of TAA gave mainly rise
to ZnS nanoparticles. Figure V1.1 shows schematically the final products starting from either
ZnAc precursor or ZnO colloidal suspensions mixed with three different TAA concentrations.
The samples obtained in each reaction could be characterized by UV-vis, XRD and XAS
techniques; however, it is noteworthy that only XAS allowed identifying core-shell structure
when the reaction proceeded in ZnO colloidal suspension mixed with TAA 5 mM (Routel).
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Figure VI1.1.Schematical final products obtained in the reactions starting from ZnO colloidal
suspensions (Route 1) and ZnAc precursor (Route 2) using three TAA concentrations (1.5, 5
and 50mM).

Route 1 TAA 1.5mM

2. 0% g%

2.0%
025 =y S

Zn0O/ZnS QDs showed a rather weak photoluminescence in the visible range,
compared to ZnO QDs, without displaying a significantly increased emission in the UV
range. Therefore, doping of Zno QDs with Mg ions was performed in an attempt to optimize
their luminescence.

Mg-doped ZnO QDs were synthesized,preserving the wurtzite lattice of ZnO. The
higher was the amount of dopant incorporated into ZnO structure, smaller was the size of
nanoparticles. Mg ions incorporated into ZnO QDs strongly changed their growth, preventing
the formation of fractal aggregates. We could increase the QY of ZnO QDs six times by using
20 mol% (nominal concentration) of Mg?* ions in the reaction medium. The modification of
their surface was also requiredto incorporate them into lipid-based nanocarriers. The ZnO and
ZnysMgo 0 QDs could be successfully capped by oleic acid (OA), forming stable colloidal
dispersions in chloroform and toluene and keeping strong visible luminescence. Figure V1.2
presents schematically the structures of ZnO and ZnggMgo.O QDs with and without OA
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coating, their photographs and respective QY. This part of the work has already been
published in the European Journal of Nanomedicine, 7(2): 109-120, 2015 (Annexe).

Figure VI.2.Schematical structures of ZnO and ZnysMgo,O QDs with and without OA
capping, their photographs and respective QY.

Zn0 QDs Mg-doped ZnO QDs

/—0leic acid

Finally, we have tried to incorporate highly luminescent ZnyogMgo.,O and OA-
Zno Mg O QDs into lipid-based nanocarriers.

Figure VI.3 shows examples of photographs of liposomes, DSPE-Peg based
formulations and SLNs, loaded with QDs. As observed in this figure, liposomes presented
lower luminescence compared to the DSPE-Peg formulation and SLN. SLNs were fairly
stable in biological media, as shown by the absence of large aggregates. However, further
investigations are needed to optimize the preparation and photoluminescence properties of the
different nanocarriersfor bioimaging applications.
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Figure V1.3.Photographs of QDs loaded liposomes, a DSPE-Peg based formulation and an
example of SLN (from left to right, respectively) under UV lamp.

V1.2. Perspectives

Zn0O/ZnS nanoparticles surface could be characterized by XPS, Zeta potential and
isoeletric potential to confirm the modification of their surface by the ZnS shell deposition
around the ZnO core.

Doping with Mg?* ions widened the band gap of ZnO QDs and enhanced their visible
luminescence. While studying Mg-doped ZnO QDs we could observe that Mg®* ions interfere
directly with the growth of the nanoparticles, inducing disorder in the ZnO lattice, decreasing
the final size of the QDs and hindering their aggregation.However, we could not determine
their location into ZnO QDs (in the core and/or at the surface). EXAFS and XANES spectra
could be recorded at the Mg edge to identify the environment of Mg ions (hature and number
of neighbors, distance between them). Indeed, no significant differences could be evidenced at
the Zn edge between ZnO QDs and Mg-doped Zno QDs. First experiments have been
performed at LUCIA beamline at SOLEIL Synchrotron source. Work is in progress.

Regarding DPPC-based formulations which preserve the DPPC bilayer structure,
atomic force microscopy (AFM) could be used to investigate the homogeneity of the
repartition of QDs in the bilayers and the potential presence of QD aggregates. Further
investigations are needed to better control the size and size distribution of the different

nanocarriers, improve their luminescence and characterize their structure.
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For cell internalization studies, the limitations due to the cell auto-fluorescence
phenomena might be overcome if ZnO QDs were excited at the optimal excitation wavelength
with high intensity beam and short exposure time.Appropriate setups are available at the
DISCO beamline at SOLEIL. Besides, the Iluminescent nanoparticle formulation,

concentration and time of incubation with cells should be optimized.



ANNEXES




ANNEXES

DE GRUYTER

Eur. |. Manomed. 2015; 7(2): 109-120

Eloisa Berbel Manaia, Renata Cristina Kiatkoski Kaminski, Bruno Leonardo Caetano,
Valérie Briois, Leila Aparecida Chiavacci and Claudie Bourgaux*

Surface modified Mg-doped ZnO QDs for

biological imaging

Abstract: MNanocrystals of ZnO are currently attracting
great interest as potental labels for biological applica-
tions, such as theranostic devices, due to their lumi-
nescent properties and low toxicity in vivo, It has been
reported that doping with Mg? ions could enhance the
luminescence of Zn0 quantum dots (QDs). In the present
study Mg doped Zn0 QDs were synthesized by a hydroly-
gis and condensation reaction. Surface modification of
the QDs was performed using oleic acid (0A) to hinder
their aggregation and to provide them colloidal stahility
in non-polar environments. Mg** jons could he incorpo-
rated into the Zn0 wurzite lattice owing to the very close
values of the Mg** and Zn’* ion radii. However, the dopant
ions strongly influenced the growth and final size of Zn0
nanocrystals, as evidenced by time-resolved synchrotron
SAXS measurements. The presence of Mg prevented the
aggregation of the primary nanoparticles. Doping with
Mg** ions widenad the hand gap of Zn0 QDs and enhanced
their visible luminescence, With increasing proportion
of Mg ions, both the absorption and emission spectra
experienced a blue shift. The luminescence went through
a maximum for a 20 mol% nominal concentration of Mg+
ions in the reaction medium. The quantum yield (QY) of
20 mol% Mg-doped Zn0 colloidal suspension (64%:) was
about & times higher than that of the Zn0 suspension
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(10%). Mg-doped Zn0 QDs capped by OA formed stable
colloidal dispersions in chloroforme, with strong visible
flunrescence (¥ =3804), promising for biological imaging.
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Introduction

At the nanoscale, the optoelectronic properties of semi-
conductor crystals depend on their size. For crystals
smaller than twice the Bohr exciton radius (the so-
called quantum dots, QDs), the semi-conductor band
gap widens as the nanocrystal size decreases, owing o
gquantum confinement effects. Consequently, the radiative
recombination of an electron from the conduction band
with a hole from the valence band leads to the emission
of a photon whose wavelength can be tuned by changing
the nanocrystal size. The creation of an electron-hole pair
{or exciton) is induced by the absorption of a photon with
energy above that of the band gap, resulting in a broad
absorption spectrum. Both the absorption and emission
spectra of QDs experience a blue shift with QD decreasing
size (1).

Usnal QDs are made of CdSe, CdTe, In4s and InF
Depending on their composition and size, their emission
ranges from near UV to near [R. They need appropriate
surface modification, such as coating with amphiphi-
lic molecules, to be dispersible in an agueous solution.
When functionalized with ligands such as antibodies
or peptides, QDs can be used to label different types
of cellular targets or detect biomarkers (2, 3). Recently,
nanoparticles containing QDs have been investigated
as theranostic devices for simultaneous imaging and
drug delivery (4). For instance, doxorubicine has been
loaded, along with QDs, into micelles, aptamers, and
liposomes (5-7).
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However, the potential cytotoxicity of first genera-
tion QD= is @ major concern for biological applications
(8-11). In this context, luminescent nanoparticles of Zn0
are currently atiracting great interest as potential labels
for bio-imaging becanse of their biodegradability and
very low toxicity in vivo, although Zn0 nanoparticles are
able to release Zn** ions and produce destructive reac-
tive cxygen species (ROS), as shown by cytotoxicity tests
in viro (12-14). Zn0 is an n-type semi-conductor with a
wide band gap of 3.37 eV at room temperature and a Bohr
exciton radius of -2.34 nm. The typical excitonic emis-
sion, arising from recombination of photo-generated
electrons with holes in the valence band or in traps near
the valence band, is thus observed in the UV range.
Remarkably, the photoluminescence spectrum of ZnoO
nanocrystals also displays a broadvisible emission, more
suitable for binlogical imaging, which has been ascribed
to point defects such as 0 and Zn vacancies or intersti-
tials and related to surface oxygen-containing moieties,
such as OH groups (15). However, the understanding of
the exact mechanism for visible emission is still lacking,.

Because of the role of defects and surface chemistry,
the synthesis technique is expected to strongly influence
the luminescence of Zno. In general, the visible emission
of thin films or particles synthesized at high temperature
or annealed is very weak whereas nanoparticles prepared
by the sol-gel route exhibit stronger defect-induced visible
luminescence. & typical sol gel route is the hydrolysis and
condensation of a precursor in ethanolic solution (Zn salt
solution) catalyzed by a base (18). However, the obtained
Zn0 (Ds display a low quantum yield and are unstable in
water and in non-polar solvenis. Surface modification is
further required to prevent growth and aggregation of QDs
and to ensure their colloidal stability in different environ-
ments (17). Obtaining Zn0 QDs with high quantum yield
while preserving their visible luminescence upon surface
modification remain a challenge because of the sensiti-
vity of photoluminescence to subtle changes of synthesis
parameters and environment.

It has been reported that doping with Mg*t ions
can enhance the luminescence of Zn0. Most of previous
researches have focused on Mg doped Zn0 thin films and
particles annealed at high temperature, with high UV
emission but weak visible luminescence (13-22).

In the present study, we report the design of ZnO-
based (QDs with sirong visible luminescence, promis-
ing for labeling of lipidic manoparticles which could
be used as theranostic devices. Specifically, we have
shown that (i) Mg-doped Zn0 QDs prepared using the
s0l-gel method exhibited enhanced visible luminescence,
(ii) the maximum gquantum yield was obtained for Mg

DE GRUYTER

precursor concentration of 200 mol%, (iii) Mg doped ZnO
ODs capped by oleic acid formed stable colloidal suspen-
sions in toluene and chloroform, while preserving their
photoluminescence,

Mg-doped Znd QD= were characterized by elemental
analysis, transmission electronic microscopy, small- and
wide-angle X-ray scattering, Raman spectroscopy, UVVis
absorption and photoluminescence emission. The aim
was to establish a relationship between the composition
and structure of the QDs and their luminescent properties,

Materials and methods

Materials

Zinc acetate ditydrate, ZnAc JHO (Alfa Aesar) lithiom hydrodde
monohydrated, LiOH-H,0 (Alfa Aesar), magnesinm acetate tetrahy-
drate, Mg(Ac)-4 HO (Alfa Aesar). oleic acid (Alfa Aesar), ethanol
(VWE, BOH. Prolaba). chlomform (WWE. EDH, Prolabe) and heptane
{Carlo Erba Reagents). weme used as received. without further purifi-
cation. Zine ceide powder (Alfa Aesar) was used as standard.

Synthesis

InD0Ds: InDoolloidal suspensions wem synthesized by ydrobysis
and condensation at &0°C of a precursor solution (Zn,0&c, ethanalic
solution) upon mixing with a LiOH ethanolic solution, following the
sol-gel route proposed by Spanhel and Anderson (23).

TheZn,0Ac, tetrameric precursor was first prepared by refincing
an absclute ethanol solution with Q.05 M ZnAc ZH,0 concentration
for -2 h at 30°C. The thus-obtained transparent precursor solution
was stored at -47C. Meamwhile, LIOH-H,D absolute ethanol solution
{5 M) was prepared by ultrasonic mixing. Hydrolysis and condensa-
tion reactions were carried out in a flask containing the precursor
solution thermostated at 60°C. LiOH solution was dropped into the
precursor solution and the reaction medium was then contimuous by
stitred for 30 min Afterward. the Zn0 colloidal suspension was
cooled and stored at —4°C to prevent any further growth process. The
nominal molar ratio [OH)] o] was 1.4,

Mg-Zn0 Qs Mg doping was achieved by adding a Mg(Ac), ethanol
solution to the Zn precursor solution, keeping the total molar con-
centration [Zn+Mg] constant. The [LiOH]/[ZmMg] molar ratio was
also kept constant. The reaction conditions wem similar to those
described above for preparing undoped nanoparticles. The Mg pre-
cursor concentration was increased from 2.5 to 20 mol%. Samples are
referred to using nominal Mg mole fraction in the initial reaction
mixture (e.g. 200 Mg-Zn0).

OA-ZnD ODs: Zn0 ODs capped by oleic acid (0A) were obtained by
adding cleic acid to theZn0 ODs suspension (13 mb. 18,8 mA, 25 mM
or 367 mM (W concentration) under vigorous stirring during 30 min
at 60°C. The esulting turbid solotions were stored at 8°C overnight
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and then centrifuged (10 min at 10,000 rpm, 13000 g). The supermna-
tantwas removed and the 0A-ZnD ODs were washed with e thanol, in
which they could not be dispersed. in order to remove the unreacted
0A. Afterward, the washed 0A-Zn0 QDs were dried at room termpera-
tureundervacuum and put in suspension into chloroform or toluens.

OA-Mg-Zn0 QDs: The surface modification of the 2084 Mgz-Zn0 ODs,
which showed optimal photoluminescence properties, was achieved
inthe same way.

Powrder obtentiom Doped or undoped Znd QDs conld be recovered
from the ethanolic suspensions thanks to an extraction procedure
using heptane The as-synthesized colloidal sus pensions were mixed
with a “non-solvent™ heptane (24) (14} to induce the precpitation
of the ODs, and then centrifuged at 20°C for 10 min (10,000 rpm,
13000 g). The supernatant was discarded and the powder was dried
under vacuum at room temperature. The dried powder was used for
Xray powder diffraction characterization, Mg quantification and
Raman spectroscopy analyses.

Characterization

Inductively coupled plasma mass spectrometry (ICP-MS): Mg™
concentrations in doped QDs were determined using inductively
coupled plasma mass spectrometry at the Institut des Sciences Ana-
brtiques, Villeurbanne.

High resolution transmission electron microscopy (HRTEM): HRTEM
imrestigations were performed with a JEOL JEM-2011 UHR scanning
electron microscope operating at 200 keV, at the “Service of electronic
microscopy™ at the University Pierre and Marie Corie, Paris, France.
A drop of the dilute colloidal suspension of ODs was deposited on a
copper grid Image analysis was carred out with the Image] software.

X-ray powder diffraction (XRD): XRD analysis of nanoparticles was
performed on a Bruker 02 PHASER diffractometer, using the Cun Kix
radiation, 1=1.5418 & selected by a curved graphite monochromator
and a fixed divergence slit of 1/8” in a Bragg-Prentano configuration.
The diffraction intensity data were measured in the 28 range 5707 by
the step counting method (0.1° step and 3 s counting time).

Small-angle X-ray scattering (SAXS): SAXS experiments were per
formed on the SWING beamline, operated at 105 keV, at the SOLEIL
synchmotron source (Saint Aubin, France).

Far two compositions, pure Zn0 and 20 9% Mz-Zn0, the nuclea-
tion and growth of nanoparticles have been followed in situ, using
a homemade stopped-flow device. The freshly prepared precursar
solution and the ethanolic LIOH solution, contained in two syringes,
were simultanecusly pushed by syringe pumps into wo tubes, rap-
idly mixed at the Yjunctiom of these tubes and introduced into the
thermostated X-ray capillary. The temperature of the sample holder
was set to §0°C. Time-resalved SAXS patterns could be recorded from
the first seconds of the reaction. The acquisition time of each curve
was 200 ms. The dead time between two acquisitions was adjusted to
take into account the evolution of the nanoparticle growth rate dur-
ing synthesis.

SAXS patterns were collected by a two-dimensional CCD
detector with a sample-to-detector disance of 1727 mm. The
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scattered intensity was eported as a function of the scattering vector
g="4 sind/1, where 28 is the scattering angle and A thewavelength of
the incident beam. The calibration of the g range (0.0062-0.64 47)
was carried out with silver behenate.

Intensity values were normalized to account for beam intensity,
acquisition time and sample transmission. Each scattering pattern
was then integrated circulardy toyield the intensity as a function of g.
The scattered intensity from a capillary filled with ethanol was sub-
tracted from the sample scattering curves. The analysis of the SAXS
data was carried out using the software package SASFIT (25).

Raman spectroscopy: The Raman spectra were collected in the
backscattering configuration at mwom temperature with a commercial
Eaiser Optical Systems FXM]1 Raman spectrometer equipped with a
near-IR laser diodeworking at 785 nm, operating with a power output
of 50 mW. All the samples, apart from liquid oleic acid, were dried
powders.

Spectroscopy UNV: The absorption spectra were measured using
a Cary Win 4000 UN-Vis spectophotometer with a ouvette of 1 mm
optical path. The spectra of the (Ds suspensions wem recomded
between 250 and 450 nm. with a wavelength step of 1 nm. and an
average counting time of 0.2 5 per point. The UV-vis spectra were cor-
rected from the ghsorption spectmam of ethanal.

Photoluminescence spectroscopy (PL):  The emission (PL) and exci-
tation (PLE} photoluminescence spectra were recorded on a Lumi-
nescence spectrometer L350E (Perkin-Elmer) at room temperature
with a Xe lamp (20 kW) as the excimtion soure. For PL measure-
ments, each sample was excited at the optimal wavelength, defined
by the PLE spectrum (Table 1).

The quantum yield (Y] determines the eficiency of the conver-
sion of abs orbed photons into emitted ones. Usually, the relative OY of
the studied sample is compared with that of a reference flnorophore.
In thiswark, a solution of Rhodamine 65 in ethanal (0¥=99%), often
used as mference for green emission, was selected as the standamd
(26). According to the method described by Crosby and Demas (27),
the (Y is given by the following formula:

v, =0¥ [A (% )74, (2 (0 /)0, /D)

where 4 is the absorbance at the excitation wavelength (1), n the
refractive index ofthe solvent used and I the integrated fuorescence
intensity (the area under the corrected emission curve). The sub-
scripts T and x refer to the reference and sample solutions, respec-
tively. To minimize the ermos, the same excitation wavelength was
chosen to measure the PL spectra of the Rhodamine 6G and QD solu-
tioms and the two solutions had the same absorbance at this wawe-

length (4=0.05).

Results

Mg-doped Zn0 QDs were synthesized by the hydrolysis
and condensation reaction described above. Surface mod-
ification of the QDs was performed using oleic acid (0OA)
to hinder their aggregation and to provide them colloidal
stability in different ervironments. Different quantities of
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Table 1: Amount of Mg incorporated into Zn0 QDs obtained by ICP, crystallite size deduced from X-ray diffraction peaks using the
Debye-Scherrer relation, bandgap measured using UV/Vis absorption, wavelength of the PLE peak maximum, wavelength of the PL emission

peak maximum, quarntum yield ofeach sample.

Imitial Mg mole Mg incorporated Crystallite Bandgap, A_, nm A, nm Qy, %
fraction inte Zn0, % size, nm L

0 33 337 365 520 10.2
2.5 0.41 2.7 3.42 363 520 5.0
5 nr2 2.3 352 35e 12 167
10 198 2.2 3.60 350 476 2T.8
20 204 2.0 iml 342 470 ad.8

A were added to the QD suspensions. In all cases the QDs
capped by 04 formed stable colloidal dispersions in chlo-
roform or toluene.

Preliminary measurements having shown that the
visible luminescence of Mg-ZnD QDs went through a
maximum for a 20 mol% nominal concentration of Mg+
ions in the reaction medium, our investgations focused
on the structure and propertes of QDs obtained with Mg*
concentration increasing up to 20%.,

Actual atomic concentrations of Mg in doped QDs,
determined using ICP-M5, are reported in Table 1. These
data evidence a low incorporation of Mg+ ions into Zn0
QD= The Mg concentration varied from 0,41 to 2940,

Figure 1A shows powder wide-angle X-ray diffrac-
tion patterns, recorded between 28=5" and 707, of ZnO
reference, Zn0 QDs and Mg-Zn0 QDs. They display peaks
characteristic of the Zn0 hexagonal wurtzite structure,
Mo peak characteristic of the Mg0 rock salt phase (e.g.,
at 42,57 is detected whatever the concentration of Mg
ions.

The broadening of the peaks of Mg-Zn0 QDs could
result from a decrease in crystallinity and/or crystal
size, promoted by the presence of Mg Assuming that
this broadening is mainly due to size effects, the
average size of nanocrystals could be estimated using
the Debye-Scherrer relation (28) applied to the (100)
reflection:

KA
foose

where D is the crystal size; k is a constant (shape factor,
0.89 for spherical nanoparticles), 4 is the X-ray wawve-
length, 8 is the full width at half maximum (FWHM) of
the diffraction peak and 28 is the diffraction angle. The
size of the nanocrystals decreased from 3.3 nm for Zn0
to 20 nm for 200 Mg-Zn0, Figure 1B shows a zoom of
the (100) diffraction peak between 2=30° and 28=34",
Mg+ ions shift the (100) peak to slightly higher angles,
suggesting a weak decrease of the lattice parameters.
This small change, whose extent depends on the Mg

Figure L (A)XRD profiles of Zn0 standard and 0, 2.5, 5, 10 and 20% of Mg-Zn0 QDs, showing the presence of the hexagonal wurtzite phase

{B)zoom of the (100) peak in the 30°-34% 29 range.

66



ANNEXES

DE GRUYTER

Manaia et al.: Surface modified Mg-doped Zn0 ODs for biologicalimaging —— 113

Figure 21 HRTEM images of undoped Zn0 O0s (&) and 20% Mg-Znd

concentration, is expected to reflect the substitution of
some Zn’+ jons by Mg?* ions in the crystalline lattice, as
the Mg** ions have a slightly smaller ionic radius (0.57 A
for Mg ions compared o 0.60 A for Zn?+ ions). At high
Mg concentrations the peak shifts are obscured by the
large width of the peaks.

The size and morphology of Zn0 and 200 MgZn0
nanoparticles were also studied using HRETEM (Figure Z).
HRTEM images show nanocrystals with approximately
spherical shapes and average diameters of about 4 nm for
Zn0 QDs. The average size of Mg Zn0 QDs, whose struc-
ture appears less ordered, is slightly smaller. Owverall,
these data are in agreement with XRD data.

The influence of Mg on the growth of nanoparticles
was further evidenced by time-resolved SAXS patterns,
recorded from the heginning of the reaction. Figures 34
and &4 present three-dimensional stacked log-log plots of
the SAXS curves as a function of time, corresponding t©
the formation of Zn0 and 20% Mg-Zn0 QDs, respectively.
Selected curves of Zn0 and 2004 Mg-Zn0 QDs formation

QDs (B).

are shown in Figures 3B and 4B, respectively. The two
systems exhibit clearly different time evolution.

At the beginning of the reaction, Zn0 curves display
a platean at low g-range (Guinier region), indicative of the
scattering of non-interacting particles. In the Guinier region,
the scattered intensity can be approximated by Kg)=I{0)
exp(—-Rg'q 3) where Rg is the radius of gyration (Guinier
radius) of the particles (29). The Guinier plateau progres-
sively shifts to lower g-values, reflecting the increase in the
nancparticle size with time. The cuves display an oscilla-
tiom at high g-values, which can arise from the form factor of
spherical particles. The SAXS profiles could be fitted by the
form factor of homogeneous spheres with Gaussian radius
distribution, The radii of gyration Rg are consistent with the
mean radii of the nanoparticles R, as deduced from the fits
[for a sphere Rg is defined as Re=(3/5)* R] (Figure 54). The
size of the nanoparticles increased steeply during the first
minutes of the reaction, up to 3 nm after 3 min. After about
15 min the size of the primary particles, which has reached
4 nm, no longer evolved.

ql'“'l'l'11

Figure 31 Three-dimensional stacked log-log plots of the SAXS curves as a function of time recorded in situ during the formation of Zn QDs
(&) and selected in situ SAXS profiles measured at the indicated reaction time (min) (E).
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Figure &§: Three-dimensional stacked log-log plots of the SAXS curves as a function of time recorded in situ during the formation of
20% Mg-doped Zn0 (1 0s {A) and selected in situ SAXS profiles measured at the indicated reaction time {min] (B].

At the end of the reaction, after about 50 min, the
intensity scattered at low gvalues strongly increases
and the Guinier plateau disappears. In the low g region,
a linear decay of logl is observed in the logl vs. logg
plot: I{g) = g= (30) with @=2.09. This behaviour evi-
dences the formation of fractal ageregates with fractal
dimension o, defined as the exponent that relates the
mass M of an object to a characteristic dimension R:
M s B=. The a=2.09 fractal dimension is characteristic
of structures formed by reaction-limited cluster-cluster
aggregation (RLCCA). The aggregation rate is limited
by the time needed to overcome the repulsive barrier
between two clusters, Compared to the diffusion-limited
cluster-cluster aggregation (DLCCA), the RLCCA mecha-
nism corresponds to slower colloid aggregation, yield-
ing more compact clusters due to the lower sticking
probability (31).
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Figure5: Comparison of the time evolution of the radius of gyration
{Rg), determined in the Guinier region, and the radius (f) , deduced
from the fit of curves by the form factor of spheres, of nanoparticles:
(&) Zn0 O0s and (B) 20% Mg-Zn0 0Ds.
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This linear decrease in logl as a function of logg is
observed between g-values corresponding to the primary
particle size and the fractal aggregate size, respectively.
As shown by the curve oscillation in the high g range, the
mean radius of the primary particles remains constant, at
about 2 nm, until the end of the reaction. Consequently,
the formation of Zn0 QDs imvolves two main steps: the
nucleation and growth, up to a size of —4 nm, of elemen-
tary nanoparticles during the ten first min of the reac-
tion, followed by the formation of fractal aggregates with
fractal dimension a=2.0%9.

The structures giving rise to the first Mg-Zn0 SAXS
profiles collected during the synthesis of Mg-Zn0 QDs
could not be identified. After about 5 min, the 34X S curves
could also be fitted by the form factor of homogeneous
spheres with Gaussian radius distribution. The growth of
nanoparticles is rapidly stopped after the nucleation step.
MWanoparticles remain smaller than Zn0 ones, 4 further
small increase in size is observed at the end of the reac-
tion. The intensity I(0), proportional to the number of
nanoparticles in the medium, increases continuously
during the first 60 min of the reaction. Of note, unlike ZnO
nanoparticles, Mg-Zn0 QDs do not form fractal aggregates
with time, suggesting that the nanoparticles hawve differ-
ent surface properties,

Raman scattering carried out on QDs allows obtaining
information on the surface species and on the modifica-
tions of the optical phonon spectrum, as compared toZn0
bulk crystal values {Figure 64 and B).

The spectrum of Zn0 standard shows a prominent
peak at 439 cm™ and weak peaks at 332 cm™, 380 oo,
410 cm-, 581 cm and 666 cm-, in agreement with pre-
vious studies (32). The peak at 439 cor? is characteristic
of the wurtzite lattice; the sharp line shape is indicative
of high crystalline order, This peak becomes less intense
in Zn0 QDs while the intensity of the 410 cm™ band
increases, appearing as a shoulder of the peak at 439 cm™.
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Figure & Raman spectra of Znd standard, Zn0 QDs, MgZnd QDs,
0A, 0A-Zn0 QDs and 0A-Mg Zn0 QDs with indications of the principal
vibrations (A) from 200 to 800 cm* and (E) from 800 to 1800 oo,

More importantly, in Mg-Zn0 QDs the weak 439 cm™ peak
is imvolved in a broad band, reflecting the diminution of
crystallinity induced by Mg incorporation.

The presence of oleic acid (04) attached on the
surface of QDs is unambiguously evidenced by the intense
and well resolved peaks at 1265 cm™, 1301 cort and 1655
cir! which cannot overlap with peaks arising from other
speries, These peaks correspond to §(=CH) deformations,
8(CH,), deformations and vw(C=C) stretching vibratons
of unsaturated fatty acids, respectively (33). Other peaks
assigned to 04 (34) are listed in Table 2.

Beside peaks originating from the optical phonon
spectrum of QDs and 04 molecules capping their surface,
Raman spectra of QDs exhibit a prominent peak at 340
cort and weak broad peaks at 1352 cm™ and 1435 cmr,
which could be atiributed to acetate ions. These peaks cor-
respond to v(C—C) stretching, EEEH_J] symmetric bending
and v(CO) symmetric siretching, respectively (35). Raman
measurements support the incorporation of Mg+ ions in
Zn0 lattice and demonstrate that the QD surface is effi-
ciently capped with OA. They also evidence the presence
of acetate surface groups.
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The optical properties of the Znd and MgZnd QD
colloidal suspensions were studied by UVVis absorption
and PL spectroscopy. UV-vis absorption spectra of ZnO
and Mg-doped Zn0 QD suspensions are shown in Figure 7.
The absorption edge shifts from 340 nm to 305 nm with
Mg concentration increasing from O to 20 mol%. This pro-
gressive blue-shift is indicative of the band gap widening
upon Mg doping. The band gap energy was estimated
be the energy at which the absorbance of the absorption
edge reached half of its maximum value (36). An increase
from 3.37 €V to 371 eV is observed, consistent with previ-
ous studies (Table 1).

Usually, the PL spectra of ZnO exhibit two compo-
nents. One is the exciton, or band-edge, emission in the
UV range, the other is visible emission, also called deep-
level emission, due to the existence of defects which are
mainly located on the ZnO surface. Nanoparticles pre-
pared by the sol-gel route exhibit mainly visible lumines-
cence whereas their UV emission is wealk. On the contrary,
highly crystalline Zn0 displays strong band-edge lumi-
nescence, In our study, only a weak UV emission peak at
=380 nm was observed when the Zn0 QDs where excited
at 342 nm. The intensity of the UV emission peak further
decreased and became negligible when the concentra-
tion of Mg in QDs increased, in agreement with a previous
report (7). Mg-doped QDs were excited at low wave-
length, between 324 nm and 346 nm. We have therefore
focused on the visible emission, by selectively exciting the
defect states. Photoluminescence excitation (PLE) spectra
were measured with detection at a wavelength where the
visible emission was maximum (Table 1), revealing an
increase in the peak energy with increasing Mg doping
lewel (Figure 8). This dependence is in line with that of the
absorption spectra.

Photoluminescence emission spectra were then col-
lected by exciting each QD suspension at the wavelength
corresponding to the maximum of the PLE spectrum
(Figure 8). The emission spectra exhibit two broad bands
at 400-495 nm and 495-590 nm, whose relative intensi-
ties depend on Mg®* concentration. The intensity of the
first band is enhanced at high Mg concentration. The
luminescence increases when Mgt concentration rises
from 5% to 209%. The guantum yields of the different
samples are reported in Table 1. Remarkably, the quantum
yield (J¥) of 20 mol% Mg-doped ZnO colloidal suspension
(64%4) i= about & times higher than that of the Zn0 suspen-
sion (10%).

Figure 9 shows the emission spectra of ZnO and
20% Mg-Zn0 QDs capped by 04 dispersed in chloroform
excited at 345 nm and 341 nm, respectively. The emission
wavelength range is not affected by OA. The corresponding
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Table 2: Raman shift (cnr?) and assignment of the mainvibrations obs erved in the following samples: Znd standard, Zn0 Q0s, Mg-Zn0
0QDs, DA, 0&-Zn0 ODs and 0&Me-ZnD ODs. Raman shifts are compared with values from References (32-35).

Raman shift, cm Origin Reference, cm™ Assignment Reference
332 Zn0 332 E, (high}-E, (low) Cusco
380 Zni 380 A, (TO) Cusco
410 Zn0 408 E, (T Cusco
439 Zno 437 E,(high) Cusco
LEl In Lasn E,(LO) Cusco
&20 Acetate 621 ¥,,(B,); out of plana Kolava
&r3 In0y acetate ba6/ 671 TA+LU|"1J5I:.A,:I; 0C0 sym. bend CuscofKoleva
241 Acetate 9432 v, [A,), C-Cstrech Koleva
1085 oA 1063 u,,(CC], chain ordered Tandon
1085 04 1082 w(CC), chain ordared Tandon
1116 04 1118 w(CC), chain ordered Tandon
1267 oA 1265 B(=CH) De Gelder
1301 o8 1301 B(CH,) De Gelder
1435 Acetate 1435 v, [A,); CO sym. strach Kolava
1439 oA 1438 CH, scissoring Tandon
1655 oA 1655 ufC=C) De Gelder

Y values are reported in Table 3. It can be seen that OA
reduced the Y of doped Zn0 QDs from &4% to about 4004,

Discussion

Doping Zn0 is an effective approach to modify its proper-
ties. The introducton of dopant ions can either enlarge or
narrow the band gap of the semiconductor, thereby tuning
the emission colors. Furthermore, doping Zn0 nanopat-
ticles with ions such as Mn?*+, Ni* or Cof+ is known to
impart magnetic properties to the material (38, 32).
Effective dopant incorporation is a critical issue. If
dopant ions are excluded during Zn0 crystal growth or
just adsorbed on the surface, the desired properties may

250 300 250 400 450
Wavelength, nm

Figure7: Absorption spectra of Znd and 2.5, 5.10 and 20% Mg-Zn0
colloidal sus pensions.
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be compromised. The close radii of Mg+ (0.57 A) and
Zn+ (0.60 A) contribute to the solid solubility of Mg in
Zn0 since Mg ions may replace Zn™ ions in the wurtzite
lattice. However, both the ratio of actual Mg amount
in nanoparticles to nominal concentration in the reac-
tion medium and the maximum Mg doping were found
extremely sensitive to the conditions of sample prepara-
tion in previous studies. Generally, higher Mgt contents
were achieved when the nanocrystal synthesis was per-
formed at high temperature,

Yang et al reported a dopant content of 22,6 mol%a,
for a nominal 50% content in the reaction mixtre,
Doped nanocrystals with different shapes were obtained

08 g 2n0
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Figure 8: PLE and PL spectra of Zn0 and 2.5, 5, 10 and 20% Mg-Zn0
colloidal suspensions. The inset shows the photography of Zn0
{right) and 20% Mg-ZnO (left) colloidal suspensions under UV lamp
(A =365 nm).
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Figure @& PL spectra of the O&-Znd QDs and 0A-Mg-Znd QDs
dispersed in chloroform. The insets show the photographs of each
sample under UV lamp (& _ =345 nm).

by alccholysis of Zn stearate and Mg stearate in locta-
decene at 270°C (40). Cohn et al achieved a dopant
content of 18%, close to the nominal content, by heating
nanocrystals in dedecylamine at 160°C for about 20 min
after hydrolysis and condensation reaction in DMS0 at
50°C (41). In contrast, Mg content as low as 0.03%, for
a Mg concentration in the initial solution of 200, was
obtained by Ghosh et al using sol-gel process at 70°C
(42). In all cases the wurizite Zn0 phase was maintained.
In the present study, the actual Mg content was always
much lower than the nominal precursor concentration
in the reaction medium. When synthesis was carried out
with a [LiOH]/[Zn+Mg] molar ratio r=1.4, the maximum
Mg+ substitution achieved was 2.94% for an initial Mg
concentration of 20%. Synthesis performed with a dif-
ferent molar ratio, r=0.5, yielded a concentration of
0.56%, These findings suggested that kinetic factors,
likely related to relative precursor reactivites, could
limit Mg incorporation in the host Zn0 crystal. Gener-
ally, it has been emphasized that the growth rate of the
host crystal and the rate of deposition of dopant ions
should be balanced to achieve effectve doping during
crystal growth (43).

Table 3 Quantum Yield (Q0Y) of the Zn0 and 20% Mg-Zn0 Q0=
capped with aleic acid (DA).

Sample ar, %
In0 50 mM OA 13 mM 574
InD 50 mM OA 367 mM 11.86
MgZnd 50 mMOA13 mM 41 56
Mg Znd 50 mMOA 367 mM 38.22

Manaia et al.: Surface modified Me-doped Zn0 ODs forbiclogical imaging = 1IF

The presence of Mg?+ ions affected the growth and
size of the NPs, along with their strocture, Mg* addition
decreased the final size of QDs and inhibited their fractal
aggregation, suggesting a modification of their surface
properties. As evidenced by X-ray diffraction, HRTEM
images and Raman spectra, doped QDs displayed a less
crystalline, more disordered wurtzite structure than
Zn0 QDs.

The incorporation of Mg widened the band gap of
doped ZnC QDs primarily by decreasing their size since
NPs smaller than —& nm are sensitive to quantum confine-
ment. Moreover, it is known that doping with Mg widens
the band gap of Zn0 (37, 40). According to Cohn et al.,
the inroduction of Mg**+ ions raises the conduction band
potential and lowers the valence band potential of Zn0
(#1). The two effects (quantum confinement and intrinsic
effect of Mg) conld not be separated.

The visible emission spanned the 400-520 nm range,
featuring two broad bands at 400-495 nm and 495- 530 nm
whose relative intensities depended on Mg+ concentra-
tion. Different relaxation processes, radiative or nom-
radiative, can take place upon photoexcitation of a ZnO
nanoparticle. Two mechanisms have been proposed for
the Zn0 visible emission: i) recombination of an electron
in the valence band with a hole in a deep trap, ii) recom-
bination of an electron in singly ionized oxygen vacancy
{ie., deeply trapped) with a photo-generated hole in the
valence band (Xiong, 2010). The green-yellow lumines-
cence of Zn0 is usually attributed to singly ionized oxygen
vacancies (15, 44—48). It has been shown by PL micros-
copy probing luminescence profile at single QD level that
the visible emission of Zn0 QDs is intrinsically broad. The
broad bandwidth does not mainly arise from the NP size (or
composition herein) distribution but from multiple transi-
tions involving closely spaced energy levels, inherent o
every 0D, lying between the valence band and the con-
duction band (44). The increase in OY upon Mg** doping
can be explained by the increased concentration of inner
and surface defects, in particular cxygen vacancies, and
by the decrease in QD size. Because of the larger surface-
to-volume ratio, smaller QDs entail the formation of more
numerous surface defects. The surface state is expected
to strongly influence the luminescence of Zn0 QDs. For
instance, correlatons have been observed between the
presence of surface hydroxide moieties and visible lumi-
nescence intensity. As observed by Felbier et al.,, when
surface axygen containing species, such as OH groups,
were desorbed under vacuum, the visible emission van-
ished while the UV emission was significantly enhanced
(%9). Of note, the decrease in Q¥ when Mg-doped QDs are
capped by oleic acid is consistent with the hypothesis of
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the role of OH groups in visible emission. The number of
OH surface groups is expected to decrease if they react
with oleic acid. The difference in relative intensities of the
two broad bands at 400—-495 nm and 495-590 nm suggests
the existence of different types of defects and/or different
paths for electron-hole recombination as a function of Mg
concentration.

Conclusions

Mg-Zn0 QDs were sy nthesized by a hydrolysis and conden-
sation reaction. Mg™ ions could be incorporated into the
Zn0 wurtzite lattice owing to the very close values of the
Mg* and Zn* ion radii. However, the dopant ions strongly
influenced the growth and final size of Zn0 nanocrystals.
Doping with Mg+ ions widenad the band gap of Zn0 QDs
and enhanced their visible luminescence. The lumines-
cence went through a maximum for a 20 mol% nominal
concentration of Mg* ions in the reaction medium. With
increasing proportion of Mg+ ions, both the ahsorption
and emission spectra experienced a blue shift. Mg-Zn0
0Ds capped by oleic acid (0A) formed stable colloidal dis-
persions in chloroform and toluene, with strong visible
luminescence, promising for biological imaging.

List of non-standard abbreviations

Mg-Zn0 QDs, Mg-doped Zn0 quantum dots; 0A-Zn0 QDs,
Zn0 guantmm dots with oleic acid as surface modifier; OA-
Mg-Zn0 QDs, Mg-doped Zn0 quantum dots with oleic acid
as surface modifier.
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