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Quantum dots emitindo fluorescéncia em diversas regides do espectro de luz
visivel, variando-se apenas o tamanho dos nanocristais. Quanto menor o
tamanho da particula mais deslocado para o azul sera a sua emissdo, por outro
lado, quanto maior o tamanho, mais deslocada para o vermelho.

Esquema de bandas de energia de um semicondutor, sendo BV = banda de
valéncia; BC = banda de conducdo e Eg = energia do band gap.

Esquema de fotoluminescéncia de semicondutores. A partir da excitacdo do
elétron (e’) quando promovido para a banda de condugdo (BC), héa formagéo de
um éxciton, que apos relaxacdo e recombinacdo excitbnica, finalmente ocorre a
emissdo de fluorescéncia. Onde: h* representa o buraco gerado na banda de
valéncia (BV), pela excitagdo do elétron; hv é a energia E de um foton
necessaria para excitar a amostra (E = hv, onde h € a constante de Planck e v é a
frequéncia da luz).

A reducdo do tamanho das particulas de semicondutores, quando em regime de
confinamento quéntico, leva & discretizacdo dos niveis de energia e ao aumento
do band gap.

Espectros de absorcdo e emissdo tipicos de QDs e corantes convencionais. Os
QDs podem ser excitados em varios comprimentos de onda, ja 0s corantes
convencionais necessitam de excitacdo em comprimentos de onda especificos.
Resisténcia a fotodegradacdo dos QDs ao longo do tempo. Em vermelho, nicleo
marcado por QDs (Aemi = 630 nm) permaneceram fluorescentes ao longo do
estudo. Enquanto que os microtdbulos marcados pelo corante organico
(AlexaFluor), em verde, tornaram-se indetectaveis a partir de 120 segundos,
devido a fotodegradacdo do corante.

Presenca da camada de passivacdo nos QDs de estrutura “core/shell” promove
aprimoramento da emisséo de fluorescéncia, por intensidade e estreitamento da
largura do espectro (FWHM). Na auséncia dessa camada, os elétrons interagem
com “armadilhas” criadas pelos defeitos de superficie, comprometendo a
qualidade da fluorescéncia. A direita da figura temos os espectros de absor¢éo
(linha cinza) e emisséo (linha preta).

Sintese dos nanocristais de semicondutores. Etapas de nucleacdo, crescimento
dos nucleos pré-formados, gerando particulas isoladas.

Esquema de um quantum dot funcionalizado quimicamente para sua utilizacdo
como marcadores fluorescentes.

Esquema de conjugacao covalente entre componentes carboxilados e aminados.
O componente carboxilado é ativado por EDC/Sulfo-NHS para formar uma
ligacdo amida com componente aminado.

Disposicdo energética dos spins nucleares dispostos na auséncia (esquerda) e na
presenca (direita) de um campo magnético externo Bo. Onde: (a) indica os spins
alinhados paralelamente e (b) indica os spins alinhados antiparalelamente a Bo.
Orientacdo dos nlcleos dos atomos de *H sem e com um campo magnético
externo aplicado. Quando um campo magnético (Bo) é aplicado, ha alinhamento
da maior parte dos nucleos na direcao paralela ao campo.

Imagens representativas da mesma seccdo do cérebro obtidas através da
ponderacdo pelo tempo de relaxacdo longitudinal (Ti) e transversal (T2). A
esquerda (A), imagem com &reas mais claras, obtida em Ti. A direita (B),
imagem com areas mais escuras, obtida em To.

Estrutura quimica dos principais ACs baseados em quelatos de Gd (I1I) com
seus respectivos valores de relaxividade a 1,5 T.
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Figura 16 —

Figura 17 —

Figura 18 —

Figura 19 —
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Quelato de Gd (IlI) em solugdo. O esquema evidencia a localizacdo das
moléculas de adgua (representadas pelas esferas azuis) que interagem diretamente
com o centro paramagnético (ao nivel de esfera interna), bem como o tempo de
residéncia da agua coordenada (tm), o tempo rotacional do complexo (tr) € de
difusdo da agua nas proximidades do ion (tp).

Esquema de lipossoma como carreador de quelatos de Gd (I11). De acordo com
0 esquema 0s quelatos de Gd (I11) podem estar presentes: (1) livres no interior
do lipossoma; (2) conjugados na superficie interna e externa; (3) livres no
interior e também conjugados a superficie interna e externa do lipossoma.
Representacdo esquematica das classes de sistemas baseados em QDs e
compostos paramagnéticos. Em: (A) QDs revestidos com moléculas, como
lipideos, contendo Gd (I11); (B) encapsulacdo de QDs livres juntamente com
quelatos de Gd (l11) em nanoestruturas, que podem ser micelas ou lipideos, e
(C) conjugacao direta dos quelatos na superficie dos QDs.

Imagem oOptica de células CHO. As células foram incubadas com (A, D)
rodamina-concanavalina A (em vermelho); (B) QDs-Gd (em verde); (E) QDs-
Gd-MCa (em verde). Em C: sobreposicdo da imagem A e B. Em F:
sobreposicdo da imagem D e E.

IRM ponderadas em Ti de cérebro de rato incubadas com (A) QDs-GdMCa e
(B) com Dotarem®, depois de 15 min (esquerda) e depois de 4 h (direita). As
imagens foram obtidasa 7 T.

Esquema dos ligantes preparados por Stasiuk e colaboradores (STASIUK et al.,
2013). Os ligantes referem-se a: &cido lipdico (L1), acido mercaptopropidnico
(L2) e &cido mercaptobenzéico (L3).
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Scheme of the conjugation process of the Gd (Ill)-chelates with the QDs via
EDC, Sulfo- NHS, and ethylenediamine.

CdTe QDs optical characterizations: absorption (full line) and emission spectra
(dashed line). The emission spectrum was acquired at Aexc=365nm.
Representative emission spectra of CdTe QDs (dashed line) and a bimodal
nanosystem (solid line), Aexc= 365 nm. In the pictures (inset), we can observe
the bright fluorescence of bare QDs (in orange) and of a bimodal nanosystem (in
red), under lamp UV excitation at 365nm.

FCS correlation curves of bare QDs (solid line) and the bimodal nanosystem
(dashed line).

Relative cell viability analysis using the resazurin assay.HelLa cells remained
viable after being incubated with 62.5 nM to 1000 nM of: bare QDs, bare Gd
(1) chelates and QDs-Gd (I11) chelates. Resultswere statistically significant
with p <0.05 (*) and p <0.01(**).

Conventional fluorescence microscopy images of HelLa cells non-specifically
labeled by bimodal nanosystems QDs-Gd (I11) chelates. (A) cells nuclei stained
in blue by DAPI, (B) cells labeled by QDs- Gd (l1I) chelates in red and (C)
merge of the previous images (B and A). Scale Bar: 25um.
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Values of longitudinal water proton relaxation times (T1) at 7 T and 298 K,
concentrations of Gd (I11) and the respective relaxivities given per QDs and per
Gd (111).

Data from FCS: diffusion times and hydrodynamic diameters.
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FCS Fluorescence Correlation Spectrocopy
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FWHM Full width at half maximum

Gd (l11) fons gadolinio

HelLa Henrieta Lacks

IR Infrared
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RESUMO

A técnica de imagem por ressonancia magnética (IRM) é uma poderosa ferramenta de
diagnostico, que apesar de discriminar tecidos saudaveis dos tumorais com boa definigdo
anatdmica, muitas vezes necessita de alta concentracdo de agentes de contraste (ACs) para se
atingir a devida diferenciacdo. Além disso, investigacfes de eventos com especificidade
guimica a nivel celular sdo limitadas na IRM, as quais podem ser atingidas por técnicas de
fluorescéncia. Devido a essas limitagfes, ACs nanoparticulados vém sendo desenvolvidos a
fim de aumentar a concentracédo local de ACs sem que haja aumento da dosagem para que se
obtenha um melhor contraste nas imagens, bem como para associar modalidades
complementares de imagem em uma sO nanoparticula. Assim, o objetivo desse trabalho foi
desenvolver um sistema bimodal nanoparticulado baseado na conjugacdo de quelatos
contendo o ion paramagnético gadolinio [Gd (II1)] a pontos quanticos, para aplicacBes em
fluorescéncia e IRM, associando as vantagens de cada técnica a fim de suprir suas respectivas
limitacGes. Preparamos os sistemas bimodais por meio da conjugacdo covalente entre as
carboxilas dos QDs e carboxilas dos quelatos de Gd (IlI), sendo a etilenodiamina um
mediador. Foram testadas diferentes proporcées de QDs:quelatos de Gd (111), mas apenas 0s
sistemas com 10, 20 e 30 quelatos por QDs permaneceram estaveis. Para comprovar as
propriedades magnéticas dos sistemas, medidas de tempos de relaxacdo longitudinal (T1) dos
nacleos dos prétons de hidrogénio presentes nas moléculas de agua foram realizadas a 300
MHz e 25° C. De acordo com os dados relaxométricos, observou-se que todos os sistemas
levaram a diminuicdes em Ti, sendo o sistema com 30 quelatos 0 mais promissor com
relaxividade de 535 mM=2.s?® por QD e 103 mM=.s? por ion Gd (lI). Pelo ensaio com
resazurina, as células mantiveram-se metabolicamente ativas apds incubacdo com os sistemas
bimodais, mostrando que os mesmos praticamente ndo induzem citotoxicidade. Além disso,
os sistemas foram utilizados para marcacdo de células HelLa, demonstrando também ser
potenciais sondas fluorescentes. Assim, 0s sistemas apresentaram-se como ferramentas
promissoras para aquisicdo de imagens por fluorescéncia e ressonancia magnética nuclear,
podendo entdo ser aplicados para a compreensao de variados processos biolégicos.

Palavras-chave: Sistemas bimodais nanoparticulados. Pontos quénticos. Conjugacao.
Quelatos paramagnéticos.



ABSTRACT

The magnetic resonance imaging technique (MRI) is a powerful diagnostic tool that can
distinguish healthy from tumoral tissues with good anatomic resolution. However, MRI
usually needs a high concentration of contrasts agents (CAs) to achieve the adequate
differentiation. Moreover, investigations of events with biochemical specificity, at cellular
and molecular levels, are limited in MRI, which can be achieved by fluorescence techniques.
Due to these MRI’ limitations, nanoparticulate CAs have been developed in order not only to
increase the local concentration of CAs, without increase the dosage aiming to obtain a better
contrast in the images, but also to associate more than one imaging modalities into a single
nanoparticle. Thus, the objective of this work was to develop a nanoparticulate bimodal
system, based on the conjugation of chelates containing paramagnetic ions, namely
gadolinium [Gd (111)], with quantum dots (QDs), for applications in fluorescence and MRI
techniques, taking advantages of each other in order to supply their respective limitations. For
this, bimodal nanosystems were prepared by covalent conjugation between carboxyl coated
QDs and carboxyl Gd (Il)-chelates by using the ethylenediamine as a mediator. Different
proportions of QDs:Gd-chelates were tested, however only the systems with 10, 20 and 30
chelates per QD remained stable. In order to verify the magnetic properties of the systems,
measurements of the nuclear longitudinal relaxation time (T:) of the proton water
molecules were performed at 300 MHz and 298 K. According to relaxometric data, all
nanosystems were able to decrease Ti values, being the system with 30 chelates the most
promising, presenting a relaxivity of 535 mM=.s? and 103 mM-1.s! per QD and per Gd
(1) ion, respectively. By the resazurin assay, HeLa cells remained metabolically active after
incubation with bimodal nanosystems, showing that QDs-[Gd (I11)-chelates] practically do
not induce cytotoxicity. Furthermore, bimodal nanosystems were able to label efficiently
HeLa cells, demonstrating to be potential fluorescent probes. Thus, the QDs:Gd (I11)-chelates
nanosystems developed in this study can be considered as promising tools for acquiring
images by fluorescence and magnetic resonance, in order to understand a variety of biological
processes.

Keywords: Nanoparticulate bimodal systems. Quantum dots. Conjugation. Paramagnetic
chelates.
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1. INTRODUCAO

A tendéncia atual da medicina é de ser personalizada, ou seja, utilizar terapias e diagndsticos
mais especificos e individualizados para varias doencas (XIE; LEE; CHEN, 2010). Como a maioria
das doencas sdo multifatoriais, cada vez mais se procura por técnicas capazes de detectar e distinguir
0s Vvarios mecanismos e/ou processos envolvidos em cada fase da doenga, bem como compreendé-la
mais profundamente, e como consequéncia, poder diagnosticar e tratar com mais eficiéncia. Enquanto
outras areas do conhecimento investigam os indicadores bioldgicos (ou biomarcadores) das doencas, a
imagenologia experimental e clinica podem contribuir com informagdes, de preferéncia em tempo
real, sobre a localizacdo, atividade e dindmica desses biomarcadores em processos biologicos
(WEISSLEDER; PITTET, 2008).

Dentre as técnicas de imagenologia temos, por exemplo, a aquisicdo de imagens por
ressonancia magnética (IRM), que fornece informac@es de tecidos moles e érgdos em varios planos
tridimensionais (WEISSLEDER; PITTET, 2008). A IRM é uma técnica muito utilizada para
diagnostico, principalmente por fornecer contraste de diferentes intensidades que permite distinguir
tecidos patoldgicos de saudaveis com alta definicdo anatémica e boa resolucdo espacial, de maneira
ndo invasiva. Para se obter um contraste adequado para distin¢cdo segura de determinadas estruturas,
pode ser necessario a utilizacdo dos agentes de contraste (ACs). Dentre os ACs comumente utilizados
estdo os baseados em quelatos paramagnéticos contendo ions gadolinio [Gd (I11)], que proporcionam
diminuicdo dos tempos de relaxacdo longitudinal (T1) dos nlcleos dos prétons de hidrogénio (*H)
presentes nas moléculas de agua do meio (ZHOU; LU, 2012). Devido a natureza molecular dos ACs,
muitas vezes é necessario a administracdo dos mesmos em concentracGes relativamente altas, o que
ndo é tdo interessante, devido a sua toxicidade e também por ndo serem direcionados especificamente
ao local de analise.

Por outro lado, para se estudar com especificidade bioquimica a dindmica dos diversos eventos
biolégicos, com resolucdo a nivel molecular e celular, é crucial a utilizacdo de ferramentas altamente
sensiveis, tais como as técnicas baseadas em fluorescéncia (GIEPMANS et al., 2006). Porém, para que
as estruturas bioldgicas possam ser visualizadas, de maneira a se obter as informacdes desejadas, €
necessaria a utilizacdo de marcadores fluorescentes, pois é a partir deles que advém a especificidade e
a sensibilidade dessas técnicas.

Dentro desse contexto, os nanocristais fluorescentes de semicondutores, também chamados de
guantum dots (QDs), ou pontos quanticos, vém atraindo o interesse da nanomedicina por poderem ser
aplicados no desenvolvimento de sondas bimodais, que apresentem propriedades Optica e magnética,
para associar as vantagens e versatilidades de técnicas com diferentes funcionalidades, tais como as

baseadas em fluorescéncia e ressonancia magnética nuclear (RMN).
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Os QDs sdo particularmente promissores para esse fim, pois apresentam propriedades Unicas,
dentre elas: (1) excelente resisténcia a fotodegradacdo, que permite realizar e monitorar estudos
bioldgicos em tempo real; (2) estreito espectro de emissdo, que permite multiplas marcagdes coloridas
e simultaneas com variadas especificidades e (3) superficie ativa que viabiliza conjuga¢Ges com
diversas biomoléculas e/ou compostos que possuam grupos funcionais, tais como farmacos, outras
nanoparticulas e também compostos paramagnéticos (RESCH-GENGER et al., 2008). Dessa forma, os
QDs podem entdo também ser utilizados para concentrar vérios ions de Gd (Ill) em uma Unica
nanoparticula a fim de intensificar, com ainda mais eficiéncia, o sinal de RMN, contribuindo assim
para um melhor contraste observavel nas imagens (STASIUK et al., 2013). Além disso, 0s QDs
podem propiciar a aplicacdo de uma menor dosagem e direcionar, através de conjugagdes com
biomoléculas, esses ACs aos alvos bioldgicos que se pretende investigar.

Vérias pesquisas tém sido direcionadas para o desenvolvimento de sistemas bimodais
envolvendo essa associacdo de QDs e compostos de Gd (1) através de diferentes estratégias. Dentre
elas, as mais exploradas, estdo: (1) revestimento de cada nanoparticula de QD com moléculas, tais
como lipideos, associadas a Gd (l11), e (2) encapsulacdo de varios QDs livres e quelatos com Gd (I11)
no interior de vesiculas, como lipossomas (TAN; ZHANG, 2005; KOOLE et al., 2008a). No entanto,
tais metodologias ndo tem se mostrado tdo eficientes em reduzir os tempos de relaxacdo, devido a
dificuldade de troca da agua, principalmente nos encapsulados, e, porque, geralmente ndo mantém um
tamanho nanométrico ideal para aplicagGes bioldgicas. Além dessas, ha também outra abordagem, que
baseia-se na conjugacdo direta de quelatos paramagnéticos a superficie dos QDs. Ainda ha poucos
trabalhos dessa natureza na literatura, mas essa estratégia se mostra promissora por: (1) manter o raio
hidrodindmico das nanoparticulas menor que 10 nm, ideal para minimizar a toxicidade, e (2) favorecer
a dinamica de troca da agua, sem barreira que impeca ou dificulte esse processo, a qual influencia na
eficiéncia do sistema em reduzir o T, dos nlcleos de hidrogénio, quando estdo sob a¢do de um campo
magnético externo (GHAGHADA et al., 2009a; CHOI et al., 2007).

Assim, neste trabalho foram desenvolvidos sistemas bimodais nanoparticulados, fluorescentes
e magnéticos, baseados em QDs hidrofilicos de CdTe (Telureto de Cadmio) conjugados
covalentemente a quelatos DOTA-Gd (I11). A eficiéncia desses nanossistemas em reduzir o tempo de
relaxacdo longitudinal Ti, e fornecer sinal para IRM, foi verificada por meio de medidas
relaxométricas a 7 T. Além disso, as propriedades Opticas dessas nanoparticulas foram avaliadas
através de anélises espectroscopicas e o potencial de marcagdo por fluorescéncia, bem como a sua

toxicidade, foram estudadas utilizando as células cancerigenas HeLa como modelo.



CAPITULO I




2. REFERENCIAL TEORICO

2.1 Quantum dots

Desde 1959, surgiram ideias iniciais sobre a possibilidade de manipulacdo da matéria
em escala atbmica, quando o fisico americano, Richard Feynman, ministrou uma palestra
(There’s Plenty of Room at the Bottom) proferindo que ndo haveria principios fisicos que
impedissem escrever todos os volumes da Enciclopédia Britanica na cabeca de um alfinete. O
fisico ndo imaginava que suas previsdes culminariam em um dos dominios tecnolégicos mais
atrativos e de maior crescimento atual, a nanotecnologia, nomeada primeiramente por Norio
Taniguchi somente em 1974 (MARTINS; TRINDADE, 2012).

A nanotecnologia tem desfrutado de grande sucesso devido aos avangos tecnologicos e
cientificos recentes do século XXI, que vdo desde a descoberta de novas rotas de sintese de
nanomateriais até o aperfeicoamento dos microscopios (que possibilitou a caracterizacdo dos
sistemas nanoestruturados). No universo “nano”, temos, por exemplo, os semicondutores
nanocristalinos coloidais, chamados de pontos quanticos ou quantum dots (QDs), que
representam uma nova classe de sondas fluorescentes, a qual vem atraindo interesse na area
académica e comercial, devido a sua vasta aplicacdo em diversas areas do conhecimento,
dentre elas: a Medicina e a Biologia (MARTINS; TRINDADE, 2012; SMITH; GAO; NIE,
2004).

Segundo teorias descritas por Efros e Brus, em 1982, QDs exibem propriedades
Opticas distintas dos mesmos materiais semicondutores quando em escala macroscépica
(bulk). Para serem consideradas como QDs, as particulas de semicondutores geralmente

devem apresentar de 1,5 a 10 nm (sendo,1 nm = lO'9 mou a bilionésima parte de um
metro). Assim, as propriedades Optico-eletrénicas dos QDs sdo fortemente dependentes do
tamanho (MARTINS; TRINDADE, 2012; SMITH; GAO; NIE, 2004). As caracteristicas
oOpticas dos QDs (espectros de absorcdo e emissdo de luz) sdo dependentes ndo s do
tamanho, como também da composi¢do dos nanocristais. Além disso, essas caracteristicas
estdo relacionadas ao fenbmeno/efeito de confinamento quantico (MICHALET;
BENTOLILA; WEISS,2008).

Alterando-se a composicdo quimica e o tamanho pode-se sintonizar a emissdo dos
QDs em varios comprimentos de onda diferentes, desde regiGes proximas ao ultravioleta
(UV), varrendo o espectro de luz visivel (400-700 nm), até o infravermelho proximo (Infrared



- IR). QDs de tamanhos maiores emitem fluorescéncia em regides mais proximas do
vermelho, enquanto que, 0os menores, emitem mais para 0 azul, como mostra a Figura 1
(SMITH; GAO; NIE,2004).

Figura 1 — Quantum dots emitindo fluorescéncia em diversas regides do espectro de luz visivel,
variando-se apenas o tamanho dos nanocristais. Quanto menor o tamanho da particula mais deslocado
para o azul serd a sua emissdo, por outro lado, quanto maior o tamanho, mais deslocada para o

vermelho.
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Fonte: PEREIRA, G.

Os solidos semicondutores apresentam uma estrutura composta por uma banda de
valéncia (BV) e uma banda de conducdo (BC), que estdo separadas por uma diferenca de
energia chamada bang gap (Eg). A diferenca de energia (Eg) entre as bandas é geralmente
expressa em eV (elétron- volt) e refere-se ao minimo de energia que deve ser fornecida para

que os elétrons passem da BV para a BC (Figura 2).

Figura 2 - Esquema de bandas de energia deum semicondutor, sendo BV = banda de valéncia; BC =

banda de conducéo e Eg = energia do bandgap.
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Fonte: A autora (2016).



Nos semicondutores, e consequentemente nos QDs, é possivel promover os elétrons
para a BC necessitando de uma Eg normalmente menor que 3 eV, ou seja, neste caso, pode-se
utilizar luz no UV ou visivel para que esse efeito ocorra a temperatura ambiente (SMITH,;
GAO; NIE, 2004).

Assim, quando ha incidéncia de energia, na forma de foton sob o material
semicondutor, os elétrons da BV (menor energia) sdo excitados e vao para a BC (maior
energia), deixando um “buraco” na BV, gerando o éxciton ou par elétron-buraco. Nessa

situacdo, nem o elétron e nem o buraco constituintes do éxciton se movem de maneira

independente, devido a atragdo de Coulombl, como mostra a Figura 3 (BRUS, 1984;
MICHALET; BENTOLILA; WEISS, 2008).

Figura 3 - Esquema de fotoluminescéncia de semicondutores. A partir da excitacdo do elétron (e7)

quando promovido para a banda de conducdo (BC), h4 formacéo de um éxciton, que ap0s relaxacéo e

recombinacdo excitdnica, finalmente ocorre a emissdo de fluorescéncia. Onde: h* representa o buraco
gerado na banda de valéncia (BV), pela excitacdo do elétron; hv ¢é a energia E de um foton necessaria

para excitar a amostra (E = hv, onde h ¢ a constante de Planck e v ¢ a frequéncia da luz).
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Fonte: A autora (2016).

Apos tempos da ordem de nanossegundos, ocorre a recombinacdo excitbnica, 0s
elétrons excitados da BC retornam ao estado fundamental se recombinado com os buracos na
BV, gerando assim uma emissao de luz (fluorescéncia) caracteristica dos semicondutores, isso
ocorre tanto na escala nanométrica quanto no bulk (sélido macroscopico).

No caso do cristal macroscépico, o elétron pode ocupar uma variedade de estados
energéticos que estdo distribuidos de modo continuo. Mas, quando os cristais estdo em
confinamento quantico, ou seja, quando as trés dimensdes do material tornam-se fisicamente

menores que o raio de Bohr?, eles sdo chamados de quantum dots e o processo de

L A atracdo de Coulomb é a interag3o eletrostatica que ocorre entre os 4tomos de carga positiva e negativa, que os mantém a certa distancia.
Isso é 0 que mantém o par elétron-buraco (éxciton), de modo que estes ndo se movem de maneira independente. 2Em analogia aos atomos de
hidrogénio (composto por um elétron e um préton), o raio de Bohr é definido como a distancia média entre o elétron e o buraco do éxciton e

é tipico de cada semicondutor.



fotoluminescéncia apresenta propriedades distintas, como sera descrito a seguir. Cada
semicondutor tem seu raio de Bohr (a0) caracteristico, como por exemplo, o cristal
macroscopico do Seleneto de Cadmio (CdSe) tem a0 = 6 nm. QDs compostos por esse
semicondutor sdo muito usados para aplicagdes bioldgicas, entdo uma nanoparticula desse
semicondutor s6 é considerada um QD quando seu didmetro for menor que 6 nm
(MICHALET; BENTOLILA; WEISS, 2008). Assim, quando o cristal estd em um regime de
confinamento quantico tridimensional (X, y e z), os estados energéticos tornam-se discretos,
como mostra a Figura 4, semelhante aos dos atomos. Por isso, 0s QDs também sdo também

chamados de “atomos artificiais”.

Figura 4 - A reducdo do tamanho das particulas de semicondutores, quando em regime de

confinamento quéntico, leva a discretizacdo dos niveis de energia e ao aumento do bandgap.
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Fonte: A autora (2016).

Como podemos observar, as propriedades 6pticas dos QDs sdo dependentes do seu
tamanho, pois o que desempenha um papel chave nessa caracteristica € o regime de
confinamento quéntico. Isso se deve ao fato do comprimento de onda de emissdo estar
relacionado a energia do band gap (Eg) do nanocristal (YU et al., 2003). Sendo assim, o
confinamento quantico, além de gerar discretizacdo dos estados energéticos, gera um
aumento da Eg em funcéo da diminui¢do do tamanho da nanoparticula, assim como mostra a
Figura 4. Isso explica o porqué do comprimento de onda de emissdo de fluorescéncia ser
sintonizavel com o tamanho do nanocristal. Visto que: Eg a1/d? (sendo, d o diametro da
nanoparticula) e Eg al/A (sendo, A o comprimento de onda de emissdo de fluorescéncia),

entdo d e A sdo inversamente proporcionais a Eg. Dessa forma, particulas de semicondutores



menores, emitem na regido do azul (menores comprimentos de onda), por terem maior Eg.
Enquanto que particulas maiores emitem fluorescéncia mais para o vermelho (maiores
comprimentos de onda), devido a menor Eg (SANTOS; FARIAS; FONTES, 2008).

Portanto, sdo essas novas caracteristicas que esses materiais adquirem, quando em
escala “nanométrica”, que fazem os QDs serem bastante versateis para aplicacdes em
Ciéncias da Vida (SANTOS; FARIAS; FONTES, 2008). A reducdo do tamanho a escala
nanomeétrica, também favorece a interacdo desses materiais com os sistemas biolégicos, o0s
quais apresentam estruturas e processos nessa escala. Novos dispositivos e técnicas para
diagnostico e terapia vém sendo impulsionados para monitorar a interacdo dos nanomateriais
com estruturas bioldgicas. Nesse contexto, as técnicas baseadas em fluorescéncia sdo umas
das que mais se destacam, como microscopias, fluoroensaios e citometria de fluxo
(MARTINS; TRINDADE, 2012).

Quando comparamos 0s QDs aos corantes convencionais, verificamos que essas
nanoparticulas apresentam algumas caracteristicas que as tornam mais vantajosas para serem
utilizadas em analises por fluorescéncia, como: (1) uma Unica fonte de luz pode excitar a
fluorescéncia dos nanocristais, que podera emitir em diferentes regides do espectro,
variando-se o tamanho da particula (corantes convencionais exigem mais de uma fonte de
excitacdo, devido ao seu estreito espectro de absorcdo — Figura 5); (2) excepcional resisténcia
a fotodegradacéo (isso permite que as amostras sejam expostas a luz e, que as imagens sejam
obtidas com maior intensidade de fluorescéncia por tempos mais prolongados), como pode
ser visto na Figura 6, e (3) sdo eletrodensos, 0 que permite a visualizagcdo subcelular das

nanoparticulas por microscopia eletrénica de transmissdo (RESCH-GENGER et al.,2008).

Figura 5 - Espectros de absor¢do e emissao tipicos de QDs e corantes convencionais. Os QDs podem
ser excitados em varios comprimentos de onda, ja os corantes convencionais necessitam de excitacao

em comprimentos de onda especificos.
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Figura 6 - Resisténcia a fotodegradagdo dos QDs ao longo do tempo. Em vermelho, nlcleo marcado
por QDs (Aemi = 630 nm) permaneceram fluorescentes ao longo do estudo. Enquanto que 0s
microtibulos marcados pelo corante organico (AlexaFluor), em verde, tornaram-se indetectaveis a
partir de 120 segundos, devido a fotodegradagdo do corante.

Fonte: Adaptada de WU et al., 2003.

Essas propriedades dos QDs podem melhorar a versatilidade das técnicas de anélise
baseadas em fluorescéncia, que sdo altamente sensiveis, apresentam especificidade
bioquimica e permitem o acompanhamento da dindmica dos eventos bioldgicos, atraves de
aquisicdo de imagens ou deteccdo de sinais.

Com a diminuicdo do tamanho dessas particulas, também ha um aumento da area
superficial. O aumento significativo de area superficial contribui com o aumento do numero
de atomos com ligacBes ndo compartilhadas, que sdo também chamadas de defeitos de
superficie, como esquematizado na Figura 7 (MARTINS; TRINDADE, 2012).

Os defeitos diminuem a intensidade de luminescéncia dos nanocristais, devido a
formacdo de niveis intermediarios de energia entre a BV e a BC. Isso favorece a perda de
energia do elétron pouco a pouco ao se deslocar da BC para a BV, ao invés do elétron ir
diretamente de uma banda a outra. Por isso, essas ligagdes sdo chamadas de “armadilhas”.
Assim, quando ha defeitos, hd diminuicdo da intensidade e da qualidade da emissdo de
fluorescéncia pelos nanocristais (Figura7).

Uma maneira de solucionar esse problema dos defeitos de superficie, ou minimiza-los,
¢ crescer uma “casca” com outro material semicondutor, geralmente de maior band gap, que o
semicondutor que forma o nucleo da nanoparticula. Ao final do processo de sintese, tem-se
uma estrutura do tipo nicleo/casca. Este processo diminui os defeitos (que comprometeriam a
qualidade da emissdo desses nanocristais) e otimiza as propriedades fluorescentes (levando a
espectros de emissdo mais estreitos, com largura a meia altura — FWHM, do inglés full width
at half maximum — em torno de 40 a 50 nm e com maior intensidade), como mostra a Figura 7
(MARTINS; TRINDADE, 2012; SILVA et al., 2010).



Figura 7 - Presenca da camada de passivacdo nos QDs de estrutura “core/shell” promove
aprimoramento da emissdo de fluorescéncia, por intensidade e estreitamento da largura do espectro
(FWHM). Na auséncia dessa camada, os elétrons interagem com “armadilhas” criadas pelos defeitos
de superficie, comprometendo a qualidade da fluorescéncia. A direita da figura temos os espectros de

absorcdo (linha cinza) e emisséo (linha preta).
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Fonte: Adaptado de MARTINS; TRINDADE, 2012.

Por essas razoes, 0s QDs tém sido sintetizados com o objetivo de aperfeicoar as suas
propriedades Opticas e estabilidade quimica, obtendo-se nanocristais com distribuicdo
estreita de tamanho (populacdo homogénea) e defeitos de superficie minimizados (SILVA
et al., 2010). As sinteses desses materiais podem ser realizadas pelo método bottom-up,
empregando-se as técnicas de quimica coloidal, que se baseiam numa reacdo de
precipitacdo controlada de nanoparticulas (fase dispersa), de preferéncia em agua (meio de
dispersdo ou dispersante). Rogach e colaboradores (2007) iniciaram as primeiras descri¢es
sobre sinteses em meio aquoso que apresentam diversas vantagens, como: boa
reprodutibilidade, baixo custo, menor toxicidade, formacdo de produtos hidrofilicos e,
portanto, mais biocompativeis com sistemas bioldgicos (HINES; GUYOT- SIONNEST,
1996; ROGACH et al., 2007; SILVA et al.,2010).

Os QDs podem ser feitos de varios tipos de materiais semicondutores baseando-se em
combinacg6es dos elementos de diferentes familias da tabela periddica, podendo ser divididos

nos tipos: Il — VI, Il =V ou IV — VI, segundo a classificacdo antiga da tabela (SILVA et al.,



2010). Atualmente, os elementos dividem-se em grupos, mas a classificacdo em familias
ainda permanece em uso. Os QDs hidrofilicos podem ser formados, por exemplo, por
elementos das familias 1IB e VIA da tabela periddica. Para exemplificar, temos os
nanocristais de CdTe (Telureto de Cadmio) que sdo do tipo Il — VI, pois sdo formados por
Cadmio, que pertence ao grupo 12 (antiga familia 11B) e o Telurio do grupo 16 (antiga familia
VIA).

No processo de sintese, a nucleacdo € a primeira etapa e ocorre quando ha injecéo
rpida do precursor calcogénio (como Telurio) em uma solugdo homogénea de elevada
concentracdo dos monémeros precursores (como Cadmio). A concentragdo do precursor e
velocidade de reacdo vai diminuindo a medida que se formam os nucleos iniciais das
nanoparticulas, como mostra a Figura 8. Essa etapa determina o nimero de particulas e, em
grande parte, o seu tamanho médio, ja que nucleos pré-formados crescem gerando particulas
isoladas, as quais vao crescendo por consumo dos reagentes. Nesse sistema € importante a
presenca do agente estabilizante (como o acido mercaptossuccinico — AMS), que se liga a
superficie das particulas, no intuito de prevenir aglomeragdo de nanoparticulas e precipitacéo
e, desligam-se para permitir o crescimento, ou seja, € um comportamento dinamico (on/off)
em torno dos nanocristais (SILVA et al., 2010; MARTINS; TRINDADE, 2012).

Figura 8 - Sintese dos nanocristais de semicondutores. Etapas de nucleacédo, crescimento dos nucleos

pré-formados, gerando particulas isoladas.
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Fonte: Adaptada de SILVA et al., 2010.

Os principais agentes estabilizantes utilizados em QDs coloidais hidrofilicos

apresentam o grupamento tiol (-SH) em sua estrutura, tais como: acido mercaptoacético



(AMA), acido 3- mercaptopropidnico (AMP), acido mercaptossuccinico (AMS), L-cisteina
(CI1S) e cisteamina (CISTM). Componentes contendo esses grupamentos tiois sdo importantes
estabilizantes de nanoparticulas, pois o enxofre pode atuar como precursor da camada de
passivacdo. Além disso, os estabilizantes também conferem cargas aos QDs por apresentarem
grupos polares, mantendo as particulas afastadas em suspenséo e ainda fornecem um grau de
funcionalidade as mesmas, atuando como ponte quimica para interacdo dos QDs com
moléculas organicas, por exemplo. Sendo assim, o tipo de interacdo dos QDs com moléculas
depende dos grupos funcionais que estdo disponiveis em sua superficie (acidos carboxilicos
ou aminas), 0s quais sdo determinados pelo agente estabilizante/funcionalizante escolhido na
sintese (FONTES et al., 2012; ROGACH et al.,2007).

Ao final da sintese temos uma nanoestrutura composta por camadas, onde: (1) o
nacleo da nanoparticula determina sua emissdo, (2) a camada de passivacdo determina a
intensidade e qualidade da emissdo e a fotoestabilidade e, por fim, (3) a camada organica e
mais externa, de agente estabilizante (e funcionalizador), determina a sua estabilidade quimica
e o grau de funcionalidade em relagdo a marcacdo do sistema biologico de interesse (Figura
9).

Figura 9 - Esquema de um quantum dot funcionalizado quimicamente para sua utilizagdo como

marcadores fluorescentes.
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Fonte: Adaptada de MEDINTZ et al., 2004.

Essa superficie ativa dos QDs promovida pelo funcionalizador permite a interagdo
dessas nanoparticulas com biomoléculas, tais como anticorpos, proteinas e lectinas, que vao
dar um direcionamento biolégico mais especifico para que essa nanoparticula seja util em

aplicacBes biologicas sitio-especifico. Por isso, QDs tém atraido o interesse de



pesquisadores, sendo Uteis em: ensaios bioanaliticos; imagens in vitro de células e tecidos;
imagens in vivo de pequenos animais; diagnostico e estudo de processos bioldgicos de
cancer e outras doencas e, recentemente, em biossensores e para terapia fotodinamica
(ANDRADE et al., 2013; ESTEVE-TURRILLAS; ABAD- FUENTES, 2013; FONTES et
al., 2012; KAIRDOLF et al., 2013). Além disso, € possivel conjugar os QDs a outros
compostos que possuam grupos funcionais ou a outras nanoparticulas, desenvolvendo
sistemas inovadores aplicaveis em mais de uma modalidade de imagem (KOKTYSH;
BRIGHT; PHAM, 2011; MULDER et al., 2010).

2.2 Tipos e técnicas de processos de conjugacao de quantum dots

O processo de recobrimento do nanocristal com biomoléculas, ou outros compostos, é
chamado de conjugacdo. A conjugacdo deve ser realizada de maneira que preserve as
propriedades fluorescentes dos QDs e as propriedades funcionais dos demais componentes, 0s
quais podem ser desde aminodacidos, proteinas, anticorpos, farmacos, até mesmo agentes de
contraste utilizados clinicamente em IRM (Imagem por Ressonancia Magnética), ou outras
nanoparticulas (MAHMOUD et al., 2011; NA; SONG; HYEON, 2009; SONG; CHAN,
2011).

A superficie dos QDs, com seus funcionalizantes, favorece essa ligacdo quimica entre
0 nanocristal e componentes com grupos funcionais. Essa ligagdo pode ser obtida por
diferentes estratégias, como:

(2) adsorcédo simples, onde, os préoprios agentes funcionalizantes dos QDs, tais como AMP e
AMS (que possuem grupos carboxilicos disponiveis) ou CIS (com grupos aminas e
carboxilicos) interagem eletrostaticamente com grupos funcionais dos componentes a
seremconjugados;

(3) ligacdo covalente, a qual envolve diferentes agentes de acoplamento, usualmente
carbodiimidas e aditivos [1-etil-3-(3-dimetilaminopropil)carbodiimida) (EDC)) e N-
hidroxisulfosuccinimida (Sulfo-NHS)]; maleimidas[Sulfosuccinimidil-4-(N-maleimidometil)
ciclohexano-1-carboxilato (Sulfo-SMCC)] ou glutaraldeido;

(4) interag&o avidina ou estreptavidina com biotina (HERMANSON,2008).

Em relacdo a conjugacéo por adsor¢édo, que € baseada em interacOes eletrostaticas e/ou

hidrofobicas (Van der Waals), € um método bastante simples e economicamente satisfatorio,



por dispensar a utilizagdo de outras substancias, além de ser vantajoso para conjugagdes que
envolvam biomoléculas, por ndo desnaturar a proteina. No entanto esse tipo de interacgéo,
pode ser menos reprodutivel e o conjugado apresentar uma menor durabilidade.

Enquanto que a conjugacdo do tipo covalente é vantajosa por ser mais reprodutivel e
duradoura, podendo ocorrer por meio de agentes de acoplamento. Tais agentes sdo mediadores
da interacdo entre QDs e 0s outros componentes, e a escolha deles dependem dos grupos
funcionais dos componentes envolvidos no processo de conjugacdo. Para promover ligacdo
carboxil-amina (amida) pode-se utilizar o EDC e Sulfo-NHS, ja a ligacdo amina-tiol pode ser
favorecida pelo Sulfo-SMCC, e entre aminas, o glutaraldeido pode contribuir para a
conjugacdo (HERMANSON, 2008).

Em particular, EDC e Sulfo-NHS sd3o agentes altamente reativos com acidos
carboxilicos para promover ligacdo amida com componentes aminados. Como esquematizado
na Figura 10, o EDC interage com a carboxila disponivel, por meio da carbodiimida (-
N=C=N-), formando o-acilisouréia, que € um intermediario altamente reativo e instavel, com
tempo de vida curto. Assim, para se obter um aumento do rendimento e uma melhora na
cinética do processo, adiciona-se o Sulfo-NHS. A hidroxila do Sulfo-NHS interage com o
complexo reativo o-acilisouréia formando o intermediario Sulfo-NHS éster, o qual apresenta
maior estabilidade e interage com as aminas primarias, promovendo a formacgdo da ligacdo

amida e consequentemente conjugacao (Figura 10).

Figura 10 - Esquema de conjugacdo covalente entre componentes carboxilados e aminados. O
componente carboxilado é ativado por EDC/Sulfo-NHS para formar uma ligagdo amida com

componente aminado.
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Fonte: Adaptada de WANG et al., 2012.

Esse processo de conjugacdo ainda é desafiador, pois pode comprometer a qualidade da
fluorescéncia dos nanocristais, bem como a atividade dos componentes que se deseja associar

a eles. Assim, é crucial eleger a estratégia de conjugacdo mais apropriada e investir em



estudos de avaliacdo da conjugacdo, a fim de, monitorar e aperfeicoar esse processo. Para
auxiliar nos estudos da conjugacao envolvendo QDs, varios métodos tém sido utilizados para
avaliar esse processo, tais como: espectroscopia por correlacdo de fluorescéncia (FCS —
Fluorescence Correlation Spectroscopy); disperséo/espalhamento dinamico de luz (DLS —
Dynamic Light Scattering), eletroforese, Ensaio Fluorescente em Microplacas (EFM), entre
outros (CARVALHO et al., 2014; JANU et al., 2013; SHAO et al., 2009).

A eletroforese e 0 EFM sdo comumente utilizados para estudos envolvendo
conjugacao de QDs a biomoléculas. A técnica de eletroforese avalia a conjugacdo com base
nas diferencas de mobilidade eletroforética dos componentes sozinhos (biomoléculas e QDs)
em relacdo ao conjugado. E, o EFM baseia-se na afinidade dos componentes por uma placa de
poliestireno e o sinal fluorescente gerado para o conjugado tera que ser superior a 100 % em
relacdo aos controles para indicar que houve conjugacdo. Enquanto que a eletroforese é mais
laboriosa e qualitativa, o EFM que é um método desenvolvido pelo nosso grupo, tem
vantagens por ser mais pratico, semi-quantitativo e rapido, permitindo analisar varias amostras
ao mesmo tempo (CARVALHO et al., 2014).

J4 a técnica de DLS pode informar qualitativamente se h& conjugagdo, para uma
amostra de cada vez, com base nos tamanhos médios. No entanto, apresenta baixa resolugédo e
s0 pode detectar populacbes de particulas (presentes em uma mesma amostra) se eles
diferirem em tamanho, pelo menos, em um fator de 3. No contexto da preparacéo de sistemas
bimodais baseados em QDs e quelatos de ions Gd (l11), h& trabalhos que utilizaram DLS para
analisar essa conjugacao, como o de Stasiuk e colaboradores que observaram um aumento de
2 nm dos QDs associados a quelatos, quando comparado aos QDs sozinhos (STASIUK et al.,
2011).

A técnica de FCS (espectroscopia por correlagdo de fluorescéncia) é mais sensivel
quando comparada a de DLS. Com o FCS também podemos analisar se houve ou ndo a
conjugacao através da analise do tamanho dos sistemas envolvidos. Nessa técnica, particulas
ou moleculas fluorescentes passam aleatoriamente no volume focal de detec¢do e sdo
discriminadas precisamente através das flutuacGes da intensidade de fluorescéncia geradas em
decorréncia de seu movimento browniano, ao entrar e sair desse volume focal (SHAO et al.,
2009). O sinal de fluorescéncia € detectado por uma fotomultiplicadora que gera, em tempo
real, um sinal eletrénico formando uma curva de correlagdo em funcdo do tempo relacionada
ao movimento do sistema de interesse no volume focal (THOMAZ, 2013). Além de sensivel,
a andlise é bastante precisa, pois utiliza um microscéopio confocal que possui um pinhole, o

qual restringe o volume focal de deteccdo e de observacdo sendo capaz de discriminar cada



particula ou molécula fluorescentes, mesmo que tenham tamanhos semelhantes. Assim, a FCS
é uma ferramenta bastante eficiente e tem sido utilizada para confirmara conjugacéo de QDs a
biomoléculas (CABRAL FILHO et al., 2016), podendo ser estendida para o estudo da

conjugacao dessas nanoparticulas a outros compostos, tais como os quelatos de ions Gd (l11).

2.3 Imagem por ressonancia magnética nuclear (IRM)

A imagem por ressonancia magnética (IRM) é uma das mais poderosas técnicas de
diagnostico utilizada atualmente na pratica clinica e estd em crescente aprimoramento
(BULLMORE, 2012; VAN DER KOLK et al., 2013). Apesar de basear-se no fendmeno da
ressonancia magnética nuclear (RMN), que foi descrito, em 1946, independentemente, por
Felix Bloch e Edward Purcell, a técnica de IRM é relativamente recente (BLOCH; HANSEN;
PACKARD, 1946; PURCELL; TORREY; POUND, 1946). Isso porque, a primeira imagem
foi demonstrada somente em 1973, por Paul Lauterbur, sendo motivada pela observacgdo de
Raymond Damadian (1971), o qual verificou diferengas nos tempos de relaxacdo nuclear (T1
e T2) dos atomos de hidrogénios (*H) das moléculas de agua presentes em tecidos normais e
tumorais (DAMADIAN, 1971; LAUTERBUR, 1973).

Na IRM, a obtencédo do sinal advém entdo dos nucleos dos a&tomos de hidrogénio (*H)
presentes no corpo do paciente, visto que: (1) os *H representam cerca de 80% dos atomos
presentes no corpo humano e (2) os 'H sdo altamente sensiveis ao fenémeno de RMN, que por
sua vez é descrito como sendo transi¢des entre niveis de energia de um ndcleo com spin
nuclear diferente de zero que esta exposto a um campo magnético BO. Alguns ndcleos com
ndmero quantico de spin nuclear | diferente de zero que sofrem esse fendmeno sdo: *H, 2H,
31p, 197Ay, etc.

O H ¢é frequentemente referido como préton e se comporta como um mindsculo ima.
Isso porque, como o préton € uma massa com carga em movimento, devido ao seu momento
angular de spin e ao seu momento magnético, 0 mesmo age como um dipolo magnético
(tendo um polo magnético norte e um sul) e sofre, portanto, interacdo com campos
magnéticos externos (WEISHAUPT; KOCHLI; MARINCEK, 2007).

Segundo a mecéanica quantica, o nimero quantico de spin nuclear | determina o
namero de orientacBes que um nucleo pode assumir diante de um campo magnético externo
pela relacdo 21 + 1. Para os nucleos de 'H, por exemplo, 1=1/2 e, portanto ha duas
orientacOes possiveis de alinhamento dos spins na presenca de B0, denominados: estado o (ou



+Y%) e estado B (ou -%2). O estado de menor energia é aquele que se encontra paralelamente
alinhado a BO [estado a (ou +%2)] e 0 estado de maior energia, antiparalelamente alinhado a
BO [estado B (ou -%2)], assim como mostra a Figura 11. Quando um grupo de atomos 'H é
colocado sob um campo magnético externo B0, cada spin se alinha em uma das duas
orientacfes possiveis (o ou ). Em temperatura ambiente, o nimero de spins no estado de
menor energia, No, (alinhamentos paralelamente), é ligeiramente maior que no estado de maior
energia, Np (alinhados antiparalelamente), o que resulta numa magnetizacdo MO paralela ao
campo magnético. Esta relacdo é regida pela estatistica de Boltzmann, onde AE ¢ a diferenca
de energia entre os dois estados, k é a constante de Boltzmann (k=1,3805x10-%
joules/Kelvin), e T é a temperatura em Kelvin:

—AE

Na _ 0% Eq. 1
Ng
Figura 11 - Disposicdo energética dos spins nucleares dispostos na auséncia (esquerda) e na presenca
(direita) de um campo magnético externo BO. Onde: (a) indica os spins alinhados paralelamente e (b)
indica os spins alinhados antiparalelamente a BO.

Fonte: A autora (2016).

Dessa forma, na auséncia de um campo magnético externo (B0), os spins nucleares
dos atomos de H (ou simplesmente prétons) estdo orientados randomicamente. Enquanto
que, na presenca de B0, os spins nucleares orientam-se, paralela e antiparalelamente ao
mesmo, resultando em um vetor de magnetizacdo (MO0), que é paralelo e proporcional a BO,
como mostra a Figura 12. Por exemplo, numa visdo simplificada, para um campo de
magnético de 1,5 T e na temperatura media do tecido humano, a diferenca entre os spins que
ocupam o estado de menor energia e 0 de maior energia € de aproximadamente 5 para 1
milh&o. Do ponto de vista pratico € somente com estes 5 spins resultantes que se trabalhara na
IRM (MAZZOLA, 2009).



Figura 12 — Orientacdo dos nucleos dos 4tomos de H sem e com um campo magnético externo
aplicado. Quando um campo magnético (B0) é aplicado, ha alinhamento da maior parte dos nicleos na

direcdo paralela ao campo.
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Fonte: A autora (2016).

Na tentativa de alinhamento dos 'H com o campo magnético Bo, € por possuirem
spin, surge um segundo movimento chamado de precessdao (WEISHAUPT; KOCHLI;
MARINCEK, 2007). Esse movimento de precessdo remete a0 movimento de um pido sob o
campo gravitacional, que faz um movimento de “cambalear”. A frequéncia de precessao
nos prétons [chamada de frequéncia de Larmor (v)] é o resultado do torque produzido pela
acdo de um campo magnético Bo sobre o seu momento magnético associado, sendo a

mesma determinada pela equacéo 2:

v=7".Bo Eqg. 2

onde y’ =y/2m, sendo y € a razdo giromagnetica,e Bo € o valor do campo magnético aplicado.
Sabendo-se que y/2r para o hidrogénio € 42,58 MHz/T, entdo ao aplicar um campo magnético
de 1,4 T, os nucleos irdo precessionar a uma frequéncia de 59,6 MHz (WEISHAUPT,;
KOCHLI; MARINCEK, 2007). Caso o campo magnético seja maior, por exemplo, 6,3 T,
entdo a frequéncia também aumentard, neste caso para 268,25 MHz. Sendo assim, a
frequéncia de precesséo é influenciada diretamente pelo campo magnético aplicado.

Estando num estado de equilibrio, tem-se Mo = Mz, onde z € o eixo z ou longitudinal e
também a dire¢do do campo Bo. Para que seja possivel obter um sinal de RMN, é necessario
aplicar um pulso de radiofrequéncia (chamada de B:1), perpendicular a Bo, ressonante com a
frequéncia de Larmor v do atomo de 'H, de modo a perturbar Mo e consequentemente desvia-
lo para plano xy (transversal). Apds cessar o pulso de radiofrequéncia, os ndcleos excitados
tendem a voltar ao estado de equilibrio Mo = M, através de um processo de perda de energia
que é conhecido como processo de relaxacdo, o qual € modulado por duas constantes
exponenciais de tempo, que por sua vez refletem a relaxacdo devido a perda de energia para o



ambiente (tempo de relaxacdo longitudinal ou spin-rede, T1) e a relaxacéo devido a interagoes
entre os spins (tempo de relaxagéo transversal ou spin-spin, T2).

Dependendo da composicdo das estruturas anatdmicas, em uma imagem por RM,
teremos uma variacdo no contraste observado (em tons de cinza) que é dado em fun¢do do
retorno ao equilibrio dos *H. Assim, se a estrutura é constituida basicamente por gordura (por
exemplo: a massa encefélica), que possuem atomos de 'H ligados ao carbono, o spin retorna
mais lentamente para M;. Isso fornece imagem com contraste claro, quando ponderadas em
Ty, devido ao sinal hiperintenso. Enquanto que, nas estruturas constituidas basicamente por
agua, como o liquor, onde a maior concentracdo de nicleos de 'H esta ligada ao oxigénio, o
spin retorna mais rapidamente para M,. Assim, quando ponderadas em Tz irdo fornecer um
contraste mais escuro, devido ao sinal hipointenso, como podemos ver na Figura 13A. Se
dessas estruturas forem obtidas imagens com ponderacdo em T2 (Figura 13B), ocorrera o
inverso, aquelas estruturas constituidas por gordura (como a massa encefélica) apresentardo
contraste escuro, exibindo sinal hipointenso. E aquelas compostas por dgua (como o liquor)
apresentardo contraste claro, devido ao sinal hiperintenso.

Figura 13 - Imagens representativas da mesma seccao do cérebro obtidas através da ponderagdo pelo
tempo de relaxagdo longitudinal (T1) e transversal (T2). A esquerda (A), imagem com areas mais
claras, obtida em T1. A direita (B), imagem com &reas mais escuras, obtida em To.

Fonte: Adaptadas de BUXTON, 2002.

A propriedade de fornecer contraste permite entdo a visualizacao e distingdo de tecidos
moles, como matérias brancas e cinzentas do cérebro, como ja foi mostrado acima na Figura
13 (KERR, 2002; LANGKAMMER et al., 2012). Além disso, a técnica de IRM possui boa



resolucdo espacial, na clinica da ordem de 0,8 mm (PEREIRA; GERALDES, 2007). Quando
comparada a microscopia, essa apresenta um poder de resolugcdo maior que a IRM, em torno
de 0,2 um, sendo entdo uma técnica interessante para estudos a nivel molecular e celular.
Considerando a importancia da IRM e sua principal desvantagem: a baixa sensibilidade,
pesquisadores tém investigado o papel de agentes de contraste nanoparticulados, como 0s
paramagnéticos e as nanoparticulas de ferro superparamagnéticas (SPIONS) para superar essa
limitacdo (SHOKROLLAHI, 2013).

Para a formacdo da imagem e diferenciacdo das estruturas com base no contraste,
algumas caracteristicas intrinsecas dos tecidos influenciam, incluindo: densidade de prétons
(DP), que esté relacionada com a quantidade de agua ou gordura, que por sua vez influencia
nos respectivos tempos de relaxacdo T1e T2 (PEREIRA; GERALDES, 2007). A IRM permite,
ainda, a reconstrucdo de imagens projetadas em trés angulos distintos (sagital, coronal e
transversal) obtidas por rotagéo eletronica do magneto e reconfiguracdo das bobinas emissoras
e receptoras no angulo desejado para captar o sinal das estruturas de interesse, em torno do
paciente. Assim, a IRM fornece imagens multiplanares e definicdo de estruturas anatdmicas
com boa resolucdo (MANSFIELD, 1977; TARDIF et al., 2015).

2.4 Agentes de contraste

Sabe-se que para melhorar o contraste observavel e a qualidade das imagens na RMN
empregam-se 0s chamados agentes de contraste (ACs). Normalmente, esses ACs pertencem a
uma classe de compostos que permitem a obtencdo de imagens mais real¢adas, possibilitando
a diferenciagdo entre tecidos saudaveis e aqueles que possuem alguns tipos de alteracGes
morfolégicas e metabdlicas com melhor precisao (HERMANN et al.,2008).

Em aproximadamente 35% dos exames de IRM, a utilizacdo dos ACs é suficiente para
se obter a devida diferenciacdo entre as estruturas analisadas (SHOKROLLAHI, 2013).
Devido a importéncia clinica da técnica de ressonancia magnética tem-se buscado por ACs
cada vez mais seguros, no que diz respeito a toxicidade in vivo, e eficientes, em termos de
relaxividade, que sera melhor discutido posteriormente (DE HAEN, 2001).

Os ACs sdo geralmente baseados em compostos paramagnéticos ou
superparamagneticos, que despertam o interesse clinico por serem altamente susceptiveis a
magnetizacdo (BUXTON, 2002). Isto &, quando eles interagem com os ‘H das moléculas da
agua, que formam os tecidos de interesse, promovem reducgdo dos respectivos tempos de



relaxacé@o nuclear (SHOKROLLAHI,2013).

Os ACs também sdo classificados de acordo com 0s seus mecanismos associados ao
processo de relaxagdo nuclear, como sendo atuantes em Ti ou T2 (NA; SONG; HYEON,
2009). Quando eles promovem uma diminuicdo do tempo de relaxacdo em Ti, ocorre um
aumento da intensidade do sinal, por isso sdo ACs que geram um contraste claro nas imagens
(HERMANN et al., 2008). Isto é o que ocorre com a utilizacdo de ions paramagnéticos, tais
como o0s quelatos de gadolinio [Gd (IIl)]. Diferindo da acdo das nanoparticulas
superparamagnéticas de éxido de ferro, por exemplo, que sdo normalmente atuantes em Tz,
gerando um contraste escuro nas imagens (CARAVAN et al., 1999; LAM et al.,2013).

A eficiéncia dos ACs em diminuir os tempos de relaxacdo dos ndcleos de 'H, por
unidade de concentracdo (mM) de ion paramagnético/superparamagnético € mensurada em
termos de relaxividade (ri, dada em s* por mM de fon; considerando i = 1,2). Essa
relaxividade esta relacionada com o aumento da taxa de relaxacdo (1/Ti) dos 'H das
moléculas de agua provocado por 1 mmol.L™ de fon para- ou superparamagnético
(LAURENT et al., 2008). Podendo, ent&o, ser obtida pela seguinte equacao:

obs dia
R1,2 -R

T2 = le (Eg. 3)

onde, C é a concentragdo dos fons para- ou superparamagnético e R?5° é a taxa de
relaxacdo longitudinal ou transversal (1/T12) dos *H da dgua observada na presenca de ions
para- ou superparamagnético. Enquanto que Rff'za refere-se a contribuicdo diamagnética, ou
seja, a taxa de relacdo dos nicleos de *H na auséncia dos fons para- ou superparamagnéticos.
De acordo com a equagdo, quanto menor forem os valores dos tempos (T1 e T2), maior sera a

relaxividade obtida (r1 e r2). Assim, quanto maior a relaxividade, mais eficiente é o AC.

O tempo de relaxacdo dos prétons da &gua é considerado como referencial para
avaliar a eficiéncia dos agentes de contraste, sendo eles: ca. 3000 ms (T1) e ca. 2500 ms
(T2). Como a relaxividade depende da estrutura molecular e dindmica do agente de
contraste, a relacdo ra2/ ry é dependente, por exemplo, do tamanho das estruturas dos ACs,
teor de agua e porosidade. Determina-se que os ACs sdo atuantes em T1 se ro/ry é cerca de 1
ou 2, ou T2 se ra/ry € superior a 10 (GOSSUIN et al., 2009; HERMANN et al., 2008).



2.5 Quelatos paramagnéticos contendo ions gadolinio

Geralmente, os ACs comumente utilizados em meio clinico contém metais de
transicdo, como ions ferro e manganés, e também metais de transi¢do interna, nomeadamente
0 ion gadolinio (SHOKROLLAHI, 2013). Eles possuem um momento magnético efetivo
elevado, de pelo menos duas ordens de grandeza maior que o préton, podendo reduzir esses
tempos de relaxacdo do mesmo com base na susceptibilidade magnética (MERBACH;
HELM; TOTH, 2013). O ion gadolinio [Gd (lII)] se destaca devido a seu elevado
paramagnetismo, consequéncia dos sete elétrons desemparelhados (maior densidade de spin),
reduzindo o tempo de relaxacdo Ti dos H! da 4gua com méaxima eficacia (SHOKROLLAHI,
2013).

Entre os ACs paramagnéticos, os quelatos baseados em ions Gd (I11) possuem algumas
propriedades caracteristicas que os tornam interessantes, tais como: solubilidade em agua
(hidrossollveis), estabilidade quimica, alta relaxividade em meio aquoso, baixa toxicidade in
vivo e excrecdo répida e completa apds procedimento diagnostico (AIME; BOTTA,;
TERRENO, 2005). Além disso, os ACs que sdo baseados em quelatos apresentam uma
biodistribuicdo diferenciada e algumas caracteristicas podem potencializar seus efeitos, tais
como a forma e a movimentacdo desses ACs até atingirem os tecidos-alvos. Além disso, a
capacidade de ficarem retidos no local de interesse influencia diretamente na quantidade da
dose do AC necessaria a ser administrada (WEISSLEDER; BOGDANOV; PAPISOV, 1992).

Apdbs administracdo intravenosa desses quelatos de Gd (l11), caso 0 mesmo ndo seja
suficientemente estavel cinética e termodinamicamente, pode ocorrer liberagcdo do ion Gd
(111), devido & competicdo com cobre e o zinco intravasculares, processo designado de
transmetalacdo, ou transquelacdo/reoxidacdo (HERMANN et al., 2008). Quando em pH
fisiolégico, o Gd (Ill) sofre hidrdlise rapidamente, tornando-se insolivel na forma de
Gd(OH)s (PEREIRA; GERALDES, 2007). Ainda, devido a possivel competicéo entre os ions
Gd (I11) e Ca (I1), o primeiro pode depositar-se em 0ssos em desenvolvimento, como nos de
fetos e de criangas, acumulando-se tanto nos 0ssos, como em outros tecidos, a exemplo disso,
no figado (JUNIOR et al., 2008).

Além disso, os ligantes que constituem os quelatos tem maior seletividade para Gd
(I11) do que para os cations enddgenos. Sendo assim, esses quelatos garantem uma maior
seguranca, sdo bem tolerados e os efeitos toxicos sdo praticamente inexistentes.

Principalmente, pelo fato da maioria dos quelatos possuirem elevada estabilidade



termodinamica, cinética e baixo risco de dissociacdo em fluidos bioldgicos, em especial os
ciclicos (AIME; BOTTA; TERRENO, 2005). Devido a estas propriedades, a partir do inicio
da década de 1980, muitos dos ACs usados em imagem por ressonancia magnética possuem
os quelatos de Gd (I11) como seu principal componente ativo (DE HAEN,2001).

Os quelatos de Gd (1) utilizados para IRM sédo compostos de coordenacédo, onde o ion
é complexado por ligantes organicos multidentados, geralmente os poliaminocarboxilados. De
acordo com a sua estrutura, eles sdo classificados como (i) lineares, que sdo triaminas
aciclicas derivados da dietilenotriamina, e (ii) ciclicos (ou tetraazamacrociclicos), que
derivam do cicleno (cicleno = 1,4,7,10-tetraazaciclododecano), sendo esses Ultimos mais
estaveis que os lineares (HERMANN et al., 2008). Compostos de coordenacdo contendo ions
lantanideos possuem elevados nimeros de coordenacao (entre 8 e 12), o que permite, além da
coordenagdo dos referidos ions com o0s Varios sitios (atomos) disponiveis no ligante, a
presenca de pelo menos uma molécula de agua na esfera interna de coordenacéo, assim como
sera explicado mais adiante. Esse fato influencia positivamente na eficiéncia de um AC, pois a
taxa de troca entre a molécula de agua coordenada ao ion metalico central (na esfera interna),
com moléculas de agua presentes no meio (bulk) € um dos pardmetros associados aos
mecanismos que explicam o processo de relaxacdo paramagnético desses sistemas
(HERMANN et al.,2008).

Atualmente, os principais quelatos de Gd (I11) macrociclicos utilizados clinicamente
sdo:

-Dotarem® [Gd-DOTA (tetraazacyclododecane tetraacetic acid)],

-ProHance® [Gd(HP-DO3A)] e

-Gadovist® (Gd-BT-DO3A).

Enquanto que os que possuem estrutura linear séo:

-Magnevist® (Gd-DTPA (diethylenetriamine pentaacetic acid),

-Omniscan® [Gd(DTPA-BMA)],

-OptiMARK (Gd-DTPA-BMEA),

-MultiHance® (Gd-BOPTA) e

-Eovist® ou Primovist® [GA(EOB-DTPA)].

A estrutura quimica e os respectivos valores de relaxividade a um campode 1.5 T

desses quelatos estdo apresentados na Figura 14 abaixo.



Figura 14 — Estrutura quimica dos principais ACs baseados em quelatos de Gd (l11) com seus

respectivos valores de relaxividade a 1,5 T.
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Fonte: Adaptada de HERMANN et al. (2008).

O valor da relaxividade obtida para um determinado AC, ou seja, a eficiéncia do
mesmo em obter o contraste adequado para uma analise clinica é consequéncia de uma
combinacdo de parametros que estdo diretamente relacionados a respectiva estrutura
molecular. Logo, o processo de relaxacdo paramagnético é descrito com base em um modelo
que considera duas contribui¢des distintas: (i) a contribuicdo de “esfera interna”, que esta
relacionada com a troca entre a(s) molécula(s) de agua coordenada(s) (q) diretamente ao ion
metalico e aquelas presentes no meio, e (ii) a contribui¢do de “esfera externa”, resultante da
difusdo de moléculas de agua nas proximidades do ion metalico (CARAVAN et al., 1999;
TOTH; HELM; MERBACH, 2002). Como observamos no esquema da Figura 15, um dos
parametros a ser considerado € o tempo de residéncia da agua coordenada ao centro
paramagnético (tm), o qual determina a taxa de troca da mesma. Além disso, 0 nimero de
moléculas de dgua na esfera interna de coordenacdo (q), o tempo rotacional da molécula (tr) e
o tempo de difusdo de moléculas de agua nas proximidades do ion metélico (to) também

influenciam na relaxividade observada desses sistemas (Figural5).



Figura 15 — Quelato de Gd (I11) em solugdo. O esquema evidencia a localizacdo das moléculas de
agua (representadas pelas esferas azuis) que interagem diretamente com o centro paramagnético (ao
nivel de esfera interna), bem como o tempo de residéncia da &gua coordenada (tM), 0 tempo

rotacional do complexo (tR) e de difusdo da dgua nas proximidades do ion (tD).

Fonte: Adaptada de HERMANN et al.(2008).

E importante salientar que todos esses parametros estdo correlacionados e influenciam
na resposta de interesse, que € a relaxividade obtida a partir dos valores de T1 e T2 medidos.
Por exemplo, a contribuicdo de esfera interna esté relacionada com os parametros g, tM e TR
(BLOEMBERGEN; MORGAN, 1961; SOLOMON, 1955). A presenca de pelo menos uma
molécula de agua na primeira esfera de coordenacdo (q) é fundamental para a eficiéncia dos
ACs, sendo 0 numero de g € intrinseco a estrutura molecular do quelato. O valor de M
determina a taxa de troca e deve estar num intervalo de tempo que seja ideal para que haja a
transferéncia do efeito paramagnético para a agua coordenada e subsequente transferéncia
desse efeito para o bulk.

Em termos experimentais, a modificacdo estrutural do complexo permite alcancar esse
objetivo, como, por exemplo, adicionando ou removendo grupos funcionais especificos que
aumentam ou diminuem 1y, seja por impedimento estérico adicional, ou auséncia do mesmo.
Para 0 caso de t, que é um pardmetro que esta relacionado com movimento do complexo
como um todo, é conhecido que quanto maior tr, melhor a relaxividade observada. Logo, a
diminuicdo da mobilidade do complexo paramagnético aumenta o tempo rotacional do
mesmo, favorecendo mais uma vez a eficiéncia do referido AC. Nesse caso, € possivel
aumentar tr, ligando o complexo a sistemas bastante maiores, como macromoléculas
(proteinas e polissacarideos) ou nanoparticulas (ACCARDO et al., 2004; CORSI et al., 2001).



Os parametros que governam a relaxividade sdo muitos e por isso sdo necessarias
algumas técnicas experimentais associadas com ajustes matematicos para obté-los. Dentre as
técnicas, cita-se as curvas de relaxividades, medidas em fun¢do do campo magnético aplicado,
que sdo asconhecidas curvas de NMRD (nuclear magnetic resonance dispersion), além de
medidas de RMN de 'O (GONZALEZ et al., 1994; MICSKEI et al.,1993).

Esse papel de coordenacdo e troca das moléculas de agua na relaxividade dos AC tém
sido bastante estudado, quando estdo em contato direto com o meio e quando encapsulados
em vesiculas. Sendo menor nessa Ultima condicdo, devido a barreira de permeabilidade
imposta pela membrana, que diminui a troca de 4gua do bulk com aquela complexada com o
Gd () (ZHOU; LU, 2013). Ghaghanda e colaboradores observaram um aumento
consideravel na relaxividade, quando os quelatos sdo conjugados na superficie das
nanoestruturas (GHAGHANDA et al., 2009). Isso porque a mobilidade dos quelatos torna-se
limitada, aumentando, por sua vez, o valor de tr. Uma outra consequéncia da conjugacao esta
relacionada a possibilidade de variacdo da taxa de troca entre a 4gua coordenada e adguas do
bulk, o que também influencia na relaxividade do sistema, como descrito anteriormente.

Quando o nanocarreador contém tanto quelatos de Gd (I1I) encapsulados quanto
ligados na superficie, como mostra a Figura 16, observa-se uma maior relaxividade
(GHAGHANDA et al., 2009). Isso ocorre devido, mais uma vez, a varia¢do da taxa troca da
agua (1/zm), do tempo de rotacional do quelato (t.), alem de uma maior concentra¢io de Gd
(I1) por unidade lipossomal, o que é vantajoso, por reduzir a dose do AC para obtencéo de
um contraste ideal (GHAGHANDA et al., 2009). Diferentemente do que ja se espera com a
utilizacdo de Gd (111), ou seja, 0 aumento da relaxividade em Ty, ha também um potente efeito
na relaxividade transversal (r;) (KARATHANASIS et al., 2008). Neste caso, a presenca de
estruturas nanoparticuladas altera o tempo de difusdo de moléculas de agua proximas ao
sistema (tD), parametro que esta relacionado com a contribuicdo de esfera externa, que por

sua vez influencia significativamente os valores de r> (FREED, 1978).



Figura 16 — Esquema de lipossoma como carreador de quelatos de Gd (Ill). De acordo com o
esquema os quelatos de Gd (Il11) podem estar presentes: (1) livres no interior do lipossoma; (2)
conjugados na superficie interna e externa; (3) livres no interior e também conjugados a superficie
interna e externa do lipossoma.

Quelatos de Gd (lll) encapsulados Quelatos de Gd (lll) conjugados na Quelatos de Gd (lll) encapsulados
ne interior de lipossoma superficie do lippssoma no interior € conjugados na superficie
do lipossoma

Lipossoma - Quelatos de Gd (lll)

Fonte: Adaptada de GHAGHANDA et al. (2009).

2.6 Sistemas bimodais baseados em QDs e quelatos de Gd (I11)

Considerando a importancia da imagem por ressonancia magnética no diagnostico e
a necessidade de se melhorar o conhecimento sobre os processos e a dindmica de doencas, a
nanotecnologia tem contribuido para a producdo de agentes de contraste nanoparticulados
multimodais para imagem a nivel molecular e celular. Algumas abordagens recentes
parecem ser promissoras, por combinar a técnica de IRM com outras modalidades de
imagem, tais como as baseadas em fluorescéncia, aliando assim, as vantagens de ambas as
técnicas (PAN et al., 2009).

Vérios nanocarreadores tém agregado os ions Gd (I11) como componente magnético
em sua estrutura, desde nanomicelas (LIU et al., 2011) e QDs (PRINZEN et al., 2007), até
sistemas maiores com centenas de nanémetros, como os lipossomas (GHAGHANDA et al.,
2009). Muitos desses sistemas hibridos envolvem biomoléculas, para fornecer

direcionamento especifico ao sistema, através de proteinas, como a albumina



(BHUJWALLA et al., 2003) e peptideos, como RGD (arginina-glicina-a4cido aspartico)
(KOOLE et al., 2008; MULDER et al., 2006). Além disso, podem ser utilizados polimeros,
para melhorar a sua biocompatibilizacdo, como, por exemplo, o dextran e 0 PEG (LIU et
al., 2011), além dos dendrimeros (SATO et al.,2001).

Esse tipo de combinacdo integra as vantagens de cada componente e a contribuigéo
de cada técnica de imageamento, em um Unico sistema nanoparticulado, tornando a nova
nanossonda muito mais versatil. As vantagens de um sistema nanoparticulado, em
particular, também visam a producdo de sondas com elevada concentracdo de material
paramagnético, podendo aumentar a relaxividade por particula, cerca de 100 vezes mais.
Dada a baixa sensibilidade da IRM, estratégias como essa favorecem as aplicacdes em
imagem a nivel molecular por amplificarem e otimizarem o sinal para RM (MERBACH;
HELM; TOTH, 2013). Dessa forma, seria possivel diminuir a dosagem necessaria do AC e
mesmo assim se atingir um contraste adequado nas imagens por RM (PEREIRA,;
GERALDES, 2007).

Nesse contexto, os QDs, que sdo nanoparticulas ja aplicadas como sondas de
imagem molecular por fluorescéncia, quando combinados a compostos paramagnéticos,
agregam em uma Unica particula a capacidade de possuir sinais para varias modalidades
(isto é, dptica e magnética) (AIME et al., 2002; Y1 et al., 2005; JIN et al., 2008; STASIUK
et al., 2011). Essa associacdo pode ser interessante, por exemplo, para estudos in vivo,
focados na compreensdo de processos bioldgicos, diagnostico e orientacdo de
procedimentos cirdrgicos, de maneira que a remocao de tecidos patoldgicos seja guiada por
uma delimitacdo mais precisa, minimizando os danos aos tecidos saudéveis adjacentes
(KIM etal., 2008; KIRCHER et al., 2003).

Além disso, a fluorescéncia dos QDs permite detectar alvos moleculares e celulares,
em tempo real, com elevada sensibilidade. Devido a sua superficie ativa, a conjugagéo de
varios ACs ao QD, pode contribuir para uma boa definicdo anatdmica nas imagens obtidas,
enquanto que a conjugacédo deles com biomoléculas fornece especificidade para o sistema
nanoparticulado, possibilitando um direcionamento mais efetivo para locais de interesse
(YANG; CHUANG, 2012, HARRISON et al.,2015).

De acordo com a maneira com que 0s QDs estdo sendo relacionados com os ions
paramagnéticos para construcdo dos sistemas bimodais, pode-se categoriza-los em: (A)
QDs revestidos com moléculas contendo Gd (lll); (B) encapsulacdo de QDs livres



juntamente com quelatos em nanoestruturas e (C) conjugacdo direta dos quelatos na

superficie dos QDs, como esquematizado abaixo (Figura 17).

Figura 17 — Representacdo esquematica das classes de sistemas baseados em QDs e compostos
paramagnéticos. Em: (A) QDs revestidos com moléculas, como lipideos, contendo Gd (l11); (B)
encapsulacdo de QDs livres juntamente com quelatos de Gd (111) em nanoestruturas, que podem ser

micelas ou lipideos, e (C) conjugacao direta dos quelatos na superficie dos QDs.
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Fonte: PEREIRA, G. (2016).

A abordagem de conjugar diretamente os quelatos de Gd (I11) na superficie dos QDs
é uma das que vem sendo explorada pelos pesquisadores (STASIUK et al., 2011) e sera
abordada com mais detalhes na proxima se¢do. Visto que é com esse tipo de associagdo
que estamos desenvolvendo nossos sistemas bimodais, por favorecer um processo crucial
para eficiéncia da relaxividade, que é a troca da &gua entre a esfera interna e a esfera

externa (bulk).

E possivel conseguir um aumento do sinal para IRM por conjugacio de varios ACs
na superficie de cada nanoparticula de QD. Além de se objetivar um sistema bimodal que
amplifique o sinal para IRM, também é preciso que essas sondas preservem e otimizem o
sinal fluorescente dos QDs favorecendo analises com maior sensibilidade e acurécia de
deteccdo. Para avaliar a eficiéncia desses sistemas bimodais nanoparticulados, avalia-se a
relaxividade por cada ion, bem como por cada particula de QD, que € um parametro
exclusivo dessa abordagem. Ainda h& poucos trabalhos nessa linha, e 0s que existem
utilizam QDs sintetizados em meio hidrofébico, e por isso necessitam de processos
elaborados para torna-los hidrofilicos, os quais ainda podem diminuir consideravelmente a

sua fluorescéncia (STASIUK et al., 2011). Isso demonstra a necessidade de mais trabalhos



envolvendo QDs sintetizados em meio aquoso, que nao necessitem de etapas laboriosas de
biocompatilizacdo e que apresentem boa intensidade fluorescente, além de bom sinal para
RM.

2.6.1 Conjugacao direta dos quelatos na superficie dos QDs

Stasiuk e colaboradores utilizaram sondas de imagem bimodal por ligacdo covalente
de quelatos de Gd (I1) na superficie de QDs hidrofébicos de Fosfeto de Indio
funcionalizados com Sulfeto de Zinco (InP/ZnS), por troca de estabilizante (STASIUK et
al., 2011). Os quelatos de Gd (Il1) foram preparados pela reacdo de derivados de 1,4,7-
triazaciclononano (TACN) e acido lipdico. Os autores confirmaram a ligacao de ions de Gd
(1) na superficie dos QDs com base em medidas de susceptibilidade magnética e
espectroscopia de UV-visivel. Essa ligacdo dos quelatos aos QDs provocou aumento do
didmetro hidrodindmico das nanoparticulas de 6,9 a 8,6 nm, obtido a partir de medidas de
DLS. Além disso, de acordo com os estudos fotofisicos, os quelatos ndo afetaram a
luminescéncia dos QDs, mantendo o pico de emissdao em torno de 620 nm, embora tenha
sido constatada umasignificativa diminui¢do no rendimento quantico no processo de torna-
los hidrofilicos. Por isso, o desenvolvimento de sistemas nanoparticulados é desafiador,
pois devem manter as propriedades de ambos oscomponentes.

Ainda neste trabalho, os autores conjugaram um peptideo de penetracdo celular
(maurocalcine, MCa) aos QDs com quelatos-Gd (Ill), com o intuito de promover a
internalizacdo deste sistema QDs-Gd-MCa na célula e monitorar 0s eventos bioldgicos. Os
sistemas foram incubados com células de ovario de hamster chinés (células CHO), durante
2 horas, para andlise por microscopia confocal (Figura 18). Eles observaram o aparecimento
de marcacGes pontuais dentro das células incubadas com QDs-Gd-MCa, sugerindo que eles
foram internalizados em endossomos pelo mecanismo de endocitose (Figura 18 - E). Para
definir os limites das células na microscopia, 0s autores marcaram a membrana plasmatica,
em vermelho, com rodamina conjugada a concanavalina A, que possui afinidade pelos
carboidratos a-D-glicose e manose (Figura 18 — A, D). Em relacdo aos estudos de IRM, o
sinal dos QDs-Gd-MCa, ap6s 15 minutos de injetados em cérebro de rato, foi distinto

quando comparado com o Dotarem®, mostrando que a sonda bimodal tem um elevado



tempo de retencdo, além de manter a intensidade de sinal ainda mensuravel apds 4 horas
(Figura 19).

Figura 18 — Imagem Optica de células CHO. As células foram incubadas com (A, D) rodamina-

concanavalina A (em vermelho); (B) QDs-Gd (em verde); (E) QDs-Gd-MCa (em verde). Em C:
sobreposicdo da imagem A e B. Em F: sobreposicdo da imagem D e E.
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Fonte: Adaptada de STASIUK et al. (2011).

Figura 19 — IRM ponderadas em T de cérebro de rato incubadas com (A) QDs-Gd-MCa e (B) com
Dotarem®, depois de 15 min (esquerda) e depois de 4 h (direita). As imagens foram obtidasa 7 T.
Adaptadas de Stasiuk et al. (2011).

Fonte: Adaptada de STASIUK et al. (2011).



Nos sistemas nanoparticulados, em que os quelatos de Gd (l1l) estdo ligados na
superficie dos QDs, ha uma restricdo da rotacdo interna do complexo, favorecendo uma
rapida troca de agua coordenada com o centro do quelato, que é onde esta localizado o ion
Gd (I11), e moléculas de adgua do bulk ao redor do complexo, resultando em aumento da
relaxividade (HERMANN et al., 2008). Stasiuk e colaboradores obtiveram as seguintes
medidas relaxométricas: r1por QD de 900 mM™s™ (a 0,81 T e 25° C) e r1por Gd (I11) de 4,9
mM?s? (20,81 T e 25° C) (STASIUK et al.,2011).

Com o intuito de otimizar a relaxividade de quelatos de Gd (Il1) conjugados aos
QDs de InP/ZnS, os mesmos autores mencionados anteriormente, preparam trés ligantes,

como representados na Figura 20 abaixo.

Figura 20 — Esquema dos ligantes preparados por Stasiuk e colaboradores (STASIUK et al., 2013).
Os ligantes referem-se a: acido lipéico (L1), acido mercaptopropionico (L2) e é&cido

mercaptobenzoico (L3).
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Fonte: PEREIRA, G. (2016)

Eles utilizaram “ligantes adaptadores” com diferentes graus de flexibilidades: acido
lipdico (L1), que tem um ditiol promovendo uma forte ligacdo com a superficie dos QDs;
acido mercaptopropionico (L2), que provavelmente ira reduzir a mobilidade do complexo,
devido a sua cadeia alifatica ser mais curta; e acido mercaptobenzoico (L3), que possui um
sistema rigido que pode reduzir a rotagdo interna do complexo. Os QDs foram os mesmos do
trabalho anterior (STASIUK et al., 2011), e essas novas associagdes ndo interferiram na
fluorescéncia, quando o0s espectros de emissdo foram comparados aos QDs ja

biocompatibilizados. Em relacdo as medidas relaxométricas, obtiveram os seguintes valores

de r1por QD: 932, 342 e 487 mMs? (a 6,3 T e 25 °C) para QDs-L1, QDs-L2 e QDs-L3,



respectivamente. E, por fon Gd (111): 8, 5e 6,5 mM™s™ (a 6,3 T, 200 MHz e 25° C) para
QDs-L1, QDs-L2 e QDs-L3, respectivamente (STASIUK et al., 2011).

De acordo com esses resultados de relaxometria obtidos por Stasiuk e colaboradores,
0s QDs-L3 apresentaram relaxividade mais elevada por ion e por particula de QDs do que 0s
demais sistemas. 1sso porque a ligacdo entre os QDs e o complexo via ligante benzdico (L3) é
mais rigida, diminuindo significativamente a rotacdo interna, e consequentemente, alterando a
taxa de troca (1/tm) de moléculas de agua coordenadas, resultando em relaxividade mais
elevada.

Outro importante fator que se deve considerar para a aplicacao desse tipo de sonda em
sistemas biologicos refere-se a alteracbes das propriedades quando estdo em ambiente
intracelular. Isso foi estudado por Starmans et al., que observaram que o0s p-QDs-RGD
internalizados apresentaram relaxividade longitudinal (T1) inferior, quando comparado com o0s
mesmos sistemas em solugdo (STARMANS et al.,, 2011). Isto pode ter ocorrido em
decorréncia do mecanismo de endocitose, através do qual as células internalizaram o sistema
bimodal em unidades de endossomos, aprisionando o AC e dificultando a troca de agua por
eles com o0 ambiente.

Nesse contexto, como nosso grupo de pesquisa tem experiéncia na area de
nanotecnologia biomédica, desde a sintese dos QDs a aplicacbes deles em sistemas
bioldgicos, a partir da versatilidade e visando as propriedades Unicas dessas nanoparticulas,
nesse trabalho tivemos o intuito de desenvolver sistemas bimodais que promovam melhor
resolucdo, contraste, especificidade bioquimica e multimodalidade a fim de aprimorar

qualidade e funcionalidade de técnicas de baseadas em fluorescéncia e por IRM.
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3. OBJETIVOS

3.1 Objetivo geral

Desenvolvimento de sistemas bimodais nanoparticulados baseados na conjugagéo
direta de QDs de CdTe a quelatos de Gd (I11) com potencialidades para aplicacdes como

sondas para imagens Optica e magnética.

3.2 Objetivos especificos

» Sintetizar Quantum dots (QDs) de CdTe carboxilados, em meio aquoso, estabilizados
e funcionalizados com AMS (&cido mercaptosuccinico);

» Caracterizar opticamente os QDs;

» Preparar e caracterizar quelatos paramagnéticos contendo ions gadolinio [Gd (1I1)] e
DOTA como ligante;

« Desenvolver nanossistemas bimodais por ativacdo dos grupos carboxilicos dos QDs e
conjugacéo direta a quelatos DOTA-Gd (l11);

« Caracterizar dptica e relaxometricamente 0s nanossistemas bimodais para verificar as
respectivas propriedades dpticas e paramagnéticas;

« Confirmar a conjugacdo dos nanossistemas bimodais por FCS (Fluorescence
Correlation Spectroscopy);

« Auvaliar a citotoxicidade dos nanossistemas bimodais apos 24 h de incubagdo com
células Hela;

* Incubar os nanossistemas bimodais com células HelLa para analisar o seu potencial

como sonda fluorescente através de analises por microscopia de fluorescéncia.
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1. Introduction

The majority of diseases are multifactorial, which have motivated
investigations related to the development of new tools, such as
diagnosis methods and therapeutic procedures able to detect,
distinguish and understand the various mechanisms, mainly at
cellular and molecular levels, involved in each stage of diseases.
While some researchers have explored and looked for specific
biomarkers, others are focusing on designing novel tools to
experimental and clinical imaging, hoping to contribute to the
location, activity and dynamics of biological processes, preferably in
real-time, associated with these biomarkers.

Among the available imaging techniques, the one that is based
on magnetic resonance imaging (MRI) has been widely used as a
non-invasive diagnosis to discriminate healthy from pathological
tissues with high ar ical details. H , in order to obtain a
suitable distinction in MRI, the use of contrast agents (CAs) may be
required, which can, for instance provide a white highlight in the
images, by reducing the nuclear longitudinal relaxation time (T~
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weighted) of the surrounding water proton molecules. Commonly,
T;-weighted CAs are based on paramagnetic chelates, whose
efficiency is determined in terms of the relaxivity r; (mM1.57).
However, even applying CAs, MRI is still limited for investigations of
biochemical events, at molecular and cellular levels.?

In a search for a better resolution, contrast, biochemical
specificity and multimodality, the nanotechnology has developed
nanoprobes for improving the quality and functionality of imaging
techniques. Various approaches have been applied aiming to design
bimodal nanosystems, that can combine advantages of more than
one imaging modality, being the association of MRI with
fluorescence analyses one of the most intended, especially due to
the resolution and the biochemical specificity of optical techniques.
In this context, the quantum dots (QDs) have attracted the interest
of nanomedicine, since they can be applied in the development of
such bimodal nanoprobes. QDs are particular promising for this
purpose, as they have unique properties, such as: (i) a high
resistance to photodegradation, allowing to monitor real-time
biological mechanisms and (i) an active surface, which enables
conjugation with several biomolecules, drugs, other nanoparticles,
and also with paramagnetic compounds containing gadolinium ions
[Gd (1)).>-¢

Many studies have been conducted to develop bimodal
nanosystems based on QDs associated with Gd (lll) coordination
compounds, by applying different strategies. Among them, the
most exploited, are: coating QDs with molecules usually consisted
of paramagnetic lipids containing Gd (lll), and encapsulating QDs
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and bare Gd (lll) chelates into a single nanoparticle, such as
liposomes.”® However, in general the bimodal nanoprobes,
prepared by these strategies, display some limitations. For instance,
they: (i) can be not so effective in reducing the T; relaxation time,
mainly due to restricted water exchange processes, especially when
encapsulated; (ii) can not present an proper nanometric size for
biological applications; andfor (ii) can demand laborious
procedures for their preparation. 7.1

Thus, recently another strategy based on direct conjugation
between QDs and Gd (Il1) chelates was reported.>!? Although there
are still few studies of this nature in literature, this approach
promises to maintain a smaller hydrodynamic diameter and favor
an effective dynamic water exchange, between the bound water
molecules and bulk water, without barriers, allowing to reach
higher r; relaxivities. Stasiuk and collaborators, for example, have
tested this approach and obtained nanosystems (ca. 10 nm) with
bright fluorescence and improved relaxivity by using hydrophobic
QDs and Gd (lll) chelates, which were directly attached the Gd (Ill)
chelates directly to the QDs’ surface.®

In this context, here we report the development of a
fluorescent paramagnetic nanoparticulate bimodal system based on
hydrophilic CdTe QDs and Gd (111)-DOTA chelates through obtained
covalent conjugation. We evaluated the coordination efficiency of
the Gd (Ill) ions on the ligand by the xylenol orange method and the
effective of conjugation process by using the fluorescence
correlation spectroscopy (FCS). We also analyzed the nanosystems
optical properties, as well as their cytotoxicity and their ability to
label Hela cells. Moreover, we determined the relaxivities of the
bimodal nanoparticles per ion and per QD at 300 MHz and 298 K.
We believe that the nanoprobes developed in this study are
promising tools for acquiring images by fluorescence and magnetic
resonance, in order to understand a variety of biological processes.

2. Experimental Section
2.1 Synthesis of CdTe-MSA QDs

Cadmium Telluride (CdTe) QDs were synthesized in an aqueous
medium using the 3-mercaptossuccinic acid (MSA) as
functionalizing/stabilizing agent in a molar ratio of 5:1:6
(Cd:Te:MSA) according to the method previously reported by some
of us.? Briefly, metallic tellurium (0.1 mmol - Sigma-Aldrich) was
reduced by reaction with sodium borohydride (NaBH; ~ 3 mmol -
Sigma-Aldrich) at high pH > 10 and inert atmosphere (N;). The Te?
was added into a previously prepared solution of Cd2*/MSA [0.5
mmol of cadmium chloride (CdCl, — Alfa Aesar) and 0.6 mmol of
MSA (Sigma-Aldrich)] at pH ~ 10.5. After that, QDs suspension
remained for S h under constant stirring at 90°C to form a colloidal
dispersion of carboxyl-coated CdTe QDs.

2.2 Preparation of Gd (1) chelates

Gd (1) chelates were prepared using DOTA (1,4,7,10-
tetraazaciclododecano-1,4,7,10-tetraacetic acid) as ligand and
a gadolinium chloride solution (GdCl3*6H,0~ Alfa Aesar), with
a 10% stoichiometric excess of ligand. Firstly, the pH of a DOTA
ligand solution (10 umol) was adjusted to 5.5 with NaOH,
which was followed by the activation of one carboxyl group of
each DOTA, using of N-ethyl-N'-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC — Sigma-Aldrich) and of N-
hydroxysulfosuccinimide sodium salt (Sulfo-NHS - Sigma-
Aldrich), both with final concentration of 0.01 M. After, the Gd
() solution (9 umol) was added to the ligand solution,

2 | RSC Adv., 2016, 01, 1-7

RSC Advances

remaining under overnight stirring at room temperature,
obtaining the amine-reactive complex Gd (I11)-DOTA-NHS.

2.3 Coordination efficiency evaluation by xylenol orange
method

The coordination efficiency between Gd (1) and DOTA ligand
was tested using the xylenol orange method proposed by
Barge and colleagues.* This method was used to determine
free Gd (lll) ions by absorbance spectroscopy measurements
(UV-Vis 1800 spectrophotometer - Shimadzu). As higher is the
free gadolinium concentration, more displaced to the violet
will be the color of the solution.}* By the relation between the
spectrophotometric changes of xylenol orange absorptions in
the presence of different Gd (Ill) concentrations (Figure S1-
Support Information), we obtained the calibration curve
(Figure S2 = Support Information). The presence of free Gd
ions in the complex was determined by using this calibration
curve. Thus, for the evaluation of the coordination efficiency of
the Gd (lll) by the ligand, 10 pL of the chelate was added to 2
mL of a xylenol solution to detect free ions, in a final
concentration of 25 uM de Gd (Ill).

2.4 Preparation of the bimodal nanosystems

The bimodal nanosystems based on QDs and Gd (lll) chelates
were obtained by covalent coupling. In order to obtain an
improved bimodal system, we tested various molar ratio of
QDs/Gd (l11) chelates, from 10 to 100 Gd (Ill) chelates per QDs.
The systems that remained visually stable, with bright
fluorescence and without precipitation, were those that
contained 1/10, 1/20 and 1/30 (CdTe QDs particles per Gd (Ill)
chelates molecules). Therefore, only those systems were
characterized and further studied by us. We prepared the
systems, by adding the following volumes of each chemical
compound [EDC (0.01 M), Sulfo-NHS (0.01 ™),
ethylenediamine (0.1 M) and Gd (lll) chelate solutions (0.01
M)]: 3 pL to 1/10 system, 6uL to 1/20 system and 9 pL to 1/30
system, as schematized in Figure 1. Briefly, firstly, we adjusted
the pH of 0.5 mL of carboxyl-coated CdTe QDs (3 puM) to
approximately 5.5 using a MSA solution (4.9 % w/v). After, the
respective aliquots of coupling agents, as described above,
were added to obtain the QDs’ NHS ester (CdTe-NHS). Then,
the CdTe-NHS was reacted with the ethylenediamine and the
Gd (111)-DOTA-NHS chelate, prepared previously as described in
section 2.2, was added to the system.

2.5 QDs and bimodal sy ptical ch izati

Bare QDs and Gd (I1)-DOTA-QDs were characterized by
absorption and emission spectroscopy, by using, respectively,
a UV-Vis 1800 spectrophotometer (Shimadzu) and a LS 55
spectrofluorometer (PerkinElmer, at A. = 365 nm). These
characterizations provide information about the QDs optical
quality before and after conjugation with ethylenediamine and
subsequently with Gd (lll) chelates. We estimated the QDs’
diameter (d) from the wavelength (A) at the first peak of
absorption spectrum and by applying of the Equation 1
below.!s

 (1.3845-0.00066 2)
d (1-0.00121 2) kg1

By using the average d obtained above and the CdTe QDs’
extinction coefficient (g) by Yu et al. (2003) - Eq. 2, we
estimated the QD concentration in the suspension by
Lambert-Beer’s law (Eq. 3).1®
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Fig. 1 Scheme of the conjugation process of the Gd (I11)-DOTA-NHS chelates with the QDs via EDC, Sulfo-NHS, and ethylenediamine.

e = 10043(d)?1? Eq.2
A=eCL Eq.3

where A is the absorbance at the first peak and L is the width
of the cuvette or light path that is usually 1 cm.

Emission spectra were acquired in order to verify QDs’
fluorescent properties before and after the conjugation. It was
performed by using the same slits for all systems, in a pH of
approximately 6.0.

2.6 Fluor corr: spectroscopy

The Fluorescence Correlation Spectroscopy (FCS) analysis was
performed in a confocal microscopy (LSM 780, Carl Zeiss
Meditec AG, Jena, Germany) by using 40x water immersion
objective (NA = 1.0, WD = 2.5 mm) and pinhole aperture of 35
um.Y? Correlation curves were obtained, at 514 nm excitation,
for both bare QDs and bimodal systems. From the curves, we
obtained the diffusion time (tp) for each sample and then the
Eq. 4 was used to determine the hydrodynamic radius (R).

_ akgTp
Ri= s Eq.4

where kg is Boltzmann Constant, T is temperature of the
sample under laser irradiation (we used T=303 K), tp is
diffusion time, n is medium viscosity (in this case, we used
water n = 7.98x10-4 Paes) and w, is lateral radius of the focal
volume (300 nm for excitation used here = 514 nm). FCS allows
confirming the conjugation though the determination of R,
since the 1p is higher for conjugate sample when compared to
bare QD.?7 Results were evaluated by statistical Wilcoxon test.

2.7 Rel ic

The relaxometric properties QDs-Gd (Ill) chelates bimodal
nanosystems were also evaluated by measuring the proton
water longitudinal relaxation (T;) on a Varian Unity Plus
spectrometer at high magnetic field (7 T, 298 K) and using an
inversion recovery pulse sequence. Before the measurements,
samples were purified by ultrafiltration columns of 10.000
MWCO (Vivaspin, GE Health), in order to eliminate any excess
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of free Gd (lll) ions or even free DOTA-Gd (1) chelates. The Gd
(1) concentrations of the systems were determined using by
ICP-MS (NeXlon 300D).

Thus, the longitudinal relaxivities (r;) of the bimodal
systems were obtained by using Ty and the Gd (i)
concentration (mM), as described in Eq.5:

n= E'V"_;"'ﬂ Eq.5
where C is the concentration of paramagnetic ion, R{"” is the
longitudinal relaxation rate (1/T)) of the water protons
molecules in the presence of the paramagnetic ions and R{®
is the diamagnetic longitudinal relaxation rate (1/T;) of the
water protons (in the absence of the paramagnetic ions). The
relaxivity indicates the efficiency of the contrast agent to
decrease the relaxation time of water protons per unit of
concentration (mM). In this study we calculated the relaxivity
perion Gd (lll) and per QD.

2.8 Cells culture

Hela cells (human epithelial cervical carcinoma) were obtained
from ATCC (American Type Culture Collection, Manassas, VA,
USA) and cultured in Dulbecco’s modified Eagle’s medium
(DMEM — Sigma-Aldrich) supplemented with fetal bovine
serum (FBS - Gibco), streptomycin and penicillin (Sigma-
Aldrich) in humidified atmosphere with 5% CO; at 37 °C. When
reaching 90% confluence, cells were detached with 0.25% of
trypsin (Sigma-Aldrich) and followed by neutralization with
DMEM.

2.9 Fluorescence microscopy analysis

The non-specific labeling of the Hela cells by the bimodal
nanosystems was studied by fluorescence microscopy. For this,
we seeded 3 x 10% cells/well in a 4-wells plate (Greiner Bio-
One, Germany) and incubated them for 24 h. After this time,
the cells were hed and bated in the ing
conditions: (l) control cells and (1) cells with QDs-Gd (lll)
chelates bimodal nanosystems at 100 nM for 1 h (at 37 °C and
5% CO;). After the incubation, cells were washed with PBS
three times.

£all
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Cells were analyzed in a conventional fluorescence
microscope (Leica DMI4000B) using the excitation filter BP
560/40 nm and the emission filter in BP 645/75 nm to evaluate
the labeling of Hela cells by the bimodal QDs-Gd (lll) chelates
systems. Moreover, the excitation filter BP 360 nm/40 nm and
the emission filter BP 470/40 nm were applied to display the
cell nuclei stained by DAPI (4',6-Diamidino-2-Phenylindole,
Dihydrochloride — Life Technologies). For this, cells were
incubated for 5 min at a final concentration of 1 pgemL-1.13

2.10 Resazurin viability assay

Cell viability was also evaluated for QDs, Gd (Ill) chelates and
bimodal QDs-Gd (lll) chelates systems at concentrations of
1000 nM, 500 nM, 250 nM, 125 nM and 62.5 nM in triplicate.
For the negative control was used PBS (50% v/v in DMEM)
since all nanosystems were diluted in PBS. On the other hand,
for positive controls, cells were incubated with dimethyl
sulfoxide (DMSO - 20% v/v in DMEM) to validate the test. For
this, we seeded 5 x 10* cells/well in a 24-wells plate (Greiner
Bio-One, Brazil) and incubated them for 24 h. After 24 h, the
wells were washed and the cells were incubated for more 24h
with the samples at 37 °C. The cell activity was revealed using
the resazurin reduction obtained after approximately 40 min
of incubation.!® For this, the supernatant was removed, the
wells were washed and the amount of 10 mgemL! of the
resazurin was added to the wells. Finally, after 40 min of
incubation, the supernatant was added in a 96-weels plate to
measure the absorbance of resorufin at 570 nm and of the
resazurin  at 600 nm in a pQuant™ microplate
spectrophotometer (BioTek, Inc.) equipped with Gen5 2.06
software. Results were evaluated by statistical Wilcoxon test.
The cell viability was calculated using the equation 6:

cell viability (%) = LuecAwarestedcdls 566 gq 6

{As70=Aggo) control cells

3. Results and Discussion

3.1 Optical characterization of QDs and QDs-Gd (1) chelates
bimodal nanosystems

According to the absorption spectrum, QDs showed a typical
profile with a first absorption peak at 575 nm, as can be seen
in Figure 2. The average diameter estimated for these
nanocrystals was about 3.3 nm and the QDs concentration was
estimated as 6 pM, that corresponds to 4.5 x 10%
nanoparticles-mL-1,15.16.19
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Fig. 2 CdTe QDs optical characterizations: absorption (full line) and
spectra (dashed line). The spectrum was acquired at
Aexc= 365 nm,
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Furthermore, QDs showed a maximum emission in the
orange region around 612 nm with a usual full width at a half
maximum (FWHM) of ca. 53 nm (Figure 2).

We also characterized the QDs after the conjugation with
Gd () chelates, in order to evaluate the effects of the
conjugation process on their optical properties. The bimodal
nanoparticles absorption spectra did not change compared to
the one obtained for bare QDs.

Also, the emission spectra for all QDs-Gd (lIl) chelates
bimodal nanosystems presented an average red shift of
approximately 14 nm. The bimodal nanosystems also
presented a slightly narrower FWHM, showing an average
value of ca. 43 nm. Thus, both of these behaviors suggest that
some modifications occur on the QD surface due to the
conjugation process. Moreover, the bimodal nanoparticles
remained with a bright fluorescence, as can be observed in
Figure 3 and in the respective inset. Therefore, these results
showed that the conjugation process does not affect QDs
optical properties, making them potential luminescent probes.

3.2 Coordination efficiency luation by xylenol orange
method

According to Xylenol test, the absorbance ratio between the
peaks at 577 and 434.5 nm, with known concentrations,
originate the calibration curve (Figure S1 - Support
Information), which allowed us to quantify the free gadolinium
ions.' According to the calibration curve (r? = 0.9958), we
found the amount of 0.6 pM of free Gd (lll) in the solution of
Gd (1) chelates, which corresponds to 2.4% of the total Gd (Ill)
added (25 puM). Thus, nearly 97.6% of gadolinium ion was
successfully incorporated by the DOTA-NHS ligand.

3.3 Relaxometric characterization

The measurements for the longitudinal relaxation time (T:)
of the bimodal nanosystems QDs-Gd (lll) chelates, in
milliseconds (ms), were: 1995 (1/10), 1395 (1/20) and 1069
(1/30), as shown in Table 1. From T, values, we obtained the
relaxivities per Gd (Ill) and per QD, which are also presented in
Table 1. The percentage of Gd (lll) ions, determined by ICP
(Table 1), that remained coordinated to the ligands onto the
QDs surface, was of approximately: 16% (1/10), 22% (1/20)
and 18% (1/30) of the initial Gd (1ll) amount added in each one
of the systems.

10004 - - QDs .
— QDs-Gd () chelates b

Intensity (a.u.)
B 8 8 8

500 550 600 650 700
Wavelength (nm
Fig. 3 Representative emission spectra of CdTe QDs (dashed line) and a
bimodal nanosystem(solid line), Aec= 365 nm. In the pictures (inset),
we can observe the bright fluorescence of bare QDs (in orange) and of
a bimodal nanosystem (in red), under lamp UV excitation at 365 nm.

0 T
400 450
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Table 1 Values of longitudinal water proton relaxation times (7:) at 7 T and 298 K, concentrations of Gd (IIl) and the respective relaxivities given per QDs and

per Gd (IlI).
T Concentration of Gd (Ill) Relaxivity per QDs Relaxivity per Gd (Ill)
QDs-Gd (Ill) chelates
(ms) (x 10*mM) (mM-*s?) (mMs?)
1/10 1995 1.5 101 68
1/20 1395 4.0 317 78
1/30 1069 5.2 535 103
*An error of ca. 10% was | d for the of the T;. The concentration of Gd (lll) was obtained by

ICP, as described in the Experimental Procedure section. The final QDs concentration, obtained by the absorption

spectrum, was of 1 mM in all the systems.

From Table 1, the best relaxivities, at 300 MHz, were
obtained by the 1/30 system, which were 535 mM™.s! per QD
and 103 mM'is? per paramagnetic ion. Moreover, as
expected, all the values of r; per QD for the bimodal
nanosystems, schematized in Figure 1, were better than those
ones obtained by the bare chelate, at the same magnetic field,
ca.2 mM1s?,

It is important to remember that the search for more
effective contrast agents involves the optimization of various
parameters governing the relaxivity. Since the relation
between the molecular structure and the electronic relaxation
is not well known, particularly concerning to the inner sphere
proton relaxivity (ry), this task is focused on the optimization of
three parameters, which are the number of water molecules
coordinated to the metal ion (q), the exchange lifetime (tm)
and the re-orientational correlation time (ts).?° Thus, all the
approaches used by researches until now, are dedicated
mainly to reduce the mobility (and then increasing 1) of
paramagnetic chelates, by attaching them to nanoparticles
that, at least, are of one order of magnitude higher than the
molecular systems. Consequently, the exchange rate (1/tw)
between water molecules bound to Gd (llIl) and bulk water
molecules is also affected.

Some works have prepared bimodal systems based on QDs
conjugated to paramagnetic chelates in a search to reach
better relaxivities in comparison to the molecular CAs used
clinically, in order to reduce the applied dosage and improve
the image contrast. Stasiuk et al. (2011) have prepared a
system through direct covalent attachment of DPAA-Gd (Il1)
chelates onto InP/ZnS-QDs.!? Our value of ry per QD for the
1/30 system (535 mM.s, 300 MHz, 7 T) was higher when
compared to the bimodal system developed initially by them,
which was 200 mM.s! at 200 MHz (4.7 T). However, these
same authors optimized their systems in 2013, through a
restriction of the internal chelate rotation by using QD linkers
of different flexibility and thus obtaining an ry, per QDs, of 932
mM-1s15 Nevertheless, our value of r; per Gd (lll) of our
system 1/30, 103 mM-Ls't at 300 MHz, are still higher than the
8mMt.s? obtained by them at 200 MHz. Furthermore, they
used hydrophobic QDs that require post-synthesis procedures
to reach the hydrophilicity necessary to work with biological
systems. In our case, QDs were prepared in aqueous medium,
and they can be functionalized with the paramagnetic chelate,
without previously surface modification.

Besides direct conjugation strategy, other approaches have
been reported to develop bimodal systems consisted of QDs
and paramagnetic ions: (1) by coating the QDs with molecules,
such as lipids or polymers, containing Gd (lll), and (2) by
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encapsulating various free QDs together with paramagnetic
chelates into a single nanostructure.1%2! However, the direct
conjugation approach can be particularly advantageous
compared to the others, mainly because paramagnetic
chelates are attached on the QDs surface. It allows a direct
access to the bulk water molecules and thus, facilitates the
water exchange between them and the water molecule(s)
bound to Gd (Ill), without any barrier that could hinders this
mechanism. Additionally, the conjugation is a practical and
simple approach that does not change considerably the size of
the bimodal nanoparticle compared to QDs, which is more
interesting for biological applications. A hydrodynamic
diameter smaller than ca. 10 nm is crucial to decrease in vivo
toxicity, since nanoparticles will be more easily eliminated by
renal clearance.’?

According to these relaxometric measurements, our
bimodal nanosystems are promising T;-weighting CAs and
have the potential to improve images of clinical interest by
MRI.

3.3 FCS results

According to correlation curves shown in Figure 4, the average
diffusion times (tp) were calculated as approximately 124 ps
for bare QDs and 242 ps for the 1/30 bimodal nanosystem. We
choose to evaluate this bimodal system, since it presented the
best relaxivity compared to the others. Using these results and
applying the Eq. 4, we obtained the hydrodynamic diameter of
the samples (Table 2): ca.3 nm for bare QDs and ca.6 nm for
the bimodal nanosystem. These results were statistically
significant with p < 0.0001. Thus, FCS analysis indicates that
QDs were conjugated with Gd (lll) chelates.

G (1)

0.0 . T
1E6 1E-5  1E4  1E3 001 0.1 1

Lag time (s)
Fig. 4 FCS correlation curves of bare QDs (solid line) and the bimodal
nanosystem (dashed line).
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Table 2 Data from FCS: diffusion times and hydrodynamic diameters.

P— Diffusion Hydrodynamic
P time (ps) diameter (nm)
Corol | 12642107 | 3103
St 261.9+22.1 6.0£0.5
Nanosystem

3.4 Biological interaction of the bimodal systems

3.4.1 Resazurin viability assay

The resazurin assay, offered us a simple and sensitive
cytotoxicity evaluation of the bimodal nanosystems based on
QDs and Gd (lll) chelates, applied to Hela cells. We used Hela
cells as concept proof, since they are frequently used as model
in studies related to cancer, which also is one of the principal
targets motivating the development of bimodal
nanosystems.!* This test indicates that the cells are
metabolically active, being capable of reducing the resazurin
(oxidized form) to resorufin (reduced form). We found that the
bimodal systems developed by us present low toxicity, as can
be observed by the relative percentage of cell viability in
Figure 5: 84.7 + 4.5% [1000 nM of QDs-Gd (lll) chelates] to 96.3
+ 4.3% (62.5 nM). The maxima concentration tested in the
viability assay was ten times higher (1000 nM) that one applied
in the labeling procedure (100 nM) and it was not sufficient to
induce cytotoxic effects on cells.

Su et al. (2010) also studied toxicity of CdTe QDs by MTT
assay in the concentrations up to 300 nM, which showed to be
toxic for HEK293 cells. Even testing higher concentrations than
the authors above, our results showed that the cells remained
viable. We believe that the purification performed with the
ultrafiltration tubes was an important step to reach this result,
since decreases the excess of reagents from the synthesis and
conjugation. In the viability assays that evaluate directly the
cells, such as MTT, the optical properties of the internalized
QDs can interfere in the viability data, leading to false positive
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results, principally at high concentrations of QDs.?? This is one
of the reasons through which we choose to use the resazurin
assay, as alternative in order to eliminate the interferences of
the QDs' optical properties, since it uses the supernatant
without QDs for the analysis.

3.4.2 Fluor PY
According to the conventional fluorescence microscopy,
bimodal nanosystems labeled efficiently Hela cells by
unspecific interaction, as we can seein Figure 6 (B, C).
Probably, this labeling was due to the QDs carboxylic groups
activated by NHS esters, which allow the interaction of these
nanoparticles with the amine groups of the membrane
proteins and/or to the QDs endocytosis by the cells. We
observed that all systems (1/10, 1/20 and 1/30) presented a
similar labeling profile. Therefore, these systems were able to
label the cells efficiently, presenting a bright optical signal,
indicating that our nanosystems can be used as probes for
optical imaging.

-
micr

Conclusions

As conclusion, we developed a fluorescent/paramagnetic
bimodal nanosystem through direct conjugation of Gd (Ill)-
DOTA chelates on hydrophilic CdTe QDs’ surfaces, without
requiring laborious procedures to make these nanoparticles
more biocompatible. Our best nanosystem, prepared with 30
Gd (I11)-DOTA, presented a hydrodynamic diameter of ca. 6 nm
and effective longitudinal relaxivities (ry, 7 T, 298 K) of 535 and
103 mMLs?! per QD and per ion, respectively, suitable for
acquiring T1l-weighted MR images. Besides, all bifunctional
nanoparticles preserved a bright fluorescence, labeling
efficiently Hela cells, practically without any toxicity in a 24 h
assay. Thus, our systems can be considered as promising
bimodal nanoprobes, versatile to be conjugated to
biomolecules with different specificities, enabling a variety of
biological studies at molecular and cellular levels by
fluorescence and magnetic resonance.
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Fig. 5 Relative cell viability analysis using the resazurin assay. Hela cells remained viable after being incubated with 62.5 nM to 1000 nM of: bare
QDs, bare Gd (lll) chelates and QDs-Gd (l11) chelates. Results were statistically significant with p < 0.05 (*) and p < 0.01 (**).
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Fig. 6 Conventional fluorescence microscopy images of Hela cells non-specifically labeled by bimodal nanosystems QDs-Gd (lll) chelates. (A) cells nuclei
stained in blue by DAPI, (B) cells labeled by QDs- Gd (Ill) chelates in red and (C) merge of the previous images (B and A). Scale Bar; 25 pm.
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The xylenol orange solution is yellow either in the acid or neutral pH, and when the
pH becomes basic, its color changes to violet. This effect is due to deprotonation of the
phenolic hydroxyl group, which also occurs in the presence of coordination metals, such as
the Gd (I11). As consequence a shift of the absorption wavelength to higher values is observed

in the presence of free Gd (111) and the solution becomes violet.!

Briefly, it was prepared an acetate buffer solution (250 mL), the pH was adjusted to
5.8 with NaOH (2 M) and the xylenol orange (3 mg) was dissolved. The spectrophotometric
changes of xylenol orange absorptions observed in the Figure S1 was recorded by using
xylenol orange and GdCls solutions (0.001 M) in the following Gd (111) concentrations: 0, 0.1,
0.5, 1, 15, 2, 25 and 3 pM. By relating the maxima of these absorbance profiles in the
presence of different concentrations of Gd (111), we obtained the calibration curve (Figure S2).
Free Gd ions in solution were determined using this calibration curve. The acetate buffer

solution was used as the reference in the analysis.

Fig.1 SI - Determination of free Gd (III) by xvlenol orange. With the increase of the amount of
free gadolinium, there is a decrease in the intensity of the peak 434.5 nm and
increase of the 577 nm. Spectra wererecorded bv using an acetic buffer solution at
pH 5.8 in the presence of 0, 0.5, 1, 1.5, 2, 2.5 and 3 pM of Gd (III).
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Fig.2 SI - Calibration curve obtained by spectrophotometric changes of xvlenol orange
absorptions in the presence of different concentration of Gd (III).
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5. CONCLUSOES

A partir do desenvolvimento desse trabalho, obtivemos as seguintes conclusdes:

» Os QDs sintetizados apresentaram espectro de absor¢do caracteristico e a partir do
seu primeiro maximo, verificamos um didmetro médio de aproximadamente 3,3 nm para esses
nanocristais. Os espectros de emissdo indicaram boa intensidade de fluorescéncia na regido

espectral do laranja em 614 nm;

* De acordo com o teste do Xylenol Orange, mais de 97% dos ions Gd (III) foram

eficientemente coordenados ao ligante DOTA-NHS;

* Os nanossistemas bimodais, preparados com 10, 20 e 30 quelatos de Gd (IIT) por QD,
apresentaram-se como suspensfes estaveis, sem precipitacdo e aglomerados e mantiveram
uma boa intensidade de fluorescéncia, semelhante a dos QDs sozinhos, com um red shift de

aproximadamente 14 nm;

* Através das medidas relaxométricas (7 T, 25 °C) todos os sistemas levaram a
diminui¢des nos tempos de relaxacgdo longitudinal (T1), sendo o sistema preparado com 30
quelatos por QD o mais eficiente, apresentando relaxividade (r1) de 535 e 103 mM™! .s™! por

QD e por ion Gd (11), respectivamente;

* Medidas de FCS confirmaram que houve a conjugacao para o melhor sistema obtido,
que foi preparado com 30 quelatos de Gd (I11) por QD. Esse sistema bimodal apresentou um

tamanho médio de ca. 6 nm;

* Apds 24 h de incubagdo com células tumorais HelLa, os nanossistemas ndo

apresentaram citotoxicidade significativa e marcaram essas células inespecificamente.
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6. PERSPECTIVAS

Temos como perspectivas desse trabalho:

* Otimizagdo da relaxividade (r1) por nanoparticula e por ion Gd (Il1) dos nanossistemas

bimodais por meio de analises relaxométricas, a 20 e 60 MHz.
* Verificar os efeitos dos nanossistemas sob o tempo de relaxagdo transversal (T2).

 Estudar o efeito da relaxividade em fun¢do do campo magnético, por meio de curvas de
NMRD (nuclear magnetic resonance dispersion) de modo a se obter informagdes sobre quais
dos parametros (tm, T € TrR) que dominam 0s mecanismos associados a relaxacdo

paramagnetica.

» Conjugar os nanossistemas com biomoléculas, como transferrina e 4cido f6lico, para estudar
a dindmica de receptores em células cancerigenas por fluorescéncia e ressonancia magnética

nuclear.

* Assim, os nanossistemas bimodais desenvolvidos nesse trabalho apresentam-se como sondas
promissoras para estudos a nivel molecular e celular por meio de analises baseadas em

fluorescéncia e ressonancia magnética nuclear.

* Como os nanossistemas sdo versateis podemos testar a metodologia com outros ligantes,
QDs com diferentes comprimentos de onda emissdo, para marca¢cdes multiplas, bem como
conjugar biomoléculas com diferentes especificidades bioquimicas, a fim de desenvolver
sistemas mais eficientes quanto as suas propriedades Opticas e magnéticas, com ampla

aplicabilidade na biologia.
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ARTICLE INFO ABSTRACT

Background: Overexpression of transferrin receptors (TfRs), which are responsible for the intracellular uptake of
ferric transferrin (Tf), has been described in various cancers. Although molecular biology methods allow the iden-
tification of different types of receptors in cancer cells, they do not provide features about TfRs internalization,
quantification and distribution on cell surface. This information can, however, be accessed by fluorescence tech-
niques. In this work, the quantum dots (QDs)' unique properties were explored to strengthen our understanding
of TfRs in cancer cells.
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ﬁi{,vzop;ﬁ{des Methods: QDs were conjugated to Tf by covalent coupling and QDs-(Tf) bioconjugates were applied to quantify
Cancer cells and evaluate the distribution of TfRs in two human glioblastoma cells lines, U87 and DBTRG-05MG, and also in
Transferrin Hela cells by using flow cytometry and confocal microscopy.

Receptors Results: HeLa and DBTRG-05MG cells showed practically the same TfR labeling profile by QDs-(Tf), while U87
Bioconjugation cells were less labeled by bioconjugates. Furthermore, inhibition studies demonstrated that QDs-(Tf) were able

Covalent binding to label cells with high specificity.
Conclusions: HeLa and DBTRG-05MG cells presented a similar and a higher amount of TfR than U87 cells. More-
over, DBTRG-05MG cells are more efficient in recycling the TfR than the other two cells types.
General significance: This is the first study about TfRs in human glioblastoma cells using QDs. This new fluorescent
tool can contribute to our understanding of the cancer cell biology and can help in the development of new ther-
apies targeting these receptors.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction These nanosystems have been functionalized with Tf to target the

TfR in order to improve diagnostic methods, as well as the efficacy

Transferrin (Tf) is a 3-globin with approximately 670-700 amino
acids, which binds to a cell surface receptor (TfR) expressed by most
proliferating cells with particularly high expression on tumor cells,
being one of the biomolecules most applied to cancer cell targeting
[1]. The TfR is also known as CD71 and promotes the cellular uptake of
ferric Tf [2], by clathrin-mediated endocytosis [3]. Nanotechnology
approaches have taken advantage of the potential use of the TfRs to
improve therapy and diagnostic procedures related to cancer. The
most common systems employed for these purposes are liposomes
[4,5], metallic nanoparticles [6,7] and magnetic nanoparticles [3].

* Corresponding author at: Av. Prof. Moraes Rego, S/N. Departamento de Biofisica e
Radiobiologia, CCB, UFPE, 50670-901, Recife, PE, Brazil.
E-mail address: adriana.fontes.biofisica@gmail.com (A. Fontes).

http://dx.doi.org/10.1016/j.bbagen.2015.09.021
0304-4165/© 2015 Elsevier B.V. All rights reserved.

of chemotherapeutics, since cancer cells and tissues overexpress
TfR on their surface with respect to normal cells. Zhai et al. [4], for in-
stance, used TfRs as targets of liposomes conjugated to Tf and loaded
with docetaxel, showing that these nanocarriers are a promising
chemotherapeutic delivery vehicle for cancer therapeutics, when
compared to liposomes lacking Tf. Therefore, studies related to the
TfR can provide a better understanding of the cell biology of cancer
and also help to improve its treatment.

TfRs have been widely studied by molecular biology approaches,
which proved to be a valuable tool in the identification of different
types of receptors in cancer cells [8-10]. However, molecular biology
methods do not provide information about the cellular internalization
of the receptor, its quantification and distribution. Fluorescence-based
techniques have high sensitivity to quantify biomolecules with
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Fig. 1. Optical characterization of CdTe QDs aqueous colloidal suspension: absorption
(dashed line) and emission (solid line) spectra. The excitation wavelength (Aexc) for the
emission spectrum was 365 nm.

high specificity and thus can be used as innovative and attractive
methods to investigate receptor intracellular trafficking and distri-
bution, complementing molecular biology studies [11]. Among the
most promising probes that can be applied in fluorescence-based
research are the quantum dots (QDs), which are semiconductor fluores-
cent nanoparticles that have great potential for biological research due
to their unique optical and chemical properties. QDs present exception-
al resistance to photobleaching, enabling long-term studies, and their
active surface allows their functionalization with biomolecules in
order to reach biological targets with a high specificity [12-15]. These
QDs' features can be employed to strengthen our understanding of
cellular receptors, such as the TfR.

The aim of this work was to apply CdTe QDs conjugated to Tf
(QDs-Tf) as probes to study the TfRs in human glioblastoma cells,
by using the complementary analyzes provided by fluorescence con-
focal microscopy and flow cytometry. The TfR was quantified and its
distribution was analyzed in two different human glioma cells lines,
U87 (glioblastoma) and DBTRG-05MG (recurrent glioblastoma).
HelLa cells (human epithelial cervical carcinoma) were used as a control
cellular model in this work, since QDs associated to Tf have already been
applied to study the TfR in these cells [16-19]. However, the specificity
of such conjugates has not been fully proved in those previous works.
Here, the bioconjugation procedure of QDs to Tf was improved and
the specificity of the labeling was demonstrated by TfR saturation
assays. Moreover, to our knowledge, this is the first study that not
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Fig. 2. Emission spectra of bare QDs (solid line) and QDs-(Tf) (dashed line). Pictures of the

QDs (orange emission) and the bioconjugates (red emission) show their fluorescence
under UV-Vis excitation (N = 365 nm).

tumor cells, using the HeLa cell line as reference.

—
20 pm

Fig. 3. Confocal microscopy images of HeLa cells labeled by QDs-(Tf). (A) Control HeLa
cells, (B) Hela cells incubated with bare QDs, (C) HeLa cells incubated with QDs-(Tf) and
(D) Hela cells incubated with QDs-(Tf) after TfR saturation. The identification (1) refers to
the confocal emission channel LP 565 nm and the identification (2) refers to the overlap of
LP 565 nm and Hoechst emission channel (BP 420-480 nm). Scale Bar: 20 pm.
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2. Experimental procedures
2.1. Synthesis and characterization of CdTe-MSA QDs

CdTe-MSA QDs were synthesized as an aqueous colloidal dispersion
according to a previously reported method, with some modifications
[20]. Briefly, QDs were prepared by adding Te? ~ ions to a Cd(ClO4)>
solution at pH > 10 in the presence of MSA (mercaptosuccinic acid) as
stabilizing agent in a molar ratio of 5:1:6 (Cd:Te:MSA, respectively).
The Te® ~ aqueous solution was prepared by reducing metallic tellurium
with NaBH,4 at a high pH and under nitrogen saturated inert atmo-
sphere. The reaction proceeded under constant stirring and heating at
90 °C during 5 h.

After their synthesis, QDs were optically characterized by absorption
and emission spectroscopy carried out on a spectrophotometer
Evolution 600 UV-Vis (Thermo Scientific) and on spectrometer LS 55
(PerkinElmer, at Nexe = 365 nm), respectively.

2.2. CdTe-MSA QDs conjugation to transferrin

CdTe-MSA QDs were conjugated with human holo transferrin (Tf)
(Sigma Aldrich) by using N-ethyl-3-(3-dimethylaminopropyl)carbo
diimide hydrochloride (EDC — Fluka) and N-hydroxysulfosuccinimide
sodium salt (Sulfo-NHS — Sigma Aldrich) as coupling reagents.

First, the pH of 2 mL of the CdTe-MSA QDs dispersion (at 0.84 uM)
was adjusted to 5.5 by using MSA at 4.9% (w/v). Then, 1 mL of EDC
(at 4 mg-mL~ ') was added and after 5 min, 1 mL of Sulfo-NHS (at
5.5 mg-mL ') was also added to the QDs aqueous suspension [21,22].
Then, 15 min later, 194 pL of Tf (at 1 mg-mL~') was added to reach a
ratio of QDs:Tf 1:2 (particle:molecule).

Before cell labeling, the QDs-(Tf) conjugated system was incubat-
ed with 50 pL of TRIS base (at 1 mM) for 2 h under slow agitation.
This procedure was used to quench the free carboxyl groups of
non-conjugated QDs in order to minimize unspecific labeling. QDs-
(Tf) were optically characterized by emission spectroscopy at
Nexc = 365 nm by using the same spectrometer mentioned above
(LS 55, PerkinElmer).
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2.3. Confirmation of conjugation QDs-(Tf) by Fluorescence Microplate
Assay (FMA)

To confirm the efficiency of the bioconjugation process, we
employed the Fluorescence Microplate Assay (FMA) [23]. Briefly,
all the systems (Tf, bare QDs and QDs-(Tf)) were placed in a polysty-
rene microplate (black 96-well Optiplate F HB microplates —
PerkinElmer) in triplicates, at the same concentration used for the
bioconjugation assay. The plate was maintained for 2 h in an incubator
(water bath, humid chamber) at 37 °C. After this period, the plate was
washed three times with a phosphate buffered saline solution, PBS 1 x
(from now on named as PBS). We analyzed the conjugates as a function
of time by evaluating the QDs-(Tf) samples at 4™ and 10" days after the
initial bioconjugation assay.

Fluorescence measurements were performed on a WALLAC 1420
Plate Reader, equipped with the software Victor? (PerkinElmer). The ex-
citation band pass filter used was the BP 405 nm + 2.5 nm and the emis-
sion band pass filter was the BP 595 nm =+ 15 nm. The acquisition time
was 1 s, the lamp was set to 20,000 and normal slits were used for the
excitation of samples and for collecting the emission.

24. Cell culture

Hela cells (human epithelial cervical carcinoma) were obtained
from the American Type Culture Collection (Manassas, VA, USA) and
the U87 (human glioblastoma) and DBTRG-05MG (human recurrent
glioblastoma) cells were kindly provided by Dr. Peter Canoll (Columbia
University, New York, NY) and Dr. Massimiliano Salerno (Siena Biotech,
Italy). HeLa and U87 cells were cultured in Dulbecco's modified Eagle's
medium with high glucose (DMEM — Sigma Aldrich) supplemented
with 10% of fetal bovine serum (FBS — Gibco), 100 mg-mL™ ! strepto-
mycin and 100 units-mL~" penicillin (Sigma Aldrich) at 37 °C in a
humidified atmosphere with 5% CO,. DBTRG-05MG cells were cultured
in Roswell Park Memorial Institute (RPMI — Sigma Aldrich) 1640
medium supplemented with 10% of FBS, 100 mg-mL ™~ 'streptomycin
and 100 units-mL ™" penicillin at 37 °C in a humidified atmosphere
with 5% CO,. When Hela cells reached 90% confluence in the culture
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Fig. 4. Flow cytometry analysis of HeLa cells. In (A) HeLa cells in PBS, (B) HelLa cells incubated with bare QDs (C) Hela cells incubated with QDs-(Tf) and (D) HeLa cells incubated

with QDs-(Tf) after Tf-receptor saturation.
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flask, they were detached with 0.25% of trypsin (Sigma Aldrich) in
Dissociation Buffer (Gibco). Detachment of U87 and DBTRG cells was
performed exclusively with Dissociation Buffer. The cells were then
seeded onto a G-well plate (1.5 x 10° cells/well — Thermo Scientific™
Biolite) and incubated for 24 h for flow cytometry studies and in an
8-well plate (2.0 x 10* cells/well — pSlide IbiTreat, Germany) for confo-
cal microscopy analysis. At this time point, cells exhibited a confluence
of around 80-90% in the wells,

2.5. Labeling cancer cells with QDs-(Tf}

After incubation for 24 h in G-well or 8-well plates, the cells were
washed with PBS and the following experimental conditions were
assayed: (1) control cells with PBS: (II) PBS and bare QDs (1:1 v/v); (lll)
PBS and QDs-(Tf) (1:1 v/v). After 1 h of incubation at 37 °C, the cells
were washed with PBS before flow cytometry and confocal microscopy
analysis to remove any residual labeling on the cell surface by bare QDs.

The percentage of labeled cells was determined by flow cytometry
(FACSCalibur™, Becton Dickinson). In these studies, Hela cells were
detached from the 6-well plate upon incubation with trypsin 0.25%
in Dissociation Buffer followed by trypsin inactivation with DMEM
and then placed in suspension. U87 and DBTRG cells were detached
exclusively with Dissociation Buffer. The cell suspensions were
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Fig. 5. Flow cytometry analysis of Hela cells following incubation at 4 “C. (A) Hela cells in
PBS. (B) Hela cells incubated with bare QDs, and (C) Hela cells incubated with QDs-(Tf).

washed 3 times with PBS and pelleted by centrifugation at
1200 x g, 30 s (MiniSpin — Eppendorf). Around 20,000 events were
acquired for each experimental condition following excitation at
488 nm. The emission was detected with the band pass filter 585/
20nm and the collected data were processed by the Cell Pro Software
(Cell Quest™, Becton-Dickinson),

For confocal analysis, and following the establishment of different ex-
perimental conditions, the cells plated onto 8-well plates were washed
three times with PBS. The cell nuclei were stained for 5 min with the fluo-
rescent DNA-binding dye Hoechst 33,342 (at a final concentration of
1 pug-mL™"), and the cells were washed with PBS three times before

being ohserved under a confacal microscope (Zeiss LISM 510 META).
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Fig. 6. Confecal microscopy images of US7 cells fabeled by QDs-(Tf]. (A} Contrel US7 cells,
(B) US7 cells incubated with bare QDs, (C) U7 cells incubated with QDs-(TF) and (D) U7
cells incubated with QDs-(Tf) after TIR saturation. The identification (1) refers to the con-
focal emission channel LP 565 nm and the identification (2] refers to the overlap of LP
565 nm and Hoechst emission channel (BP 420-480 nm). Scale Bar: 20 pm.
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In order to confirm the specificity of the labeling, as well as the effi-
ciency of the bioconjugation, cells were also incubated with excess of
free human holo transferrin (at a final concentration of 10 mg-mL ')
for 1 h at 37 °C, aiming at saturating the TFRs [24], before the confocal
analysis. After this period, the cells were incubated with QDs-(Tf) for
1 additional hour at a final QDs-(Tf): free Tf ratio of 1:1 (v/v).

3. Results and discussion
3.1. Characterization of CdTe QDs and bioconjugates

According to optical characterizations, MSA QDs aqueous suspen-
sion presented a first maximum absorption peak at 548 nm, as can be
observed in Fig. 1. By using the Dagtepe et al. [25] equation and the
Rogach et al. [26] approximation, we estimated an average diameter
of approximately 3.1 nm for these nanoparticles. Furthermore, taking
into account the absorbance at the first maximum absorption peak,
the CdTe QDs molar extinction coefficient proposed by Yu et al., [27]
and the Lambert-Beer equation, we also estimated the QDs concentra-
tion as approximately 4.8 uM. The QDs colloidal suspension showed
an emission maximum at 602 nm and a full width at a half maximum
(FWHM) of about 58 nm, indicating a narrow emission spectrum
(Fig. 1) which is ascribed to the exciton recombination.

Bare QDs and QDs-(TY) (bioconjugates) exhibited similar emission
spectra profiles for emission spectra (Fig. 2, Aexe = 365 nm), however
QDs-(Tf) showed a maximum emission at 626 nm. The observed red
shift for the QDs-(Tf) suggests modifications on the QDs surface due to
the bioconjugation process. The same behavior was abserved in previ-
ous works using hydrophilic QDs conjugated to Concanavalin A [28]
and to Ulex europaeus lectins |29]. In both cases the red shift of the
emission peak was observed. Despite the red shift, QDs bioconjugates
suspension remained highly fluorescent, as shown in Fig. 2.

3.2. Fluorescence Microplate Assay

The FMA results are presented in Table 1 as the average of the fluo-
rescent signal of triplicate wells for controls and conjugates. The data
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analysis was carried out according to Carvalho et al. |23]. The relative
fluorescence (RF) results for QDs-(TF) were 283.9% and 21,764.0%, for
the 4 and 10™ days after bioconjugation, respectively. According to
Carvalho et al. [23] the bioconjugation process is efficient when the bio-
conjugates show a RF higher than 100%. Therefore, our results (Table 1)
indicate that the bioconjugation was efficient after four days and im-
proved over time, The Sigma Aldrich product information indicates
that Tf should remain active at 4 °C for 5-10 days after dilution.

3.3. Labeling HeLa cells by using QDs-(Tf)

As shown in Fig. 3, efficient and specific labeling of the TfR was
observed in Hela cells using QDs-(Tf) (Fig. 3, C1 and C2). Hela
cells, incubated with bare QDs (Fig. 3, B1 and B2}, as well as after
TIR saturation by free Tf (Fig. 3, D1 and D2), did not show considerable
labeling, resulting in an image profile similar to the one obtained for
control (in the absence of QDs) Hela cells (Fig. 3, Al and A2). The use
of the DNA-binding dye Hoechst allowed to detect the intracellular lo-
calization of the receptor, indicating that 1 h of cell incubation with
the QDs-(Tf) was sufficient to promote the internalization of the TfR
by Hela cells.

The confocal microscopy results were confirmed by flow cytometry
analysis. As shown in Fig. 4C, about 94% of Hela cells were labeled by
QDs-(Tf), while incubation of the cells with bare QDs (Fig. 4B) or after
inhibiting the specific interaction of QDs-(Tf) with TfRs (Fig. 4D), result-
ed in less than 26% of cell labeling. The residual labeling, less than 26%,
may be attributed to QDs internalization by a TfR-independent path-
way. This type of unspecific interaction between the cells and nanopar-
ticles has been previously reported [30-32].

These results were confirmed by incubating the cells at 4 °C (Fig. 5),
under which conditions endocytosis is compromised [33]. As shown in
Fig. 5B, HeLa cells labeling by bare QDs was inhibited. On the other
hand, QDs-(Tf) labeled 50.5% of HeLa cells (Fig. 5C) corresponding to
the labeling of TfRs that remained on the cell surface, since the receptors
cannot be internalized at this temperature, resuiting in a decrease of la-
beled cells of approximately 43%, when compared to what was ob-
served at 37 °C (Fig. 4C). Therefore, our results demonstrated specific
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Fig. 7. Flow cytometry analysis of U87 cells. (A) U87 cells in PBS, (B) U87 cells incubated with bare QDs {C) US7 cells incubated with QDs<{Tf} and (D} U87 cells incubated with QDs-(TT)

after TR saturation.

80



81

PE. Cabral Filho et al. / Biochimica et Biophysica Acta 1860 (2016) 28-35 33

interaction of QDs- (Tf) with TfRs, which promoted cellular internaliza-
tion of the QDs-(Tf).

In this work, Hela cells were used as a model cell system and exper-
imental approaches involving the blocking of TfR or inhibition of TfR-
mediated endocytosis were employed to confirm the efficiency and
specificity of QDs-(Tf) conjugates. Indeed, although the TfR has been
studied by fluorescence assays with QDs [16,18,34,35], the targeting
specificity of such conjugates has not been fully demonstrated. Sahoo
et al. used polymeric nanoparticles (NPs) conjugated to Tf and showed
that when NPs-Tf were incubated with an excess of Tf (50 pg), the per-
centage of labeled MCF-7 cells (a breast cancer cell line) was similar to
that obtained when the cells were incubated with bare NPs [36].
These results are in agreement with our findings showing the specificity
of the TfR labeling by QDs-Tf in HeLa cells. In this regard, less than 23% of
Hela cells were labeled after TfR saturation (Fig. 4D), this labeling being
most likely attributed to QDs-(Tf) non-specific endocytosis, consistent
with the results observed when Hela cells were incubated with bare
QDs, which do not exhibit affinity to TfR (Fig. 4B). To our knowledge,
this is the first study addressing TfR saturation through competitive in-
hibition experiments with free Tf to confirm that the cell internalization
of QDs-(Tf) bioconjugates is specific for TfRs.

Our results showed that 1 h of incubation with QDs-(Tf) was sulffi-
cient to promote their internalization through specific interaction with
TfRs in HelLa cells. These achievements agree with those presented by
Chan et al. and Tekle et al. that applied QDs-(Tf) to label specifically
the TfR in HelLa cells [16,19]. Guan et al. carried out three different
types of conjugations by using QDs and Tf, and showed that the most ef-
ficient was the one using EDC as coupling agent [18]. The authors dem-
onstrated that approximately 85.5% of cells were labeled by QDs-Tf. Our
results using EDC and Sulfo-NHS presented an improvement relative to
these previous studies, showing a labeling percentage of about 93%. To
our best knowledge, this is the first work that used EDC and Sulfo-
NHS simultaneously as coupling agents to conjugate MSA-QDs to Tf. Ac-
cording to Hermanson [22], the simultaneous use of these coupling
agents improves the bioconjugation process by minimizing the genera-
tion of reactive species, when compared to the individual use of EDC for
bioconjugation purposes.

3.4. Labeling glioblastoma cells by using QDs-(Tf)

In studies addressing the TfR in glioblastoma cells, we employed the
U87 human glioblastoma cell line, extensively reported as a relevant
glioblastoma cellular model and the DBTRG-05MG cell line, established
from a glioblastoma patient treated with local brain irradiation and
multidrug chemotherapy. Confocal microscopy images of U87 cells,
displayed in Fig. 6, show that the TfR is present in a minimal amount,
since a very small amount of labeling could be observed following incu-
bation with QDs-(Tf) (Fig. 6, C1 and C2). Blocking Tf-receptor by adding
excess of free Tf decreased even further the cell labeling (Fig. 6, D1 and
D2), and similar results were obtained after cell incubation with bare
QDs (Fig. 6, B1 and B2).

The confocal microscopy results were confirmed by quantitative
flow cytometry analysis of U87 cells, as illustrated in Fig. 7. Fig. 7C
shows that 57.0% of U87 cells were labeled when incubated with QDs-
(Tf). On the other hand, only 25.5% of cells were labeled after TfR satu-
ration (Fig. 7D).

According to Dixit et al. [7], when U87 cells were incubated with
gold nanoparticles functionalized by the Tf peptide, an accumulation
of these nanostructures was observed inside the cells after 1 h, which in-
creased until 24 h. The results of that study indicated that the endocytic
activity of U87 cells occurs at a slower rate when compared to that of
LN299 cells, another human glioma cell line, with an uptake plateau
after 1 h. In agreement with the findings reported by Dixit et al., our re-
sults showed that U87 cells internalize QDs-(Tf) at a low extent which
also seem to have a small amount of TfRs at the plasma membrane.

In contrast with U87 cells, confocal microscopy images of DBTRG-
05MG cells incubated with QDs-(Tf) (Fig. 8, C1 and C2) showed that
TfR internalization was very effective in these cells. After 1 h incubation
with QDs-(Tf), DBTRG-05MG cells showed a similar profile to that in
HelLa cells, regarding the presence of the TfR (Fig. 8C and Fig. 3C, respec-
tively). Furthermore, when DBTRG-05MG cells were incubated with
bare QDs (Fig. 8, B1 and B2) no significant unspecific labeling was ob-
served. However, when these cells were incubated with QDs-(Tf),
after TfR saturation with free Tf (Fig. 8, D1 and D2), fluorescent labeling
in some cells was detected.

A1

—
20 ym

Fig. 8. Confocal microscopy images of DBTRG-05MG cells labeled by QDs-(Tf). (A) Control
DBTRG-05MG cells (B) DBTRG-05MG cells incubated with bare QDs, (C) DBTRG-05MG
cells incubated with QDs-(Tf) and (D) DBTRG-05MG cells incubated with QDs-(Tf) after
TR saturation. The identification (1) refers to the confocal emission channel LP 565 nm
and the identification (2) refers to the overlap of LP 565 nm and Hoechst emission chan-
nel (BP 420-480 nm). Scale Bar: 20 um.
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Fig. 9. Flow cytometry analysis in DBTRG-05MG cells. (A) DBTRG-05MG cells in PBS, (B) DBTRG-05MG cells incubated with bare QDs, (C) DBTRG-05MG cells incubated with QDs-(Tf) and

(D) DBTRG-05MG cells incubated with QDs-(Tf) after TfR saturation.

These results obtained by confocal microscopy were confirmed
through flow cytometry analysis (Fig. 9). Approximately 93% of
DBTRG-05MG cells were positively labeled after 1 h incubation with
QDs-(Tf) (Fig. 9C), indicating that these cells express a high amount of
TfRs. However, when the cells were incubated with bare QDs, a signifi-
cant decrease in the percentage of labeled cells was observed to about
26% (Fig. 9B). Furthermore, when the TfR was blocked by addition of
excess free Tf, 69.2% of DBTRG-05MG cells still presented labeling by
QDs-(Tf) (Fig. 9D), corroborating the observations made by confocal mi-
croscopy. Taken together, these results denote a more efficient TfR
recycling in these cells as compared to U87 or HelLa cells, which can be
attributed to a higher metabolic activity of DBTRG-05MG cells [37].

As mentioned before, the DBTRG-05MG cell line was originated from
the tumor tissue of a patient owing a recurrent glioblastoma that has
been treated with irradiation and chemotherapy [38]. This variant of
glioblastoma is more aggressive and resistant to current chemotherapy
when compared to that originated from U87 cells [39-41], which can
also justify the high metabolic rate and the probably faster recycling of
the TfR observed in DBTRG-05MG cells.

Moreover, our results demonstrate that HeLa and DBTRG-05MG
cells express and internalize comparable amounts of TfRs, showing
94% and 93% of cells labeled by QDs-(Tf), respectively, while U87 cells

present a lower quantity of TfRs, associated to a lower extent of internal-
ization of these receptors, resulting in 57% of cells labeled by QDs-(Tf).

Fig. 10 shows comparative confocal microscopy images of the three
cell lines, HeLa (Fig. 10A), U87 (Fig. 10B) and DBTRG-05MG (Fig. 10C),
after incubation with QDs-(Tf). As observed, after 1 h of incubation,
TfRs are accumulated inside HeLa and DBTRG-05MG cells in endocytic
vesicles, indicating an efficient uptake of these receptors. This kind of in-
ternalization profile has already been reported previously in HelLa cells
[16,19,35]. On the other hand, U87 cells (Fig. 10B) present a lower
amount of TfRs, and the conjugates seem to be preferentially located
at the cell membrane level, suggesting a lower endocytosis extent
when compared to HeLa or DBTRG-05MG cells.

4. Conclusions

QDs-(Tf) were used in this work to quantify the expression and study
the traffic of the TfRs in different types of mammalian cancer cells. HeLa
and DBTRG-05MG cells present a similar amount of TfR, while U87 cells
demonstrated to have a lower quantity of this receptor, when compared
to the other two cell lines. Furthermore, DBTRG-05MG cells were more
efficient in promoting the recycling of TfRs than HeLa or U87 cells. There-
fore, this work suggests that a specific chemotherapeutic drug delivery

Fig. 10. Confocal microscopy images comparing HelLa, U87 and DBTRG-05MG cells following labeling by QDs-(Tf). These micrographs are overlaps of the confocal filters: LP 565, BP
420-480 nm emission and DIC. (A) HeLa cells, (B) U87 cells and (C) DBTRG-05MG cells. Scale bar: 20 nm.
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system targeting TfRs could be more effective in DBTRG-05MG and HeLa
cancer cells than in U87. This is an interesting result, particularly taking
into consideration the fact that DBTRG-05MG cells are originated from a
recurrent glioblastoma, while U87 cells derive from a primary tumor,
which suggests that TfRs may play an important role in cancer cell main-
tenance in recurrent situations.

Overall, the results presented in this study illustrate that QDs-(Tf)
can be applied to quantify TfR expression and also to study the dynam-
ics of this receptor in different types of cancer cells. Therefore, we be-
lieve that this biophotonic tool can be of great value in future studies
in cancer cell biology. The understanding of the molecular aspects of
cancer cell biology can help to develop new and effective therapies for
this disease, such as those targeting TfRs as a specific and efficient
entry pathway for chemotherapeutic drugs.
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2 Bimodal Nanostructured Materials Containing Quantum Dots for Optical and Magnetic Resonance Imaging

diagnostic methods or that could be used as theranostic sys-
tems, has increased [1-3]. Since the majority of diseases that
affect humans are multifactorial, the diagnostic techniques
must be able to detect and distinguish the various mech-
anisms and/or phases of the disease. The association and
simultaneous use of two or more diagnostic techniques will
allow a more precise diagnostic, thus the utilization of two
types of probes in one single particle can be very uscful
to reach this purpose [4-6]. In this chapter, we review the
development of bimodal systems for optical and magnetic
resonance images, specifically systems containing quantum
dots (QDs).

Techniques based on fluorescence enabled not only the
visualization, but also the biochemical analysis of several
biological structures, Thus, advances in these techniques
are the great interest in biomedical sciences, since these
advances will allow a better under ling of the cellul:
functions and, consequently, the development of more effi-
cient diagnostic and/or treatment approaches [7-9]. One of
the principal advances in the microscopy-based techniques
was the invention of fluorescence microscopy, which allowed
the visualization in real-time images with chemical speci-
ficity and high sensibility [10, 11], The use of fluorescent
labels is important to evidence the desired structures of
biomolecules. In this way, organic fluorophores are fre-
quently used, although these dyes have some disadvantages
such as fast photodegradation and high eytotoxicity [12, 13].

Scientific advances that aim to decrease the disadvantages
associated with the currently used organic dyes has led to
the emergence of a new class of fluorophores: quantum dots.
ODs are semicond ystals with di sions of 1.5
to 10 nm that possess unique photophysical properties, due
to the quantum confinement regime, such as great photosta-
bility, emission tunable according to the nanoparticle size,
and an active surface, which allows their conjugation with
other molecules [14, 15]. QDs have been widely used in bio-

MRI probes is still considered a challenge, mainly since it
depends on the design and fabrication of nanostructures that
should have both properties in a unique and hybrid opti-
mized nanoprobe. QDs have already been used in the devel-
opment of bimodal probes for optical/PET, optical/CT and
optical MRI imaging [5, 6, 22-25].

In this chapter, we discuss not only the development of
bimodal systems, for optical and magnetic resonance images,
but also challenges and advances of their use in biomedical
applications over the last 10 years. Aiming a better com-
prehension of the highlighted characteristics for the pre-
sented bimodal systems, first we present briefly ODs and
MRI principles, followed by the development of bimodal
nanostructures, which is divided into three parts according
to the adopted preparation strategy, namely (1) QDs asso-
ciated with iron-nanoparticles, (2) doped QDs, and (3) QDs
associated to Gd** chelates.

2. BASIC PRINCIPLES OF QUANTUM
DOTS AND MAGNETIC
RESONANCE IMAGING

2.1. Quantum Dots

Nanotechnology has attracted the attention of many
research groups and the nanomaterials have become funda-
mental elements to technology and science, due to their spe-
cific size-dependent properties. QDs dots are a class of these
emerging nanomaterials and they are known to be power-
ful tool in several applications involving the production and
use of fluorescence, such as in electroluminescent devices,
photovoltaic cells, and more recently in biomedical applica-
tion and also as probes for nanotheranostic and/or bimodal
nanoparticles [14, 26-28].

QDs are semnonductor nanocrystals that have typical

analytical assays, (1) for in vitro cells and tissucs imaging
(2) for in vivo imaging of small animals, (3) for cancer and
other diseases diagnosis, and (4) in bmsul\ms [I()-Z(l]

Currently, the dmgnnsllc i ,’ 2 bl
clinically are magnetic resonance image (MRI) X-ray com-
puter tomography (also called CT), single photon emission
tomography (SPECT), and positron emission tomogra-
phy (PET), which can give images with resolution of a few
millimet All these techniques have specific advantages
and disadvantages, which can be related to spatial resolu-
tion, sensitivity, and/or the nature of the signal used for
acquiring the images. MRI is one of the most powerful imag-
ing diagnostic technique developed so far. It is non-invasive
and produces images with anatomic detail able to draw
inferences about the diagnosis of several diseases [6, 21,
When compared to the other clinical imaging techniques,
MRI has several advantages, such as it does not use ion-
ization radiation, images of normal and diseased tissues can
be differentiable, and it presents a better spatial resolution
(Fig. 1) [4, 5, 21].

In this context, the association of optical and mag-
netic resonance imaging techniques can offer a combina-
tion of imaging modalitics more accurate for nanomedicine
research and clinical applications. However, the develop-
ment of multimodal imaging by association of optical and

di s ranging from 1.5 to 10 nm, and at this size range,
they are under quamum confinement effect in three dimen-
sions. As consequence of this effect, QDs have unique opti-
cal properties that arc different from bulk semiconductors
materials [17, 29]. The intrinsic fluorescence of the semi-
conductor materials arise due to electronic transitions from
the valence band (VB) to the conduction band (CB) and
their return to the fundamental state, promoting light emis-
sion [30]. The emission region depends on the energetic dis-
tance between CB and VB (band gap energy-E,). In bulk
semiconductors, the emission region is related to the mate-
rial position. As afc ioned, after light absorption
by the semiconductor an electron (¢7) from the BV can be
excited to the BC, resulting in a hole (&%) in the BV. The
electron-hole pair has a high attraction between them, due
to the Coulomb forces during the small time of light absorp-
tion, and may become hounded together [31]. Therefore,
the fluorescence is emitted when the e returns to its A*.
The e h™ pair is called exciton and also can be considered a
hydrogen-like species. Moreover, the distance between e '
pair is called exciton Bohr radius (a), When the semicon-
ductor material has a small size, about a few nanometers,
which is smaller than the Bohr radius, we can say that they
are under quantum confinement regime [31, 32]. This was
a brief explanation about the quantum confinement effect.
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(PET, CT, MR1 and optical fluorescence imaging). Adapted with permission from [4],

R. Hachani. et al., Nanoscale 5. 11362 (2013). © 2013, Royal Society of Chemistry.

Thus, when the semiconductor materials are exclusively con-
fined in three dimensions, they are called quantum dots. The
cadmium selenide (CdSe) bulk, for example, has an exciton
Bohr radius approximately ay = 5 nm, thus we only have
CdSe QDs if the ag was less than 5 nm [17].

ODs with diffcrent sizes can present light emission
from the ultraviolet (UV) to the infrared (IR), even if they
have the same chemical composition, This is a consequence
of the quantum confinement effect, that changes the E, [15],
which is higher as smaller is the QD' size, as represented in
Figure 2. In other words, after the absorption processes, the
electrons return to VB and QDs' emission is proportional
1o their band gap. Thus, as energy is inversely proportional
to the fluorescence wavelength, this means that the larger
the QD, the smaller is the £, and the more toward the
red end of the spectrum is its corresponding fluorescence
emission [31].

QDs used for biological applications are usually aque-
ous colloidal nanoparticles. Their nanocrystals structures
are usually defined as a core/shell type (Fig. 3), where the
core is responsible for fundamental optical properties of the
nanoparticle, while the shell is used to improve their opti-
cal propertics and reduce the chemical effects associated to
the environment. The shell assures a physical separation of
the core, and is usually composed by another semiconductor
that presents an E, higher than that of the core. Conse-
quently, the optical properties of the nanoparticle become
less sensitive to changes induced by medium, for example,
the presence of oxidative species and the pH [14, 33].

For QDs’ application in the life science, in which fluo-
rescence in the visible/infrared region is usually required,
both core and shell are commonly composed of clements
from the I1 B and VI A groups of the Periodic Table (which
correspond to groups 12 and 16 in the new International
Union of Pure and Applied Chemistry (IUPAC) scheme).
The importance of ODs for biophotonic applications is their
use as fl probes to organic dyes, since they
present several advantages, such as [26, 34-39]:

* Photostability: QDs can be 100 times more photo-
stable than organic fluorescent dyes, i.c., this allow the
researchers to monitor long-term biological processes
in real time.

* QDs’ broad excitation (absorption) band: only one light
source is necessary at the UVjblue region to excite sev-
eral QDs, which have different emission colors.

* QDs" emission bands are symmetric and narrow with
full width at half maxima (FWHM) usually smaller than

material >

E

v

Intensity

450 500 550 600 650 700

Wavelength (nm)
Figure 2. (A) 1l ion of the g confi effect with the
size decrease that occurs in semiconductor materials of direct band.
Energetic levels distribution of the bulk ials in the form of bands:
CB = conduction band, VB = valence bund, £, = band gap. (B) Emis-
sion spectrum in function of the QD size with the same composition;
the colored spheres represent the particle size.
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biomolecule

Figure 3. Schematic representation of a corc~shell quantum dot fune-
ionalized and conjugated with a bi il

50 nm, which can provide more colors in multi-staining
methods avoiding cross-talking.

During the colloidal synthesis, the QDs are coated by
either organic or inorganic compounds, which are called sta-
bilizing or functionalizing agents [17, 40-43], They keep the
nanoparticles separated from each other preventing precip-
itation and agglomeration, resulting in stable QDs’ suspen-
sions [17, 31]. The main classes of organic molecules used,
in aqueous media, as QDs’ functionalizing/stabilizing agents
are alkyl-thiol molecules, such as mercaptopropionic acid
(MPA), mercaptoacetic acid (MAA) and mercaptosuccinic
acid (MSA), dihydrolipoic acid (DHLA), eysteine (CYS),
cysteamine (CYSAM) and different mercaptodithiols [44].
In organic synthesis, the QDs’ functionalizing/stabilizing
agents utilized possess long alkyl chains such as tri-n-
octylphosphine oxide (TOPQO) and hexadecylamine [45].

The QDs' active surfaces promoted by the functional-
izing agents allow the QDs’ interaction with biomolecules
and/or other nanoparticles, enabling the QDs to be useful
systems to site-specific biological applications or to develop
multimodal image probes. The association/conjugation of
QDs to biomolecules is also called bioconjugation [46].
The (bio)conjugation procedures can be carried out by
adsorption or by covalent coupling to the systems. Nowa-
days, the main bioconjugation strategies in aqueous media
are performed between carboxylic and amine groups using
EDC (1-ethyl-3-(3-dimethyla propyl)carbodiimide) and
sulfo-NHS (N-hidroxysulfosuccinimide), amine-amine using
glutaraldehyde, disulfide bonds, and streptavidin-biotin
interaction [14, 44, 47, 48], QDs have been already associ-
ated with several biomolecules as fluorescent markers for
biological applications [49-52].

Recently, the number of published works involving cell-
specific labeling has increased. Some of these works,
employing bioconjugated QDs, have been performed for
a better comprehension of the antig xpression  pat-
terns on the cell surface [52], and also to study pro-
teins or carbohydrates expressions to the comprehension
of cell biology in some discases, such as the cancer [53-
55]. Cabral Filho et al. [54] conjugated aqueous CdTe QDs
with transferrin (Tf) to study the expression of transferrin
receptors (TfRs) in Hela cells (human epithelial cervical
carcinoma) and two glioblastoma cells lines, US7 cells
(human primary glioblastoma), and DBRTG cells (human
recurrent glioblastoma). The authors showed that HeLa and
DBTRG cells present a large amount and a higher extent
of TfRs internalization when compared to U87. Further-
more, using a TfR saturation assay, the authors luded

that DBRTG have a faster recycling of the TfR on the cell
surface when compared to other two types. The results sug-
gest that the TfR have an important role in cancer main-
tenance and in recurrent situations. Moreover, the studies
about the molecular aspects of cancer cell biology can help
in developing more effective therapeutic methods.

Furthermore, QDs conjugated to biomolecules have been
used successfully to study the glycoconjugates on microbials
cells, such as fungus [56] and bacteria [57]. These studies
can help to optimize phototherapy protocols for microbial
opportunistic infections. Tendrio et al. [56] employed QDs
conjugated with ConA (concanavalin A lectin) for under-
standing cells and biofilm-forming organisms of Candida
albicans, a human opportunistic fugal pathogen. The authors
showed that yeasts, hyphae cells, and biofilm structures were
efficiently and specifically labeled indicating that glucose and
manose are present in these structures. This work opens
new possibilities to monitor glycoconjugates by fluorescence,
which can help to improve phototherapy protocols for this
kind of fungus.

However, ODs" conjugation with molecules or other
nanoparticles to obtain bimodal nanoparticles is still consid-
cred a challenge, due to some remaining challenges, such as
(1) the conjugation process d the molecule or
cannot affect the nanoparticles” properties: (2) the binding
of QDs with biomolecules or with other nanoparticles can-
not dissociate during the application in biological systems,
and (3) nonspecific interactions cannot oceur between con-
jugated and biological systems [14). For these reasons, many
studies are being carried out to improve the conjugation pro-
cedures in an attempt to form bimodal nanostructured sys-
tems with high stability, versatility. and the ability to obtain
images with high quality and specificity [58-61].

2.2. Magnetic Resonance Imaging (MRI)

MRI has become an indispensable tool in the clinical diag-
nostic area. This technique present several advantages com-
pared with other clinical image techniq such as high
spatial resolution (0.2-0.3 mm), producing images with fine
anatomic details, and it is a non-invasive technique, since it
does not use ionizing radiation [62, 63]. The first demonstra-
tion that nucl gnetic 1 (NMR) could be used
to distinguish tumors and normal tissues was performed by
Raymond [64]. This author showed that the nuclear mag-
netic relaxation times, 7; and 7, are distinct for normal
and malignant tissucs, After that, the MRI was first demon-
strated in 1973 by Paul Lauterbur [65].

The NMR signal related to body water protons ('H) is
used to generate the MRI images. The reason for moni-
toring the 'H water molecules is mainly due to the natural
abundance of water in the live organisms and the high sen-
sitivity of hydrogen protons to NMR. The sensibility of the
'H atoms (present in the water molecules of the tissues at
different concentration and mobility) to the magnetic field
allows the detection of tumors and anomalies in the soft
tissues of the body by the differentiation of the images of
normal tissue and those which have some morphological or
metabolic alterations [64-66]. In abnormal tissues, the val-
ues of intrinsic nucl gnetic relaxation times (7, and T3)

h « tly changing the images obtained.
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Briefly, when the positively charged spinning nucleus of
the hydrogen atom is in the presence of an external mag-
netic field (8,), a spin alignment occurs, generating a resul-
tant magnetization M, which is parallel and proportional
to B,. In equilibrium M, = M_, where z is the longitudinal
axis. To be able to measure M, it is necessary to apply a
pulse of radio frequency oscillating in the Larmor frequency
(or precession frequency) of the 'H. in order to divert M to
the xy plane (transverse). Subsequently, the protons release
the absorbed energy (at radio wave region) returning to the
equilibrium state (the original alignment), a process that is
known us relaxation. The relaxation process is modulated by
two exponential time constants, 7, and 75, which depend on
the physical and chemical properties of the tissues. The 7).
known as longitudinal or spin-lattice relaxation, reflects the
relaxation due to the energy loss for the neighborhood,
and 75, known as transverse or spin-spin relaxation, is the
relaxation due to the interactions between the spins (dipo-
lar interactions). Generally, 7, gives information about the
recuperation veloeity of the system’s magnetization parallel
to the static magnetic field after a perturbation is applied.
And, 7; is related to the quickness of coherence loses of
the magnetization in the transverse plane to the static mag-
netic field and is smaller than 7 [67). In practice, this results
in differences on the generated image for locul chemically
and/or morphologically different environments [21, 63, 68].

In order to enhance the quality of the generated images,
contrast agents (CAs) are highly administrated in clinical
procedures. These MRI CAs must contain paramagnetic or
superparamagnetic ions. The most MRT CAs approved for
clinical use are based on paramagnetic chelates containing
a lanthanide ion, namely gadolinium (IIT), and iron oxide
particles [69]. Usually, contrast agents are classificd as 7}
or T, MRI CAs, depending on whether they affect mainly
the longitudinal (7)) or the transverse (7,) relaxation times
of the water protons, correspondently. Contrast agents con-

ining gadolinium and ions are cc only 7,
contrast agents, while iron oxides particles are T; contrast
agents [67].

The Gd** ion has specific physical properties that are
suitable for reducing mainly the longitudinal (7)) pro-
ton relaxation times of surrounding molecules. specifically
water molecules protons. Since the Gd*' ion undergoes a
rapid hydrolysis at physiological pH, producing insoluble
Gd(OH), and accumulates in bones and liver, a high ther-
modynamic and kinetic stability of the complexes used as
MRI CAs are required, and these properties arce funda-
mental for their use i vivo. Iron oxide particles possess
several properties that make them good candidates to be
used as MRI contrast agents, and their low toxicity makes
them attractive alternatives to gadolinium-based contrast
agents [70].

The efficiency of the MRI CAs is measured in terms of
the relaxivity (r;, in s™' -mM~', i = 1,2) that indicates their
ability to decrease the relaxation times of the water pro-
tons per unit (mM) concentration of the paramagnetic ion.
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provoked by | mmol-L~! of the para- or superparamagnetic
ion [71]. The relaxivity can be obtained by Eq. (1):

(1

where R‘;"; is the longitudinal or trunsverse relaxation rate
(1/7; ;) of the water protons observed in the presence of
the para- or superparamagnetic jons, R{% is the diamag-
netic longitudinal or rse relaxation rate (1/7) ;) of
the water protons (in the absence of the para- or superpara-
magnetic ions), and C is the concentration of the paru- or
superparamagnetic ions [72]. Usually, water protons’ longi-
tudinal relaxation time are around 2500 ms, and its trans-
verse relaxation times around 3000 ms.

The enhancement of the contrast is obtained when one
tissue has either a higher affinity for the CAs or a higher vas-
cularity than another one. Diseased tissues, such as tumors,
are metabolically different compared with healthy tissues,
and they have a much higher uptake of the contrast agents,
resulting in a higher contrast in MR1 images [73].

Despite its high spatial resolution (0.2-0.3 mm), the
investigation of molecular events at the cellular level using
MRI is limited, because it requires a relatively large
local concentration of CAs to achieve an observable con-
trast enhancement. Considering the molecular structures
that usually are used as CA, this is nol an easy task.
Recently, one of the approaches to overcome this limita-
tion is the use of nanoparticulate systems as MRI contrast
agents, which could be able to increase the local con-
centration of par ic or superp gnetic ions to
cach target site [74-76). Several nanosystems have been
developed as CA for MRI such as polymeric nanoparti-
cles [77-79], micelles [80, 81], carbon nanotubes [82-84],
liposomes [85, 86], dendrimers [87, 88], proteins [89, 90]
and gold nanoparticles [91, 92]. Their r, values can be
at least 100 times higher per unit CA than those values
found to molecular clinical approved MRI CA, such as
[Gd(DTPA)]~. The r,/r, ratio is dependent on the parti-
cles size, water content, and porosity and can give us the
classification of the CAs. Depending on the r,/r; ratios and
magnetic field used, they can thus be useful as CAs for
T,-weighting (negative contrast) and/or 7 -weighting (posi-
tive contrast) imaging [93]. A contrast agent enhances the
positive contrast (77) when the r2/r1 is around 1-2, and neg-
ative CAs usually have r,/r, ratios higher than 10 [94].

The work of Turner et al. [79] is one example of the
improvement of the relaxometric properties by preparing
nanostructured CAs. They prepared a micellar nanoparticle
by aqueous assembly of a diblock copolymer and conjugated
them to a Gd-DTPA complex derivative. The nanoparticle
prepared presented a ry value of 21.2 mM's! (at 047 T
and 25 °C), which shows an improvement when compared
to the Gd-DTPA complex (ry =43 mM™'s™! at 047 T
and 25 °C).

Coval functi ion of carbon nanotubes with

Higher values of ry and r, correspond respectively to Il
T, and T, values. Longitudinal and transverse rel

DTPA chel followed by compl with Gd*', origi-

(r; and r,, respectively) are generally different, and they
depend on the magnetic field strength [70]. Relaxivity can be
defined as the increase in the water pi relaxation rates

nated CAs nanostructured with an improvement in r, value
by a factor of two, when compared with the DTPA-Gd**
plexes [84].
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Other example is the report of Ferreira et al. [92], where
they attached DOTA (14,7, 10-tetranzacyclododecane-
1,4.7,10-tetraacetic  acid) derivatives complexed with
gadolinium to gold nanoparticles, and they observed an
enhancement in the r; value (at 0.7 T) of at least three
times for the nanoparticle system when compared to the
bare chelates.

Furthermore, nanoparticles can be important for the
development of specific contrast agents for MRIL Several
nanoparticles have a functionalized surface that allows the
conjugation to biomolecules, conveying the CA to a spe-
cific target, which will be fundamental to monitoring cellular
events in vivo [95],

3. BIMODAL NANOSTRUCTURED
PARTICLES

The develoy of bimodal nanostructures, containing
QDs for optical and magnetic resonance images, relies on
the design and further preparation of nanomaterials that will
present both technique properties. To prepare new particles
as potential bimodal nanoprobes for biological applications,
some criteria must be considered. The bimodal probes must
have [96]:

* High relaxivity and quantum yield;

* Appropriate size for the application

* A simple and cheap preparation method

* Low toxicity

* Kinetic and thermodynamic stability, to avoid inaccu-
rate images and/or toxicity

One of the QDs advantages is their chemically active sur-
face, allowing the conjugation with a variety of molecules
and/or other particles, which can originate new multimodal
nanostructured particles. The most common approaches
used to prepare bimodal nanostructures containing ODs
for optical and MR images are their association with iron-
oxide based nanoparticles by doping QODs with paramagnetic
ions and by their association with paramagnetic chelates.
The interest in hlmodnl nanopamclcs for optical and mag-
netic r g g ODs aroused attention
throughout the last 10 years, In lhc next sections, we will
present a review of the de»clopmcm of materials aimed
at bimodal prup«.rlxss, giving spcc:al attention to the main-

of op ic or magnetic properties and
their application in bmlogmal systems,

3.1. Quantum Dots-Iron Oxide Nanoparticles

QDs associated with magnetic nanoparticles (MNPs) have
generated great interest as a new class of matenals, because
this association can provide a combination of optical and
magnetic properties in a single material, enabling simulta-
neous biolabeling/imaging, cells sorting/separation and ther-
apy/diagnostic (nanotheranostic pamcles) [97, 98]. There
are many examples of multimodal imaging agents contain-
ing MNPs, the superparamagnetic iron oxide nanoparticles
(SPIONs) being the most used, since the US Food and
Drug Administration approved them as contrast agents for
MR [1.99].

Bulk iron oxide is classified as a ferromagnetic material,
because it presents a permanent magnetization, even with-
out an external magnetic field [100, 101]. Decreasing parti-
cles’ size from macroscopic to nanoscale, their physical and
chemical properties are changed. When iron oxide parti-
cles are reduced to a few nanometers (~1-20 nm), each
particle behaves as a magnetic single-domain, so their mag-
netic properties are considerably altered, due to quantum
size effects and surface area increase, becoming superpara-
magnetic |71, 97, 100]. SPIONs are in a uniform magneti-
zation state, which means that after removal of the external
magnetic field they lose their magnetization, making them
dispersed and diminishing their tendency to aggregate [98].

SPIONSs possess an iron oxide core, which provides their
magnetic properties, such as the superparamagnetism. The
more common iron oxide cores are the magnetite crys-
talline phase (Fe;0,) and its fully oxidized form, the
maghemite crystalline form (y-Fe,O;). However, the most
used iron oxide core to produce bimodal nanoparticles is
the magnetite type, because it has better ferromagnetic
response presenting a saturation magnetization (Ms) about
92-100 emu - g ! at 300 K, while the maghemite form
presents a Ms about 60-80 emu - g' at 300 K [101].
The core is, usually capped with a biocompatible polymer,
which shields the core from the surrounding environment
and allows the nanoparticles’ functionalization, enabling the
attachment of other particles or molecules [102].

There are several synthetic methodologies for the SPI-
ONs preparation, such as coprecpitation, microemulsion,
hydrothermal processes, electrochemical deposition, sono-
chemical reactions, thermal decompositions, gas phase
depositions and sol-gel processes. The most used methodol-
ogy is coprecipitation since it is a simple and less expensive
method. In this methodology, iron salts in both oxidative
stats (ferric and ferrous ions in 2:1 molar ratio) are added to
an alkali solution, under inert atmosphere, and the SPIONs
arc obtained by precipitation [97, 102, 103].

Today, iron-based MNPs are attracting much attention
from several research groups, since they have found appli-
cation in many fields. such as in the material and life
sciences. MNPs have been used for in vive biomedical
applications, such as contrast agents for MRI, therapeutic
agents for hyperthermia, drug carriers, and in radionuclide
therapy [104-108].

For biological applications, some characteristics need to
be considered: (1) the probe needs to be hydrophilic and
stable in water at physiological pH, (2) it should have a nar-
row size distribution, and (3) it must have a surface coated
with biocompatible polymers and a chemical active surface
for conjugation with other molecules [98, 102, 109].

Especially for MRI applications. the probes used pro-
duce an image contrast enhancement. Although SPIONs can
affect the longitudinal relaxation time (7)), they affect pri-
marily the transverse relaxation time (73) of the water pro-
tons. Usually, SPIONs have greater transverse relaxivity (r,)
than longitudinal relaxivity (r), producing hypointense
(dark) signal in MRI [67, 70, 110].

Magnetic properties of SPIONs arise from the presence
of Fe** and Fe'* ions and depend on several factors, such
as size, composition, shape, and crystallinity. The mag-
netic characterization is usually performed by saturation
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magnetization (Ms) measurements, which indicates the mag-
netization magnitude of the material when submitted to an
external magnetic field. The Ms value indicates the higher
magnetization of the material, meaning that all the single
domains are aligned with the field. However, the efficiency
of CAs for MRI is generally discussed based on the materi-
als relaxivity values (r, and/or r;). Many rescarchers work-
ing with SPIONs do not present the relaxivity values and
only measure the Ms of the material. A direct correlation
between saturation magnetization and relaxivity does not
exist, although a higher My will increase the local magnetic
field, affecting the surr ing p s and enhancing the
MRI signal 111, 112].

Since Ms and relaxivity are related, the same factors
that affect the magnetization will also affect their abil-
ity to reduce 75, Namely, this ability increases with their
size, since their magnetic properties are attenuated in the
surface, a smaller ratio between the atoms near the sur-
face and ones in the core will improve their T, reduc-
tion capacity. The surface coating of the nanoparticles can
also affect their CA efficiency, and it has been observed
that 7, contrast decreases with increasing the coating thick-
ness [67, 111, 113, 114].

Several reports demonstrated the association of QDs
and SPIONs aimed at the generation of bimodal nanopar-
ticles, In an attempt to overcome the challenges of the
bimodal nanoparticles’ production using SPIONs and QDs,
most works have been concerned with the optimization
of the binding process between these nanoparticles. These
studies include methodologies to insert ODs and SPIONs
in silica spheres [115, 116], micelles [117] and polymer
nanospheres [118], mediated by cross-linkers [119, 120] or
electrostatic interaction [99, 121, 122].

In this scction, we focus our discussion on the differ-
ent bimodal nanoparticles reported in the literature for bio-
logical applications, composed by QDs and SPIONs, which
contain their optical and magnetic properties. For better
comparison between the bimodal systems developed, we
organized them by their synthesis strategy.

3.1.1. Association of QDs and SPIONs by
Covalent Binding

One approach to associate QDs and SPIONSs is to bind cova-
lently the two nanoparticles using conjugation strategies and
cross-linkers (Fig. 4) [119, 120, 122-124].

To our knowledge. the first work describing the for-
mation of a bimodal system by covalently associat-
ing cadmium selenide/zince sulfide (CdSe/ZnS) QDs and

[ —
linker
SPION Qb
Figure 4. Sch ic rey of the lent » jation by

ODs and SPIONs,

SPIONs (y-Fe,0,) was reported by Wang et al. [125],
using thiol groups. Since then, other groups have prepared
bimodal nanoparticles using this methodology.

The same approach to bind cadmium telluride (CdTe)
QDs to Fe;O, was adopted by Sun ct al, [126], where thio-
glycolic acid (TGA )-stabilized CdTe ODs were linked to the
surface of silica (Si0,)-coated SPIONs. The nanocompos-
ites prepared presented an emission similar to the precur-
sors QDs, and an Ms of 2.26 emu - g~', which is smaller
than the Ms of bare Fe,O, nanoparticles (49.97 emu . g™').
Then Fe;0,@SiO,-CdTe magnetic/fluorescent nanocom-
posites were conjugated to the anti-CEACAMS antibody,
which recognized the CEACAMS receptor on the HeLa
(adenocarcinoma cervical human) cell membrane, using
N-hydroxysuccinimide (NHS) as a cross-linker, The bimodal
nanoparticles-anti-CEACAMS were successfully employed
for immune-labeling and Auorescent imaging of Hela
cells.

Kale et al. [119] prepared bimodal nanoparticles by con-
trolled synthesis from CdTe QODs decorated with magnetite
nanoparticles using dodecyl amine (DDA) as a linker. CdTe
ODs functionalized with mercaptopropionic acid (MPA)
were prepared in the presence of the Fe,O, core function-
alized with DDA. The bimodal nanoparticles presented a
maximum emission at 531 nm with a fluorescence quantum
yield (QY) of 18%, in water. The magnetite decorated with
CdTe retained the superparamagnetic property of the core,
presenting an Ms of 44 emu . g'. The bimodal nanopar-
ticles were conjugated with anti-EGFR antibody and used
to specific separation and imaging of positive T leukemic
cells (Molt-4), utilizing a mixed cell suspension of Molt-4
and myelogenous leukemia (K562) cells. This specific sep-
aration was possible since the EGFR is highly expressed
on Molt-4 cells, whereas K562 cells lack this receptor.
The results showed that these bimodal nanoparticles exhib-
ited an excellent potential for the magnetic separation and
for acquiring fluorescent images of positive leukemic cells
(Molt-4),

Koktysh et al. [99] demonstrated the preparation of
bimodal nanoparticles by covalent binding of glutathione-
coated visible CdTe/CdS (600 nm) or near-infrared (NIR)
light-cmitting  CdHgTe/CdS QDs (800 nm) to Fe,0,
nanoparticles functionalized by dextran, which is a biocom-
patible stabilizing agent commonly used to increase the
CAs retention on the blood circulation. According to TEM
images, the bimodal nanoparticles showed an average size
of around 7.8 nm. Furthermore, inductively coupled plasma
(ICP) and energy-dispersive X-ray spectroscopy (EDS) con-
firming the presence of Fe > 80% and Cd > 13% for
both techniques, and the optical characterization showed
no changes in the emission spectrum profile. The authors
reported that none toxicity of the particles was observed in
mice. The ex vivo images showed that the particles were
accumulated in the lungs and subsequently in the draining
lymph nodes. At the end, the authors stated that the bimodal
nanoparticles are a combined system that could be used for
simultancous optical and MR images; however, the authors
did not present magnetic properties of the systems or mag-
netic resonance images.
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3.1.2. Coating QDs and SPIONs with
Silica Layers

Another approach for the synthesis of bimodal nanoparticles
is the encapsulation of ODs and magnetic nanoparticles in
an outer shell of silica (Fig. §) [127-133].

Salgueirino-Maceira et al. [134] incorporated Fe O,/
v-Fe;0, nanoparticles coated with silica and CdTe ODs
in an outer shell of silica. The bimodal particles pre-
sented a diameter around 220 nm an Ms of 1.34 emu - g™
at room temperature and showed efficient fluor i
The same approach was used by Li et al. [131], avoid-
ing the direct interaction of QDs and MNPs, improving
the optical and magnetic response of the bimodal nanosys-
tem. They prepared magnetie-fluorescent dual-functional
nanoparticles with a mean size of 60 nm, Ms of 3.2 emu -g~'
and an emission maximum ot 618 nm. In both works the
authors presented the bimodal nanoparticle, with a silica
shell, as a new bimodal tool for biological application. Fur-
ther, in 2009 the same research group [135] also used
the reverse microemulsion approach to prepare bimodal
nanoparticles in order to label specifically prostate can-
cer cells. The bimodal nanoparticles (with 50 nm of mean
diameter and an Ms = 3.24 emu - g ') were functional-
ized by 3-aminopropyltrietoxysilan (APS) and conjugated to
single chain variable fragment antibody (scFv) of human
y-seminoprotein-specific, using glutaraldchyde as coupling
agent. The specific bimodal nanostructures were applied
in human embryonic kidney cells (HEK293) as a nega-
tive control and human prostate cancer cells (LNCaP) as
a positive test, since LNCaP cells have an overexpression
of y-seminoprotein. Both cells were analyzed by fuores-
cence microscopy. Furthermore, the authors also injected
LNCaP cells subcutaneously into female nude mice, and
then the animals were analyzed by MR and fluorescence
images, The results showed that bimodal nanoparticles-scFy
did not label HEK293 cells, while LNCaP cells were labeled
both on the membrane and also inside the cells. Moreover,
the bimodal nanoparticles did not present apparent toxicity.
In mice after 6 h, himodal nanoparticles-scFv were concen-
trated in the tumor tissues and in other organs, such as the
liver, lung, heart, and kidney, However, after 24 h, most of
the P isapp d from the organs of mice and
were mainly observed in local tumor tissues, both by flu-
orescence imaging as MRI. The authors also explored the
hyperthermia using bimodal nanoparticles-scFv and found
that the number of LNCaP cells destroyed was proportional
to the concentration of the nanoprobes in the medium.

s 1
licies

Silica

Qb

SPION

Figure 5. Schematic representation of QDs and SPIONs encapsulated
in an outer silica shell.

In other works of the same group [116). they
used the amino-modified bimodal nanoparticles (Fei O
CdTe@Si0,) to label mesenchymal stem cells (MSCs) in
gastric cancer, in vitro and in vivo. In vitro studies showed
that the fluc and tic 1 e signals of the
labeled cells, with the bimodal nanoparticles, were stable
for up to 14 days. Then the in vive studies were per-
formed by the intravenous injection of the MSC labeled
with bimodal nanoparticles in nude mice containing gas-
tric cancer. Bimodal nanoparticles distributions in the whole
body were monitored for a period of 14 days after injec-
tion by using in vivo image system (IVIS) and MRI. It was
observed that the fluorescent and MR signals in the tumor
tissue increased gradually from day 7 to 14 post-injection,
The hyperthermia therapy study showed that only amino-
modified bimodal nanoparticles presented tumor shrinkage
while bimodal nanoparticles did not show evident alteration.

Ma et al. [136] synthesized bimodal nanoparticles from
two color emission CdSeTe/CdS hydrophobic ODs (A =
600 nm and A = 780 nm) and Fe;0, nanoparticles. To
obtain the bimodal nanoparticles, authors grew a silica
layer in a Fe;0, MNP core, forming a MNP bead. Then
they added the ODs and tetracthyl orthosilicate (TEOS)
to form a thin shell of QDs/silica around the MNP beads.
Bimodal nanoparticles have an average size of about 150 nm
and maxima emission at A = 600 and A = 750 nm. The
authors referred that these bimodal nanoparticles acted pre-
domi ly in T,-weighted images, because the nanoparti-
cles presented relaxivity values for r; and r, about 13 and
1914 mg L' 57", respectively. For specific labeling, they
conjugated the bimodal nanoparticles to anti-HER2 (human
epidermal growth receptor 2 antibody) antibody using EDC.
To confirm the ability of the bimodal nanoparticles func-
tionalized with anti-HER2 antibody to label specific target,
the authors performed in vive and in vitro tumor imaging.
Breast cancer tumors were induced on nude mice by trans-
plantation of green fluorescent protein (GFP) human breast
cancer cells (KPL-4 cells). The specific binding in vitro was
confirmed by fluorescence microscopy and fluorescence cell
sorting analysis and for i vivo images, they used neur-
infrared fluorescence (NIR-fluorescence) and MR imag-
ing. The authors presented an efficient method to produce
bimodal nanoparticles that can be used for biomedical appli-
cations and as diagnostic methods of several diseases,

Chen et al. [133] also prepared magneto-fluorescent
nanoparticles, mixing hydrophobic CdSe/CdS ODs and
Fe,0; SPIONs, and transferred them to aqueous solu-
tion using the surfactant dodecyltrimethylammonium bro-
mide (DTAB). Briefly, the authors synthesized the bimodal
nanoparticles in four steps: (1) micelle formation in chloro-
form by using DTAB as a surfactant with a random mag-
netic core, (2) a supererystalline magnetic core formation
by using poly(vinylpyrrolidone )/ethylene glycol (PVP/EG)
under heating at ~80 °C and stirring, (3) silica shell growth
using TEOS, and (4) finally the silica-bimodal nanoparticles
were coated by polyethylene glycol (PEG). In this work, the
authors demonstrated that after coating with PEG, silica-
coated-bimodal nanoparticles showed an efficient bimodal
image probe for in vive multiphoton (MP) and MRI, with a
size of 120 nm, an Ms of 15.2 emu-g~' (at room temper-
ature), and a QY of 12% in water. Intravital multiphoton
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microscopy images were obtained through a cranial window
in model CyH mice after injection of murine cancer cells
stage IV (MCalV). Figure 6 shows the intravital MP images,
where in Figure 6(A) shows MP image before injection of
bimodal nanoparticle, Figure 6(B) after 4 h of injection,
and Figure 6(C) after 24 h of injection. MRI (Fig. 7) was
obtained in a 9.4 T magnet, before (Fig. 7(A)) and after 24 h
(Fig. 7(B)) of the bimodal nanoparticles injection.

3.1.3. Incorporation of QDs and SPIONs in
Polymer Beads

Another approach for the preparation of bimodal nanopar-
ticles containing ODs and SPIONs is the incorporation of
these nanoparticles in polymer beads (Fig. 8) [118, 137-142].

Although there are many reports using this methodology
to prepare bimodal nanoparticles, to our knowledge only
one research group applies them in biological studies. Song
et al. [118] synthesized bimodal nanoparticles by an organic
route, using an hydrazine-treated poly-(styrene/acrylamide)
copolymer nanosphere. The bimodal nanoparticles were
constituted of CdSe/ZnS QDs and the Fe,0,. The bimodal
nanospheres were conjugated to avidin that was associated
to a biotynilated goat anti-mouse IgG (Fc specific poly-
clonal antibody), and then, mouse anti-human anti-CD3
monoclonal antibody (mAb) or mouse anti-human anti-
PSMA mAb, respectively. The authors demonstrated the
potential of the bimodal system conjugated to the anti-
body for the detection and isolation of cancer cells. They
used two complex samples containing Jurkat T cells (human
peripheral blood leukemia T cells) and red blood cells
(RBCs) and another containing LNCaP and RBCs as a
control. The Jurkat T cells were bound to anti-CD3 mAb-
coupled bimodal nanoparticles, and the LNCaP cells were
bound to anti-human anti-PSMA mAb-coupled bimodal
nanoparticles and separated using an external magnetic
field. They reported that the conjugated nanoparticles were
able 1o detect and extract two different types of tumor cells
(leukemia cells and prostate cancer cells) from a complex
sample. Therefore, the authors presented a simple and sen-
sitive approach for detection and isolation of multiple cancer
cells at carly stages, in vitro.

3.1.4. Association of QDs to SPIONs by
Electrostatic Interactions

The electrostatic  interactions based on  oppositely
charged materials attraction was employed by some

authors  [122, 132, 143-145] to prepare magnetic-
luminescent nanocomposites (Fig. 9).

Ahmed et al. [121] synthesized bimodal nanoparticles
associating Fe,0, and green CdTe ODs by electrostatic
interaction. The bimodal nanoparticles were obtained with a
mean size of 50 nm and an Ms of 65 emu - g~'. The bimodal
systems were incubated with human embryonic Kidney cells
(HEK293) and human epithelial colon cell line (LS174TK),
after conjugation to antigen-binding fragment (Fab) region
of hCC49 antibodies also by electrostatic interaction. The
conjugated nanoparticles were specifically attached around
the nucleus of LS174T cancer cells, while HEK293 cells pre-
sented no labeling around the nucleus.

Using the interaction of the metal coordination bond-
ing to DNA, Lee and collaborators [146, 147] developed
a new strategy for the preparation of bimodal nanoprobes.
These authors linked QDs conjugated with platinum to mag-
netic nanoparticles (MNPs) functionalized with guanines
(Fig. 10(A)), using the coordination bonding of Pt with the
guanines. They used two QDs with different emission maxi-
mum (605 and 800 nm) and the association with the MNPs
has not changed their emission properties. The bimodal
nanoparticles prepared presented an average size of 50 nm
(determined by DLS) and they were tested with HeLa cells.
Fluorescence microscopy showed that the Hela cells inter-
nalized these particles, and the nanoparticles were mainly
located next to the nuclei (Figs. 10(B and C)). The magne-
tization curve showed that the magnetism of the MNPs was
maintained after conjugation with the QDs. In vitro magnetic
resonance images of HeLa cells incubated with ODs-MNPs
conjugates showed the preservation of the magnetic proper-
ties of the bimodal systems (Fig. 10(D)).

3.1.5. Final Considerations About
QDs—Iron Nanoparticles

Most authors cited in this section reported a decrease in
the saturation magnetization (Ms) of the bimodal nanapar-
ticles, when compared to the bare magnetic nanoparticles
(Table 1). Table | also shows data from several research
groups that employed different methodologies to associate
ODs and SPIONs. They did not necessarily apply these
systems; however we presented them as potential bimodal
probes for biological applications.

3.2. Doped Quantum Dots

At the nanoscale range, the QDs structural stability, the
clectronic and photophysical properties can be changed by

Figure 6. Intravital MP microscopy images of the cranial window. In (A) before injection, (B) 4 h after injection and (C) 24 h after injection of
bimodal nanoparticles. Images from red und green channels are shown in small panels (top: red channel, bottom: green channel), Green emission
signals was generated from fluorescein isothiocysnate-dextran (FITC-dextran) & blood vessel tracer and the red emission are generated by bimodal
nanoparticles. Scale bar = 150 mm. Adapted with permission from [133], O. Chen, et al., Naire Coman. 5 (2014). © 2014, Nature Publishing Group.
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Figure 7. In vive Ty-weighted MRL In (A) before bimodal nanoparti-
cles injection, and in (B) 24 h after bimodal nanoparticles injection.
After 24 h post injection image (B) show clear tumor visualization
(inside the red dashed fine), Scale bar = 3 mm. Adapted with permis-
sion from [133], O, Chen, et al., Nature Comm. 5 (2014). @ 2014, Nuture
Publishing Group.

any perturbation in the crystalline lattice. Thus, the incor-
poration of dopant ions in QDs can bring new properties
that could lead to new advances for several applications. The
control over size and shape in colloidal synthesis, developed
so far, allowed the incorporation of transition metal ions
in semiconductor QDs. In an effective doping procedure,
the dopant ions will replace some atoms on the host crystal
structure in the QD matrix [149-151]. However, nanocrystals
try to purify themselves. and during their growth process,
they tend to anneal out the dopants, since the impurities
incorporation requires much more energy [152, 153].

As aforementioned. in non-doped QDs, an electron from
the VB upon absorption of light goes to the CB, and
its return to the fundamental state promotes the emission
of a photon of wavelength related to the QDs’ bang gap
energy. The presence of impurities or high concentration of
surface defects will increase the nonradiative decay path-
ways in a random way, which will decrease or quench the
photoluminescence and change the expected spectral profile.
The incorporation of dopants in QDs will create new defined
clectronic states inside the band gap region (between the VB
and CB) (Fig. 11). Thus, it will decrcase the cnergy sepa-
ration between the CB and the VB, leading to adjustments
in the relaxation pathways to the fundamental state, orig-
inating new luminescence properties. In other words, the
doped QDs’ emission will be red-shifted when compared to
the non-doped ODs and the bandwidth will increase. Hence,
QDs’ optical and electronic properties can be tuned by con-
trolling the dopant’s type and concentration [130, 151, 154].

In the last years, there have been several reports on the
preparation of doped QDs, using several transition met-
als and lanthanides ions, such as Mn. Co, Cu, Fe, Eu,
and Yb, showing promising applications in biological imag-
ing [155], MRI [6], solar cells [156, 157], hght-emitting

o e Polymer chain
o SPION
J QD

Figure 8. Schematic representation of the incorporation of QDs and
SPIONSs in polymer beads,

| ¢ D

¢ Polymer coating

SPION

Figure 9. Schematic representation of QDs and SPION associated by
clectrostatic interactions.

devices (LEDs) [158, 159], biosensors [160, 161], and pho-
tocatalysis [162]. In this section we will focus our attention
only on doped QDs developed simultaneously for optical
and magnetic resonance imaging reported in the literature,
which present optical and relaxometric studies,

For MRI proposes, QDs have been doped with Mn™*,
Gd**, and Fe*'. Paramagnetic metal ions, with a large spin
number, are often chosen as CA for MRI, since they have
physical properties that are able to decrease the nuclear
relaxation times of specific isotopes on the surrounding envi-
ronment. The paramagnetic lanthanide ion most used is
gadolinium, since it has seven unpaired ¢lectrons. Another
metal ion widely used is manganese, which has five unpaired
electron in its bivalent state. These ions, when used as
CA, shorten the longitudinal relaxation time (7)) of water
protons, enhancing the 7j-weighted MR images [163. 164],
while iron shortens the transverse relaxation time (73)
of water protons, enhancing the 7,-weighted MR images.
Therefore in this section we will discuss first the Mn*t doped
QDs, followed by Gd™ and Fe’* doped QDs.

3.2.1. Manganese-Doped QDs

The first QD doped with manganese was reported by
Bhargava et al. [165], and the optical properties of ZnS:Mn
were studied by these authors. These authors reported that
incorporation of Mn** in QDs changed their optical prop-
erties, shifting the emission to the yellow emission region,
which was being associated with the Mn®* jons intrinsic elec-
tronic transitions. This means that after excitation of zinc
sulfide (ZnS) ODs, a subsequent transfer of electron and
hole into the electronic level of the Mn®* accurs, leading
to the characteristic emission of Mn**. Since then, several
reports on the preparation of manganese doped QDs have
appeared [151. 166-169].

Several authors reported the synthesis and the potential
of ODs doped with manganese as bimodal markers for opti-
cal and MRI [155, 170, 171], However, Wang et al, [172]
were the first to present, simultancously, the optical prop-
erties together with relaxivity measurements for these mate-
rials. These authors prepared core/shell QDs of CdSe/ZnS
doped with manganese (CdSe/ZnS:Mn) by an organometal-
lic route, with an average size of 4.7 nm (estimated by
TEM). They achieved a dopant maximum of 6.2% (deter-
mined by elemental analysis), and they verified by electronic
paramagnetic resonance (EPR) studies that the Mn** was
incorporated into the shell. The nanoparticles, containing
different amounts of Mn?*, showed an emission centered
from 570 to 650 nm. In organic solvents, these QDs pre-
sented a fluorescence quantum yield (QY) of 60%. but in
water (after being coated with an amphiphilic polymer) the
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Figure 10. (A) Schematic representation of the bimodal system (MNP-QD) prepared by Lee et al. Fluorescence microscopy images of MNP-QD
systems incubated with Hela cells (B) with emission at 605 nm and (C) at 800 nm. (D) MRI results of HeLa cells incubated with MNP, MNP-OD

with emission at 605 nm and 800 nm. Adapted with permission from |

Chemstry,

QY decreased 1o 21%. The CdSe/ZnS:Mn also showed high
longitudinal relaxivity value (r;), being IS mM ' s ! (at 71
and room temperature) for the OD with 6.2% of Mn®*.
These authors have performed both optical and MR images
incubating the water-dispersed nanoparticles (0.408 mM)
with macrophages. They observed spots of luminescence in
the cytoplasm of the cells by confocal microscopy, and a
contrast enhancement of the incubated cells, compared with
the unlabeled ones, by MRI. This means that the quantity of
Mn** incorporated in the QDs was reasonable to produce
images in both modalities, and the bimodal nanoparticle is
suitable to be used in both optical and MR imaging.

|. 3. Lee, ct al., Analvst. 140, 2864 (2015). © 2015, Royal Socicty of

ZnS ODs doped with manganese were prepared as a
dual-imaging contrast agent, for optical and MR images,
by Gaceur et al, [173]. These nanoparticles presented a
10% concentration of Mn** (estimated by X-ray Diffraction,
XRD) with a diameter about 1.5 nm (determined by TEM),
The ZnS:Mn showed a blue-green emission, with a broad
band centered at 466 nm with a shoulder at 507 nm. As
opposed to previous studies [165], in this report no emission
arising from the Mn** electronic level (S80-600 nm) was
observed. These authors attributed this fact to concentration
quenching, i.e., the number of Mn**~Mn?* pairs increased
when the Mn™" concentration was high, which resulted in an

e

Table 1. SPIONs saturation magnctization valucs before and after conjugation to QDs

Synthetic Bimadal
strategy nanoparticle composition

Ms of bare My of bimodal

Size (nm)  SPIONs (emu-g~')¥!  nanoparticles (emu-g~')*  Reference

Fey0,@Si0,-CdSe/ZnS
Fe;0,@810,-CdTe

SPION-CdS

Fe,0,-CdTe/CdS

Silica coating (Fe; Oy y-Fe, 0, @810, -Cd Te i Si0),
(Fe,0,-CdTe)@Sio
Fe,0,@Si0,-CdSe/ZnS @Si0,
(y-Fey04-CdSe) @ $io,
(Fe;,0,-CdSe/CdS)@ SiO,
(Fe,0,-CdTe)chitosan
Electrostatic interactions Fe,0, @ Si0,-CdSe
Fe.0,@S$i0, CdleS
CdTe-Fe,0,

Cross-linking

Polymer coating

67.7 [124)

[126)

[120)

[119]

220 [134]
30 [130]
) [131]
1 [148]
100 63.7 [133]
05 [139)
~100 [132)
100 [144]
50 [121]

Notes: [a] at room temperature-300 K. [b] at 15 K
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Figure 11. Scheme illustrating the creation of electronic states inside
the band gag region, due to the incorporations of dopants in QDs and
its decay pathways,

increase in the non-radiative decays from the excited states
being observed. Relaxometric studies gave a value of r, of
20 mM ! 51 (at 3 T and 25 °C). These nanoparticles were
used in an intracellular uptake study using Chinese ham-
ster ovarian (CHO) cells. and it was observed by confocal
microscopy that after 24 h of exposure, the QDs were inter-
nalized and were dispersed in the cytosol. Cytotoxic studies
showed that these QDs did not hinder the cell viability and
proliferation (at concentration of 0.05 mM of Mn?*).

Jing et al. [174] prepared core/shell CdTe/ZnS ODs doped
with manganese ions using colloidal aqueous synthesis.
These nanoparticles presented a diameter of 4.3 nm (esti-
mated by TEM) and different dopant levels were used
(4.7-9.7%, determined by inductively coupled plasma optical
emission spectrometry (ICP-OES)). EPR studies confirmed
that the dopant ions are in the surface region distributed
within the ZnS shell. Fluorescence studies showed that
CdTe/ZnS:Mn emitted at 630 nm, and their QY decrease
with increasing the dopant proportion. This QY decrease
may be explained by the presence of some manganese ions
in the core/shell interface. The QDs with 4.7, 7.5, and 9.7%
of Mn®* presented ionic longitudinal relaxivity values of
10.7, 6.5, and 5.4 mM~'s™! (per Mn**, at 3 T and room
temperature). These results showed that jonic relaxivity val-
ues decrease with increasing Mn**,

Lin ¢t al. [175] prepared cadmium-free QDs with para-
magnetic propertics. These authors synthesized an I-111-VI
ternary core, copper indium disulfide (CulnS,), capped with
manganese-doped ZnS, by colloidal organic synthesis. 1CP
confirmed that they were able to incorporate 0.2 to 2.3%
of Mn**, by EPR was confirmed that the Mn®* was present
in the ZnS shell, and by TEM was observed that these
nanoparticles have a diameter of 4 nm. These QDs emitted
around 600 nm and their QY in organic solvent was 52%,
but when transferred to an aqueous phase the QY decreased
to 18%. Relaxivity measurements presented values between
5.0 and 72 mM~' 57! (3 T at room temperature), depend-
ing on the quantity of Mn®*. In order to show that these
QDs can be used as dual-modality probes, they incubated
the CulnS,/ZnS:Mn with human pancreatic cancer cells
(BXPC-3 cells line). The red emission observed in confocal
microscopy indicated that BXPC-3 cells internalized these
QDs. In cells lysates it was possible to observe that the
internalized QDs produced MRI contrast enhancement in a
Ti-weighted image.

Manganese doped zinc selenide (ZnSe:Mn) QDs for dual-
modal imaging were prepared by Sharma et al. [176], in
organic medium and varying Mn** concentration. These
nanoparticles had an average size of 6.5 nm (observed

by TEM) and ICP confirmed they had incorporated 1.1
10 5.9% of Mn*. As others before, these authors also
observed that by increasing Mn™* concentration, the emis-
sion intensity first increases (these QDs reached a maximum
at Mn**concentration of 3.2%), starting to decrease after,
However, the emission peak position stayed at 585 nm inde-
pendent of the dopant concentration. The QY for these
ODs, in water, was determined to be 18%, after a lig-
and exchange, using the MPA as functionalizing/stabilizing
agents. The potential application of the ZnSe:Mn for MRI
was investigated, and these nanoparticles presented a relax-
ivity value of 2.95 mM~'s”! (at 3 T and 25 °C).

Zhang et al. [177] prepared Mn** doped CdTe ODs in
aqueous solution, obtaining ODs with a size of around
3.7 nm (estimated by TEM) and a Mn*" level of 2.8%
(by atomic absorption spectroscopy). Fluorescence studies,
in water, showed that the QY of CdTe:Mn (48%) increases
when compared to CdTe (23%), and decreases with fur-
ther increase of Mn®* concentration. The emission wave-
length can be tuned with the Mn** amount, and the doped
QDs emission peak was red-shifted, relatively to non-doped
ODs, emitting at 545 nm. The longitudinal relaxivity of these
CdTe:Mn value was 429 mM's™! (measured at 7 T and
room temperature).

Although several groups reported the potential of
manganese-doped QDs for optical and MR imaging, only
Ding et al. [178] presented experiments of fluorescence
and MR imaging in vive for passive tumor targeting. They
prepared CulnS,/ZnS:Mn nanoparticles with a diameter
of 3.6 nm (determined by TEM) and emissions around
620 nm. The QDs containing a Mn** concentration of 1.4%
(by ICP-OES), presented the higher QY, and a relaxivity of
5.84 Mm~'s! (at 1.5 T and 37 °C). For the in vivo stud-
ies, first the cytotoxicity of PEGylated QDs on the prolif-
eration of HeLa cells was evaluated, und it was observed
that these QDs presented no toxicity for the concentration
below of 9 mM. Nude mice, sub pl d
with human colon cancer (LSI80) tumor cells at the leg, was
injected intravenously with the PEGylated CulnS,/ZnS:Mn.
By optical images, it was obscrved that the fluorescence
signal appears 10 min after the injection and reaches its
maximum around 6 h post-injection, For the MRI studics,
the nude mice were implanted with a tumor and injected
intravenously with the same dosage level of nanoparticles.
T,-weighted MR images showed that the contrast reaches its
maximum at 8 h post-injection, companying the decrease of
the 7, value. The biodistribution of the QD-injected studies
showed that the strongest fluorescent signal was found in
the liver, followed by stomach, kidney, tumor, and spleen.
But in the heart and lungs no optical signal was observed,

ou ly tr

3.2.2. Gadolinium-Doped QDs
The first le of gadolinium-doped QDs as multimodal

agents for optical and MR images was reported by Li and
Yeh [179]. These authors prepared CdSe:Gd capped with
TOPO, with a diameter of 6.3 nm (estimated from TEM)
and a dopant level of (L061% (from 1CP). These QDs have
an emission maximum at 600 nm. and it was observed that
by increasing the dopant amount, a decrease in the QY
was observed. Exchanging the stabilizer from TOPO to the

water-soluble MPA stabilizing agents leads to a decrease in
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the QY from 4.6 to 0.2% (relative to rhodamine). The longi-
tudinal and transverse relaxivities were measured at 3 T, and
these CdSe:Gd presented a r; = 76.7 mM™'s™ and a r, =
543 mM's ™!, Since the ry/r, value was 0.7 (Lloae tol) these

nee Imagi 13

No fluorescence in the kidneys was observed, which can
mean that particles with this size do not undergo renal clear-
ance. To evaluate the toxicity of these nanohybrids in major
organs (such as heart, liver, spleen, lungs, and kidneys),

ODs could act as a positive contrast agents, for 7}-weighted
images.

Liu et al. [96] prepared zinc oxide (ZnO) QDs doped
with Gd*" in cthanol, with a Gd/Zn rate of 8% (dcter-
mined by inductively coupled plasma mass spectrometry,
ICP-MS). The ZnO:Gd presented a size of 4 nm (esti-
mated by TEM) and an emission maximum around 550 nm.
The incorporation of Gd** (8%) increased the fluores-
cence QY (from 13.5 to 34%, in cthanol relatively to
rhodamine), but further incorporation of Gd* led to a
decrease in the QY. A surface modification using N-(2-
aminoethyl)aminopropyltrimethoxysilane (AEAPS) was per-
formed in order to disperse the ODs in aqueous medium
and to use them in biological systems. The Zn0:Gd cytotox-
icity was studied in HelLa cells showed a low toxicity, with
I mM of QDs during 24 h. The longitudinal relaxivity was
determined at 1.5 T showing a value of r; = 16 mM's ™!,
The ZnO:Gd were incubated with HeLa cells and a yellow
emission, due to the presence of QDs, was observed in con-
focal microscopy. Cell pellets of HeLa cells with and without
QDs were used in Ti-weighted MR imaging, proving that
the cells treated with QDs showed brighter images than the
others.

Quaternary QDs of zine copper indium sulfide (ZnCulnS)
were doped with Gd** and capped with ZnS by Guo
et al. [180]. These authors prepared ZnCulnS:Gd with an
amount of Gd** from 7.9 to 14.3% (determined by ICP-MS),
and passivated them with a shell of ZnS in order to enhance
their fluorescence. These ZnCulnS:Gd/ZnS presented a size
around 4.3 nm (determined by TEM) and an emission
centered between 550 nm to 725 nm depending on the
Zn/Cu ratio, with increasing the amount of Zn a blue-shift
was obscrved. Also a slight decrease in QY was observed
with the incorporation of Gd*'. For biological applxcuuuns.

H&E (h wylin and cosin) staining examination was per-
formed. The organs were collected at 2 and 14 days after the
injection, and the results revealed no organ abnormality or
Jesions in mice administrated with ZnCulnS:Gd/ZnS@ BSA,
indicating a good biocompatibility of these systems [180].

Zhang et al. [181] prepared CdTe:Gd in aqueous sus-
pension with an amount of 2.03% (determined by ICP)
of dopant and a size around 3 nm (determined by TEM).
These ODs have a maximum emission peak in 640 nm with
a QY of 38% in water (relatively to rhodamine), which
decreases when the amount of Gd*' increases. Paramag-
netic studies demonstrated a longitudinal relaxation rate (r;)
value of 3.27 mM~'s~! (3 T). For targeting cancer cells, the
CdTe:Gd QDs were conjugated with folic acid (FA) using
the hD(/NHS couplmg strategy. For the in vitro studies, the
¢ were incubated with HepG2 cells (human liver
c:mccr cells) and a red fluorescence was observed, show-
ing that the CdTe:Gd-FA successfully labeled the cells, com-
pared to CdTe-Gd that could not label the cells. Using
MTT (methyl thiazolyl tetrazolium) assay, the cytotoxieity of
CdTe:Gd-FA in HepG2 cells was evaluated, showing that,
after 24 h, more than 80% of the cells remained viable
with a conjugate concentration of (.5 mg - mL™". For the in
vivo studies, BALB/c nude mice were injected with HepG2
cells into their right axillar, and then CdTe:Gd-FA were
injected in their eye veins. Fluorescence and MR images
were recorded, and an enhancement in the fluorescence and
the MR signals were observed in the tumor site.

Gd-doped CulnS caped with ZnS (Gd:CulnS/ZnS) were
prepared by Yang et al. [182] as bimodal QDs. These parti-
cles presented a size around 3.0 nm (determined by TEM),
a 3.05% Gd:CulnS (calculated by EDS) and an emission
maximum around 670 nm. For the magnetic properties stud-
ies and further applications, the hydrophobic QDs obtained

were encay I with the PEG and transferred to aqueous

the doped ODs were coated with bovine serum alb
(BSA), forming nanohybrids with a hydrodynamic diameter
around 70 nm. Relaxivity studies of ZnCulnS:Gd/ZnS@BSA
showed that these systems presented stronger 7, effect, with
1, values of 11,53, 13.65, and 15.78 mM~'s' (7 T) for the
systems with 7.9, 10.6, and 14.3% of Gd**, correspondingly.
For the in virro studies, the ZnCulnS:Gd/ZnS were incu-
bated with HeLa cells, a fluorescence signal was observed
inside the cells except for the nucleus region, and the MR
signal was enhanced in the cells containing these systems
for 6 h, showing that these QDs were uptaken by the cells,
The toxicity studies of ZnCulnS:Gd/ZnS@BSA in HeLa
cells showed no apparent loss of the cell viability, after
incubation with QDs with a concentration of 500 pg mL~"
for 24 h. The ZnCulnS:Gd/ZnS@BSA nanohybrids were
also used in in vive imaging, injecting them intravenously
into BALB/c mice at a dosage of 0.05 mmol Gd/kg. By flu-
orescence imaging it was observed that these systems accu-
mulated in the liver 30 min after injection, and using a MRI
scanner (7 T) an enhancement in 7 -weighted MR imag;
was observed 1 h post-injection. At 6 h after injection, the
mice were sacrificed and it was observed that the majority
of the nanohybrids remained in the liver and the spleen.

phase. Gd:CulnS/ZnS@PEG bimodal systems presented a
r, value of 9.41 s per mM of Gd** (at 1.5 T), suggest-
ing that these particles can be used as 7) contrast agents.
MTT studies with US7TMG cells (glioblastoma astrocytoma)
showed that Gd:CulnS/ZnS@PEG presented low cytotoxi-
city against these cells. In vivo studies were performed to
detect U87-expression in tumors by fluorescence imaging,
and the fluorescence signal due to the presence of these
bimodal nanoparticles were detected in tumor and liver 4 h
post-injection (Fig. 12(A)). 7;-weighted MR images were
obtained, after injecting a dosage of 0.05 mmol Gd/Kg body
weight of nude mice, which showed a enhancement in the
MRI signal in the tumor site 4 h post-injection (Fig. 12(B)).
H&E staining study of several major organs, allowed the
study of the in vivo toxicity of the Gd:CulnS/ZnS@PEG
nanoparticles, and no necrosis and inflammation in the tis-
sue of several organs was observed 7 days after injection.

3.2.3. Iron-Doped QDs

As far as we know, up to the present moment in the liter-
ature exists only one report of iron-doped QDs for optical
and MR imaging that presents its emission and relaxivity
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Figure 12. /n vivo (A) fluorescence images and (B) T,-weighted MR1
of mice bearing US7 tumor cells, Adapted with permission from [182],
W. Yang, et al, ACS Appl. Mater. interfuces 7, 18739 (2015), © 2015,
American Chemical Society.

properties for these QDs. Saha and collaborators [183] pre-
pared CdTe:Fe QODs for magnetic and vis-NIR imaging.
These QDs have been synthesized by an aqueous hydrother-
mal technique. using Teflon®-lined autoclaves. This method-
ology allows the utilization of high temperatures in aqueous
media, which accelerates the nanoerystal growth rate. The
CdTe:Fe presented an emission between 530 and 738 nm,
depending on the reaction time. The nanocrystals were
obtained with a diameter around 4.9 nm (determined by
TEM) and 5.6% of iron (determined by ICP) in their com-
position. As have been scen for other dopants (such as Mn?!
and Gd*'), an increase in dopant concentration leads to a
decrease in fluorescence intensity. By X-ray photoelectron
spectroscopy (XPS), these authors verified that the major
quantity of Fe’* was found in the core, decreasing toward
the border. The transverse relaxivity (r;) for CdTe:Fe was
determined to be 3.6 mM's™' (in 4.7 T at room temper-
ature). As a proof of concept, these ODs were incubated
with murine macrophages cell line (J774) cells, in water
for 6 h with a concentration of 0.37 mM of Fe**, and the
results showed optical images with high emission intensity
and T,-weighted MR images. This demonstrated that these
QDs had the capability to produce both optical and MR

images.

3.2.4. Final Considerations About Doped QDs

Doped quantum dots have attracted much attention, but the
control of the doping efficiency is still a challenge. Doping
cfficiency depends of various aspects such as the size dif-
ference between the host and the dopant cations, and the
precursor source (which can control the ligand-metal bond
strength) [151]. Although some advantages have also been
linked to the use of doped QDs [181]:

= Integration of two capabilities in a single nanoparticle,
such as bimodal imaging agent.
Smaller size, when compared with other dual-modal
imaging agents, such as ODs-iron oxide or paramag-
netic coating of Gd** chelates.

* The loss in the fluorescence properties can be avoided;
it depends on the dopant amount.

* These nanoparticles can be prepared in a one-pot strat-
egy, reducing the cost, the reaction steps and the waste
of reagents,

From the presented examples, we can notice that the
incorporation of certain ions (such as manganese, gadolin-
ium, and iron) in ODs is a possible methodology to produce
bimodal nanoparticles for optical and MR imaging (Table 2).
Although, it seems consensual that the main drawback for
these systems is that the introduction of a high quantity of
dopant in the nanocrystal (without changing the nanoparti-
cle crystalline lattice) is not easy, and it leads to fluorescence
quenching. Consequently. the improvement of MRI prop-
erties will cause the degradation of the optical properties.
Thus, other methods for the incorporation of paramagnetic
ions in QDs, which will not modify their emission efficiency
and produce small nanostructures, are still desirable.

3.3. Quantum Dots Associated with
Gd** Chelates

As has been previously mentioned, among the CAs, para-
magnetic chelates containing Gd*' ions are widely used.
Gadolinium has physical properties that make it a good can-
didate to be used as CA. It possesses seven unpaired elec-
trons (highest spin density) and relatively long clectronic
relaxation times, reducing the longitudinal (7;) proton relax-
ation times [184, 185]. Gd™ cannot be used freely in human
body, since at physiological pH it suffer hydrolysis and pro-
duces insoluble Gd(OH),, which accumulates in the bones
and liver. Thus, it has been a great interest in the devel-
opment of highly stable Gd** complexes, to be used as
CA for MRI [21, 186]. Gd" chelates must present several
propertics, such as water solubility, chemical stability, high
aqueous relaxivity, and low toxicity in vive and be relatively
rapidly cleared from the circulation after their application
for diagnosis procedure [73, 94, 187]. From the beginning
of the 1980s, the majority of CAs used clinically in MRI
have chelates Gd™ as their active component, since CAs
based on chelates ensures great security for human use,
less toxicity than the free gadolinium ions, and different
biodistribution |188].

Gd* complex-based MRI CAs are mainly classified into
two groups: linear and macrocyclic chelates, the latter being
more stable than the linear ones (Fig. 13). Currently, among
the macrocyclic CAs gadolinium-based for MRI most used
clinically are Dotarem® [gadoterate, Gd-DOTA (tetraaza-
cyclododecane tetraacetic acid)], Prohance® [gadoteridol,
Gd(HP-DO3A)], and Gadovist® (Gd-BT-DO3A). And
those with linear structure are: Magnevist® (gadopentetate
dimeglumine, Gd-DTPA (diethylene triamine pentaacetic
acid), Omniscan® (gadodiamide, Gd(DTPA-BMA)), Opti-
MARK (Gd-DTPA-BMEA), Multihance® (Gd-BOPTA),
and Eovist™ or Primovist® [Gd(EOB-DTPA)] [189]. These
CAs affect specially the longitudinal relaxation time (7;),
providing bright contrast, which facilitates diagnosis of
diseases, besides being well tolerated when administered in
patients [190].

In order to increase the relaxivity, paramagnetic
chelates have been bounded to larger structures, such as
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‘Table 2. Dopant amount (%), size (nm). emissi length (nm), relaxivity (mM~'s) of the doped QDs diseussed in this chapter.

Dopant oD Dopant amount (%) Size (nm) A, (nm) ry (mM sl Ref,

Mn* CdSe/ZnS 6.2 47 650 15 1172
ZnS 10 15 466, 507(sh)ie! 204 173]
CdTeZns 4.7-9.7 4.3 650 10.7-5.441 [174]
CulnS,/ZnS 23 4.0 600 7.1 73]
CdTe 28 37 545 4,200 [177)
Culn$,/ZnS 14 3.6 620 55400 [178)

Gd* Cdse 0.061 6.3 600 76741 [179]
Zn0 8 4 550 16° 196]
ZnCuln$/ ZnS(r BSA 79-143 0 700 11.53-15.78% [180]
CdTe 203 3 640 327 [181]
CulnS/ZoS @PEG 3.05 3 670 9,411 [182]

Feit CdTe 56 49 530-738 ry =368 [183]

Notes: [a] room temg [b] 7T, [¢] shoulder, {d] 3 T, [¢] 15 T, [f] 37 *C and [g] 47 T

biomolecules [191] and gold nanoparticles [92, 192] and have
also been used to coating silica and lipid-nanostructures
(nanospheres, micelles, and liposomes) [193].

A recent study by Zhou and Lu [194] showed that the
relaxivity of Jated Gd** chelates is lower than that
of the corresponding small molecular complex, due to a per-
meability barrier imposed by the vesicle membrane, mak-
ing difficult the exchange between bulk water and the water
complexed to encaged Gd™*. However, if the chelates are
linked to the nanostructures’ surface, it can increase their
relaxivity, since bulk water could easily access the Gd**
chelates. Moreover, a nanocarrier containing both core-
encapsulated and surface-conjugated Gd'* chel. r
a better relaxivity [195]. This fact is due to a higher Gd**
concentration per unit of liposomal particle. Most con-
trast agents based on Gd** chelates act by increasing the

Macrocyclie Gd(lll) chelates

longitudinal relaxivity r;, but can also provide enhancement
in transverse relaxivity r, [196).

As previously mentioned in the ODs section, they have
a chemically active surface that can be casily modified and
that makes it possible to conjugate them with a variety
of organic and inorganic particles, such as, peptides, anti-
bodies, DNA, drugs, and magnetic materials, as well as to
make them water-dispersed and biocompatible in biologi-
cal fluids [14). The main motivation for the preparation of
QDs-Gd™* chelates is that with this combination it will be
possible to produce nanoparticles with a high concentration
of Gd* ions, which can increase the relaxivity per particle
and decrease the dosage needed for MRI contrast [21, 197].
Thus, several approaches to develop bimodal nanoparticles
for optical and MR imaging involving the association of
Gd** chelates to ODs have been reported [198-202]. In this

Dotarenm® Prohance®
DOTA-Gd (HP-DOSA)-Gd
rn=42mM's’ r=44mM's"

Linear Gd(/l) chelates

Magnevisi® Omniscan® " Eovist®
DTPA-Gd (DTPABIMA) Gd Mllinanco® (EOB-DTPA)Gd
n=43mMs™ rn=46mMs! BOPTA-Gd = XAt
n=67mMs f=73mM7s
Figure 13. Chemical structure of the principals ACs based- gadolini with its tvity values at 1.5 T18Y.
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section, we divided them in three categories: coating QDs
with molecules containing Gd™ chelates, encapsulation of
free QDs together with chelates in nanostructures, and
direct conjugation of the chelates with the QDs' surface.

3.3.1. Coating of Quantum Dots with
Molecules Containing Gd** Chelates

Lipids and other amphiphilic compounds have been used as
building blocks for the preparation of bimodal nanoparti-
cles for optical images and MRI. These amphiphilic struc-
tures possess both hydrophobic and hydrophilic sites and
the unfavorable contact between the non-polar part and the
water leads to a sclf-organization in aggregates. When in
the presence of hydrophobic QDs, the hydrophobic chain of
the amphiphiles can interact with QDs’ stabilization agents,
coating QDs one by one as represented in Figure 14 [193].
Lipid-based particles can carry several Gd** chelates
exhibiting a higher relaxivity per particle [199]. An example
of this approach is the work of Mulder et al. [198]. They
synthesized CdSe/ZnS core/shell QDs, emitting fluorescence
around 560 nm in chloroform. In order to make these
QDs water-dispersed and biocompatible, they were coated
with @ mixture of PEGylated [PEG-DSPE: 1,2-Distearoyl-
sn-glycero-3-phosphoethanolamine-N-(methoxy(poly-
ethyleneglycol))-2000]  and  paramagnetic  [Gd-DTPA-
BSA:Gd-DTPA-bis(stearylamide)] lipids (p-QDs). These
authors suggested that a lipid monolayer coating the QD
could be obtained using a huge amount of PEGylated lipids
in the formulation. This bimodal nanoprobe presented a
high r; of 12 mM~'s™" per ions (at 1.41 T), which is higher
than for the Gd-DTPA alone, and 2000 mM~'s™" per QDs
(also at 1.41 T). These p-QDs were conjugated covalently
with the cyclic peptide RGD (arginine-glycine-aspartic
acd), viae a maleimide-functionalized P ited  lipid
(PEG-DSPE-Mal), in order to prepare a specific probe for
angiogenic blood vessels. The p-QDs-RGD was incubated
with human umbilical vein endothelial cells (HUVECs) for
in vitro assays. Fluorescence microscopy images showed that
the p-QODs-RGD were internalized by the cells and accumu-
lated at a perinuclear location. Cells incubated with p-QDs
also presented a minor fluorescence signal, indicating that
a non-specific cellular internalization also occurred. Cell
pellet of the cells incubated with p-ODs-RGD presented a
brighter 7,-weighted image than the ones incubated with
p-ODs. The results suggested that these systems could

Q%998

QD

03555%%%0

Figure 14. Schematic representation of a QD coated by lipids.
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be attractive contrast agents to early screening and for
following the effect of anti-angiogenesis therapy.

In other work the same group [203] used the p-QDs-RGD
intravenously injected for further in vive studies of ongo-
ing tumor angiogenesis in mice. This single molecular imag-
ing contrast agent (p-QDs-RGD) allowed parallel detection
by both optical [intravital microscopy (IVM) and optical
imaging] and magnetic (MRI) techniques, The IVM allowed
the detection of microvessels in tumor-bearing mice at cel-
lular resolution and the observation of their typical tortu-
ous morphology (Fig. 15). By fluorescence microscopy, 5 to
10 min post-injection, the authors also observed endothe-
lial cells labeled by bimodal nanoparticle in the tumor blood
vessels (Fig. 15). None fluorescence emission was found in
the blood vessels from distant normal tissues. MR1 in vive
was also performed providing an anatomical resolution of
the entire tumor and the p-QDs-RGD was also injected in
real time inside the MR image scanner, to be able to com-
pare the pre- and post-injection images. MRI, taken 45 min
after the injection, showed an enhancement in Tj-weighted
images, observed in the tumor periphery (the regions where
the angiogenic activity was higher (Fig. 15). Biodistribution
studies showed that the p-QDs-RGDs accumulated in the
liver and spleen.

In other work, the Mulder's group published a paper
about the application of recombinant human annexin
AS conjugated to bimodal nanoparticles in apoptotic cells
using a similar p-QDs coated by paramagnetic lipids [205],
The maleimide group of Mal-PEG-DSPE, present in the
p-QDs’ coating, was covalently conjugated to the cysteine of
the recombinant human annexin-AS, The ionic relaxivities of
this nanomicelles were equivilent to those found in p-QDs-
RGDs [198], being 12.4 (r,) and 18.0 mM~'s™" (r,), whereas
the relaxivity per particles was at least 150 times higher than
ionic relaxivity. They demonstrated the specificity of annexin
AS5-p-QDs to detect apoptotic events i vitro by fluorescence
microscopy and MRI in Jurkat cells (T-lymphoma cell line).

The annexin AS is a molecular bioprobe to target the
phosphatidylserine (PS) exposed on the cell surface, which
is an amino-phospholipid present in the membrane of apop-
totic cells, triggering phagocytosis. For this, PS has been

Figure 15. Images of tumor blood vessels were specifically labeled by
RGD-labcled paramagnetic quantum dots (p-QDs-RGD) using parallel
detection of IVM (A) and fluorescence microscopy (B). (A) Bright ficld
image showing typical tortuous morphology of the angiogenic blood
vessels (indicated by the yellow lines). (B} Fluorescence image show-
ing endothelial cells labeled by contrast agent (p-QDs-RGD) (indicated
by yellow arrows). Adapted with permission from [204], W. J. Mulder,
et al., Angiogenesis 12, 17 (2009), © 2009, Springer.
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considered one of the most explored targets of programmed
cell death (PCD) [206].

To study PCD in apoptotic cells with the annexin AS,
Jurkat cells were incubated with anti-Fas (CD95 human
monoclonal antibody) for 15 min to induce an increase of
apoptotic events, When apoptotic cells were incubated with
AS5-p-ODs, a high brightness image was observed by flu-
orescent microscopy. On the other hand, when the cells
were not stimulated with anti-Fas, less bright images were
observed. In relation to 7 -weighted images, a strong sig-
nal of the apoptotic cells incubated with AS5-p-QDs was
revealed, However, cells that were not treated with anti-Fas
also presented some signal, because they undergo naturally
apoptosis even in the culture without stimuli, in about 5% to
10% of the cells [205]. Therefore, in other studies involving
annexin AS with radioactive compounds, a tumor decrease
was observed due to the increase of the cellular uptake
after radiotherapy, indicating therapy efficiency caused by
radiation-induced apoptosis [207]. Thus, fluorescence and
MRI images with annexin A5 can allow the evaluation of
the cancer development and treatment by detecting apopto-
sis using AS-p-QDs. According to these authors, the A5-p-
QDs nanoparticles can be applied for acquiring in vive and
in vitro apoptosis images, being bimodal nanoparticles with
potential use in MRI and intravital microscopy [205].

A different approach, using silica as the capping agent,
was reported by Yang et al. [208]. These authors synthe-
sized core/shell QDs of cadmium sulfide: manganese/zine
sulfide (CdS:Mn/ZnS) by a reverse-micelle method and
to make them water-dispersed and biocompatible, coated
then with a silica layer, by injecting the following com-
ponents in the ODs micellar solution: tetraethyl orthosil-
icate (TEOS), 3-(aminopropyl)-triethoxysilane (APTES),
and 3-(trihydroxysilyl )-propylmethylphosphonate (THPMP).
The CdS:Mn/ZnS/Si were associated with a para-
magnetic  chelate using a silane-coupling agent [N-
(trimethoxysilylpropyl)-cthylencdiamine  triacetic  acid
trisodium sult, TSPETE|, acting also as a chelating agent
for Gd**. TEM images of the final systems showed the
presence of nanoparticles with a diameter of about 7
to 10 nm, containing an clectron-dense core of 3 nm,
Their emission spectrum presented a maximum at 590 nm,
corresponding to the yellow emission of Mn*'. XPS was
used to confirm the presence of Gd' in the nanoparticle
surface, and the number of Gd** ions per particle was
determined by ICP. which provided a value of around
107 Gd*' ions per particle. Relaxometric studies at 47 T
provided a longitudinal relaxivity (r,) of 20.5 mM ‘s~ and
a transverse relaxivity (ry) of 151 mM 's™!, which indicate
that these particles may be used as both 7} and 75 contrast
agents.

Koole et al. [199] prepared bimodal agents by coating
QDs with silica and an additional lipid dense monolayer.
QDs of CdSe/CdS/ZnS were prepared with a diameter of
7.7 nm (determined by TEM). These QDs were incor-
porated in silica particles using TEOS, rendering parti-
cles of 31 nm. In a next step, the silica capping QDs
(QD-Si) were coated with octadecanol to make them
hydrophobic, after which they were covered with PEGylated,
maleimide-PEGylated, and paramagnetic lipids (containing
Gd-DTPA), using the same approach described in their

Figure 16. Images by MRI of two slices from the tumor of the mice
that was infused with p-ODs-RGD. [A, B] 7,-weighted images before
the injection of the contrast agent and |C, D] after the injection, where
it was observed bright regions in the peripheral part of the tumor (indi-
cated by yellow arrows). Adapted with permission from [204], W. J.
Mulder, ¢t al., Angiogenests 12, 17 (2009). @ 2009, Springer.

previous work [198]. The average size for these particles
(OD-Si-pLip) was 58 nm determined by dynamic light scat-
tering (DLS). From photophysical studies, it was observed
that the successive coatings did not affect the absorption
and emission spectra, and the nanoparticles” emission max-
imum remained at 630 nm, Longitudinal relaxivity (r;) of
the QD-Si-pLip was determined as 14.4 mM~'s™! (at 6.3 T)
and by ICP it was found that each nanoparticle contains
2500 Gd* ions. As a proof of concept, tests in vitro were
performed with serum-activated of human umbilical vein
endothelial cells (HUVEC). Using the same methodology
as before [198], the RGD peptide was conjugated with the
nanoparticle, and the QD-Si-pLip-RGD obtained was incu-
bated with the cells for 7 h at 37 °C. By fluorescence
microscopy it was observed that HUVEC cells were specifi-
cally labeled by OD-Si-pLip-RGDs, The nanoparticles were
internalized, and they also accumulated in a perinuclear
location of these cells. T -weighted images of cells pellets
showed an enhancement in signal intensity coming from
the cells incubated with QD-Si-pLip-RGDs when compared
with the ones incubated with QD-Si-pLips, confirming the
specific uptake by HUVEC cells.

Ternary semiconductors ODs of CulnS, coated with ZnS
were prepared by an organometallic synthesis [209]. In order
to make these QDs water-dispersed, they were capped with
an amphiphilic polymer PMO [poly(maleic anhydride-alt-1-
octadecene)] by self-assembly of the polymer around the
ODs. In water, the maleic anhydride residues presented in
the PMO were hydrolyzed forming two carboxylate groups.
This way, the capping step makes the ODs hydrophilic
and allows further conjugations with the reactive carboxylic
groups. These QDs-PMO-COOH particles were reacted
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with ethylenediamine, using a standard EDC/NHS proce-
dure, to introduce amine groups in the surface, giving QDs-
PMO-NH,. Gd-DTPA was conjugated with QDs-PMO-NH,
using the EDC/NHS methodology, associating optical and
paramagnetic properties in the same nanoparticle (OD-
PMO-Gd). Finally, these authors conjugated a target lig-
and to the nanoparticle, the folic acid (FA), creating the
complex system QD-PMO-Gd-FA. The fluorescence stud-
ies showed that the successive coatings and jugation

does not change their fluorescence properties; the emission
maximum remained around 565 nm., The relaxometric stud-
ies showed that the chitosan bimodal nanobeads presented
smaller longitudinal relaxation (r, =33 mM 's™', 7°T) than
the Gd-DTPA chelates (1, 2 38 mM 's™', 7 T), although
these authors stated that the difference is not statistically
significant.

Liu et al. [200] encapsulated ODs in polymers, followed by

JHEd

did not affect significantly the emission, which p d
a maximum at 574 nm for QDs-PMO-Gd-FA. Longitu-
dinal relaxation times were measured for these particles,
and it obtained a r; =372 mM~'s™" at 7 T Results from
MTT assays with Hel.a, MCF-7 (breast cancer of Michi-
gan Cancer Foundation-7) and HepG2 cells, showed no sig-
nificant cytotoxicity. Incubation of QD-PMO-Gd-FA with
Hel.a, for 1 h, origi 1 a red fluor inside the cells,
in the cytoplasm region, which were observed by confocal
microscopy. For MCF-7 and HepG2 cells, after incubation
in the same conditions, only images with punctuated fiuo-
rescence were observed. The authors attributed these results
to the fact that both MCF-7 and HepG2 cells present few
folate receptors on their membrane, thus they cannot inter-
nalize high amounts of QD-PMO-Gd-FA, while HeLa cells
possess many folate receptors.

3.3.2. Encapsuilation of QDs and
Gd** Chelates

Another approach used to associate Gd*" chelates and ODs
is the encapsulation of these two components in polymers
or liposomes. In this type of methodology, the ODs are
free inside polymeri¢/lipidic micelles, and the chel can
be inside or on the surface of the nanocomposite. Just
one particle can have multiple QDs and Gd** chelates
(Fig. 17) [200, 210),

Tan and Zhang [210] encapsulated QDs and the Gd**
chelate Gd-DTPA in the biopolymer chitosan to produce
fluorescent and paramagnetic labels. To prepare this sys-
tem, the negatively charged CdSe/ZnS QDs (stabilized with
3-mercaptopropionic acid) and Gd-DTPA were dispersed in
an acidic solution containing chi Chi is a polymer
that possesses amino groups, which will be protonated in an
acid medium, being positively charged. Thus, it can inter-
act clectrostatically with the QDs and the chelates, encap-
sulating them. These systems presented a size of around
50 nm (determined by TEM and DLS). and it was found that
the chit psulated system contain 34% of QD and
6% of Gd-DTPA, in mass. The encapsulation of the QDs

Lipid or palymer

QD

Gd™ chelae

Figure 17. Schematic representation of QDs and Gd** chelates encap-
sulated inside polymeric/ipidic micelles.

their conjugation with a Gd-DOTA derivative. Hydrophobic
CdTe/ZnS QDs were encapsulated into two polymers, in the
amine-terminated m-PEG-phospholipid and in the amine-
modified Pluronic F127. The average sizes obtained by TEM
were 10,8 nm for PEG-QD and 22,1 nm for F127-QD. The
optical studies showed a red shift, about 2040 nm, in the
emission spectra for the encapsulated QDs, when compared
with non-encapsulated ones. In order to obtain nanoprobes
that could be used also in MRI, they conjugated the encap-
sulated systems with the chelating agent DOTA, followed
by addition of GdCly. The relaxivity measurement provided
a value of r; = 438 and 8.17 mM~'s™! (4.7 T), for PEG-
QD-Gd and F127-QD-Gd, respectively. These authors also
performed i vitro studies, incubating the PEG-QD-Gd and
F127-OD-Gd with macrophage cells for 2 h. By confocal
py it was possible to observe the accumulation of
the nanoparticles inside the cells without apparent damage
to the cells. Cell viability studies were done, and the results
suggested that the cells treated with PEG-QD-Gd presented
lower cell viability that the ones treated with F127-QD-Gd.

micr

3.3.3. Direct Conjugation of Quantum
Dots to Gd** Chelates

Bimodal imaging probes by covalent attachment of a Gd**
chelate to the QDs’ surface was used by Stasiuk et al. [211].
They linked covalently Gd** chelates to indium phos-
phide/zine sulfide (InP/ZnS) QDs' surface by a stabilizer
exchange (Fig. 18). The Gd™* chelate was prepared by
reacting a 1,4, 7-triazacyclononane derivative (TACN) and
lipoic acid. By magnetic susceptibility measur ts and
UV-visible spectroscopy, these authors confirmed the attach-
ment of around 80 Gd'* pl The attach of
the chelates to ODs increased nanoparticles hydrodynamic
diameter from 6.9 to 8.6 nm, measured by DLS. The pho-
tophysical studics showed that the linkage of the Gd**
complexes to the QDs did not affect their luminescence,

Figure 18. Schematic structure of the bimadal system prepared by Sti-
siuk et al. Adapted with permission from [212], G. J. Stasiuk, et al,
ACS Nano. 5, 8193 (2011). © 2011, ACS Publications.
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A B

Cc

Figure 19. Optical images of CHO cells, The cell were incubated with (A, D) concanavalin A rhodamine (in red); (B) Gd-QDs (in green); (E) QDs

Gd-MCa (in green), In C: merged image
{CS Nano 5, 8193 (2011), © 2011, Amer

an Chemical Society

maintaining their emission peak around 620 nm, although
with a slight decrease in the QY, from 8.5 to 6.1% in water.
Relaxivity measurements gave values of r; = 13 mM's
per Gd** ion (0.81 T. 25 °C) and 900 mM's™! per bimodal
particle (0.81 T, 25 *C).

For monitoring biological events the nanoparticles needed
to be internalized by cells. For this reason, these authors
conjugated a cell penetrating peptide (maurocalcine, MCa)
and the Gd*' chelates to the QDs, obtaining a probe
with 30-40 Gd** complexes (QDs-Gd-MCa) [211]. The
final systems were incubated with Chinese hamster ovar-
ian cells (CHO cell) during 2 h, which were evaluated by
confocal microscopy (Fig. 19). The appearance of punc-
tuate dots inside cells incubated with the QDs-Gd-MCa
was observed, suggesting that these systems were trapped
in endosomes showing that they were uptaken by cells
through an endocytosis-mediated mechanism. To delimitate
the cells, they authors stained the cell plasma membranc
with rhodamine-conjugated concanavalin A, MRI studies
showed that ODs-Gd-MCa (injected in rats) led to a dis-
tinct signal, 15 min after injection. And when compared
with Dotarem®, this dual-probe had an higher tissue reten-
tion time; the signal intensity was still measurable after 4 h
(Fig. 20) [211].

Theoretically, restrictions of internal rotations of the com-
plex (bond to QDs) will accelerate the water exchange of the
water coordinated to Gd* and the surrounding bulk water
molecules, increasing the relaxivity value. Thus, in order to
optimize the relaxivity of Gd** chelates linked to InP/ZnS,
these same authors prepared three ligands with different
linkers (Fig. 21) [212). They used linkers with different
flexibility: lipoic acid (L1), which has a dithiol promoting

of A and B. In F: merged image of D and E. [Adapted with permission from [211], G. J. Stasiuk, et al.,

a strong bond with the ODs' surface; mercaptopropionic
acid (L2), which probably will reduce the mobility of the
complex due to its shorter aliphatic chain; and mercapto-
benzoic acid (L3), which has a rigid 7-conjugated system
that could reduce the internal rotation of the complex. The

A..
B..

Figure 20. T)-weighted MRI images of rat brain incubuted with
(A) QDs-Gd-MCa and (B) with Dotarem®, after 15 min (left) und after
4 h (right). The images were obtained at 7 T Adapted with permission
from [211), G. J, Stasiuk, et al,, ACS Nano. 5, 8193 (2011). © 2011,
American Chemical Society.
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Figure 21. Schematic representation of the ligands prepared by Stasivk et al. Adapted with permission from [212], G. J, Stasiuk, et al, ACS Vano,

5, 8193 (2011). © 2011, ACS Publications.

QDs and the QDs-Gd** chelates were prepared using the
same methodology as before [211], and it was observed that
the number of complexes bonded to QDs depend on the
linker, affording 115, 66, and 80 complexes per QD for
QD-L1, QD-L2 and QD-L3 respectively. As observed in
their previous work. no change was observed in the emis-
sion spectrum, when compared with InP/ZnS QDs. The
relaxivity measurements provided values of r; of 21, 9, and
3.5 mM-ls! per Gd* ion (at 0.81 T and 25 °C) for QD-
L1, OD-L2 and OD-L3 respectively. The r, values per QD
of 2406, 585 and 2523 mM~'s™" (at 0.81 T and 25 °C)
for QD-L1, OD-L2 and OD-L3 correspondingly. OD-L3
showed the higher relaxivity, per Gd'* ion and per QD,
indicating that the rigidity of the linkage between the com-
plex and the QD is higher for the benzoyl linker, decreas-
ing more effectively the internal rotation and increasing
the exchange of the coordinated water molecules, giving a
higher relaxivity.

Other important factor that should be taking in attention,
when applying these probes in biological systems, is that cell-
internalization could affect the probe properties, This issue
was studied by Starmans, et al. [213], and they observed
that the internalized p-ODs-RGD and p-QDs showed lower
longitudinal relaxivity, when compared with the same sys-
tems in solution. This may be explained by the fact that the
internalization was mediated by endocytosis, entrapping the
Gd-based CA into endosomes.

In 2015, Xing and co-authors [214] developed a
paramagnetic-fluorescent nanoprobe based on CdSe ODs
coated with DTPA-Gd, coupled to BSA and labeled with
anti-Glut1 polyclonal antibody (“'DTPA - BSA@QDs-PcAb)
for targeting colorectal cancer in vivo by MRI (diagnosis)

Figure 22. Confocal microscopy images of BXPC-3 cells incubated with
Fe,0,/CIS@SiO, (DTPA-Gd)-RGD, when irradiated at 488 nm (A)
and bright ficld (B). Adapted with permission from [215], J. Shen, et al.,
J. Mater. Chem. B 3, 2873 (2015). £ 2015, Royal Socicty of Chemistry

and in vitro tissue “biopsy-imaging.” BSA was an important
multivalent ligand for water-solubilization hydrophobic QDs
and allowed the conjugation of DTPA to BSA (confirmed by
FTIR analysis) and anti-Glutl. The nanoprobes presented
diameters of around 35 nm by TEM and the emission maxi-
mum at 680 nm, which was maintained for 7 days of storage.

Control

Control

Figure 23. In vive T\-(A) and T;-weighted (B) MR images of pancre-
atic adenocarcinoma obtained before injection, 1 h, 3 h, 6 hand 12 h
post-injection with Fe,0,/CIS@SiO, (DTPA-Gd)-RGD. Adapted with
permission from [215], J. Shen, et al., L Mater. Chem. B 3, 2873 (2015),
@ 2015. Royal Socicty of Chemistry
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Table 3. Size (nm), emissi length (nm), and relaxivity (mM~'s"") of the QODs associated with Gd** chelates discussed in this chapter.
Association method Ligand Size {(nm) A,,, (nm) rp (mM-ismh Reference
Coating
Lipids and RGD DTPA = 560 1241 [198]
Lipids and annexin DTPA - 560 12,41 [205]
Silica TSPETE 7-10 590 20,519 [208)
Silica and lipids DTPA 58 630 1441 [199]
Polymer DTPA - 574 3,721 [209]
Encapsulation
Chitosan DTPA 50 565 33 [210)
Polymers DOTA 10.8-22-1 630 4.4-8.2 1200
Conjugation
Disulfide bond TACN 8.6 620 131 {211
Adsarption DTPA 35 680 16,5616 {214)
Amide bond DTPA 45 650 1.5601 1215}

Notes: [a] Room temperature, [b] 141 T, [¢] 4.7 T [d] 63 T [c) 7T [f] 0.81 T [g| 3T

The NMR analysis, confirmed high relaxivity of 16.561 (r))
and 27.702 (r;) mM~'s™! per Gd** jon (at 1.4 T, 37 °C).
The MTT studies showed that no significant cytotoxicity was
found in 3T3 cells incubated with the bimodal nanoprobes,
indicating good biocompatibility, Human colonic cancer
cells (HCT116) were incubated with “DTPA - BSA@QDs-
PcAb and the authors observed intense red fluorescence
by confocal laser scanning microscopy, indicating specific
binding of Glutl-targeted nanoprobes to these cancer cells.
GIDTPA - BSA@QDs-PcAb were also used as CAs for detec-
tion of tumor accumulation in vive by MRI. and they showed
a contrast enhancement in 7y -weighted images.

Shen et al. [215] reported multifunctional nanocom-
posites with (DTPA-Gd) conjugated to the surface of
nanoparticles composed by superparamagnetic Fe,O,NPs
and CulnS, (CIS) QDs coated by a silica shell
(Fe;0,/CIS@SIO,). Silica coating protects the Fe,0, and
CIS from the environment, and in addition promotes bio-
compatibilization (as confirmed by MTT assay on human
pancreatic cancer cell line, BXPC-3 cells), essential for
in vivo applications. This silica coating was accomplished
using a mixture of tetracthyl orthosilicate (TEOS) and
(3-aminopropyl) triethe (APS), resulting in an ami-
nated surface, which allowed conjugation with Gd-DTPA
complex and RGD peptides via EDC/NHS strategy, obtain-
ing the multimodal composites Fe;0,/CIS@SiO,(DTPA-
Gd)-RGD. The multimodal nanocomposites presented an
emission maximum at 650 nm, with a red shift in their emis-
sion spectra when compared to the QDs. These nanoprobes
presented a diameter of around 45 nm, determined by TEM
before and after functionalization with DTPA-Gd and RGD.
This integrated nanoprobe is a platform for in vivo tri-mode
imaging, for fluorescent imaging and for 7} weighted pos-

the advantage of the association of the Gd and Fe to imag-
ing simultaneously to assist in clinical surgery.

3.4. Final Considerations About the
Association of QDs and
Gadolinium Chelates

In this section we presented several strategies to asso-
ciate QDs to Gd* chelates that could be used for dual-
imaging purposes (Table 3). Although, these bimodal probes
presented good fluorescence properties and high relaxiv-
ity, some of them lack an easy preparation procedure and
have multiple steps, Furthermore, the longitudinal relaxo-
metric performance due to the pr of Gd** chelates is
probably favored by changes in the water proton exchange
rate between the coordinated water molecule and the bulk
water (Table 3). Thus, it seems that the direct attachment
of the chelate to the QD surface is a synthetic strategy
with the potential to prepare efficient bimodal probes. How-
ever, the dissociation of the Gd** ions from the nanoparti-
cle, when applied in vivo, is a serious concern, since it can
lead 1o inaccurate images and the formation of Gd(OH), is
harmful to living organisms. Thus, before the in vive appli-
cations, the stability toward t llation and leaching of
the Gd™ ions presented in the bimodal systems should be
well studied [6, 73, 216].

4. CONCLUSION

Bimodal nanoparticles based on QDs, for optical and mag-
netic resonance images, have attracted much interest. In this
h , different approaches for the development of these

itive (r, = 1.56 mM~'s™!, at 3 T) and T,-weighted nega-
tive (r, = 2322 mM~'s™!, at 3 T) MR imaging, improving
the accuracy of the diagnosis. By confocal microscopy, it
was observed that the NPs were readily internalized into
BXPC-3 cells, in in vitro assays (Fig. 22). In relation to
in vivo assays, the uptake of these NPs by pancreatic ade-
nocarcinoma cell was slower compared to internalization in
the in vitro assay. A brighter and darker enhancement effect
in 7} and T,-weighted MRI, 6 h post-injection with improve-
ment after 12 h, was observed (Fig. 23). The authors stated

bimodal nanostructures were presented, such as the asso-
ciation of QDs to iron oxide nanoparticles, QDs" doping
with paramagnetic ions, and the association of QDs and
gadolinium chelates. Although many bimodal systems have
been prepared, there still exists a lack in the study of these
particles in vivo, in order to know their stability and toxic-
ity. In the case of QD-iron oxide nanoparticles, relaxomet-
ric studies are also needed to allow comparing with other
contrast agents. Thus, further development of nanoparti-
cles for optical and MR imaging with improvement of their
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properties and stability, and with flexible and simple syn-
thetic strategies, which could allow the size and composition
manipulation, and the conjugation to biomolecules for spe-
cific cellular targeting, are still required.
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GLOSSARY

Bimodal probes Bimodal probes associate two types of
probes in one single system, allowing the simultancous
use of two or more diagnostic techniques. These bimodal
systems aim to sum the ad ges of both tect and
suppress the limitations of each one, becoming potential and
innovative probes for biological investigation.
Bioconjugation A strategy to conjugate, non-covalent (by
electrostatic interaction) or covalently (via coupling agents),
particles and biomolecules such as amino acids, proteins,
antibodics, or DNA scquences.

Contrast agents (CAs) Molecules or particles used to
¢nhance the quality of the images generated by magnetic
resonance. The MRI CAs approved for clinical use are
based on paramagnetic chelates containing a lanthanide ion,
namely gadolinium (IIT). and iron oxide particles.

Doped QDs QDs containing dopant ions in their crys-
talline lattice. which change their electronic and photophys-
ical properties. An effective doping procedure requires the
replacement of some atoms of the host QD’s crystal struc-
ture by adequate ions, creating new defined electronic states
inside the band gap region.

Fluorescence A rapid process of light emission (107
to 10-7 seconds) by a substance/particle when decaying from
the electronic excited state, after absorption of light.
Functionalization Surface particle modification with func-
tional groups, such as amine, carboxyl, or thiol groups, in
order to make them able to bind to organic molecules.
Gadolinium chelates  Coordination compounds containing
gadolinium as metal ion and organic molecules as ligands.
The gadolinium chelates are clinically used as MRI CAs,
since they avoid the free gadolinium and consequently its
toxicity.

Magnetic resonance imaging (MRI  Diagnostic image tech-
nique based on the nuclear magnetic resonance (NMR) phe-
nomenon. This technique is non-invasive, has a high spa-
tial resolution (0.2-0.3 mm) giving images with anatomical
details, and does not use ionizing radiation. MRI is a very
efficient technique to reveal differences in the water consti-
tution of the different body tissues, revealing the existence
of anomalies in the soft tissues of the body.

Resonance |

5l SiE

Non-specific labeling/marker Cell labeling promoted by a
direct interaction with chemical structures, without a specific
target.

Optical imaging Technique that relies on the acqui-
sition of images by using light excitation (ultraviolet,
visible, or infrared regions of the electromagnetic spec-
trum). This technique uses fluorescent labels (frequently
organic fluorophores) to evidence the desired structures or
biomolecules.

Quantum  dots  (QDs) Fluorescent  semiconductor
nanocrystals quantum-confined in three dimensions, with
a size of 1.5 to 10 nm. QDs have unique photophysical
properties, such as photostability, fluorescence tuned with
their size. and a chemically active surface. Due to their
optical properties, they have been studied as probes in
biomedical sciences and in electronic devices,

Quantum yield (QY) Parameter used to determine the effi-
ciency of the fluorescence process, It is defined by the ratio
between the number of emitted photons and the number of
absorbed photons per time unit.

Relaxation times The relaxation process is modulated by
two exponential time constants, 7} and 7,, which depend
on the physical and chemical properties of the environment.
In practice, it results in differences on the generated image
for local chemically and/or morphologically different tissues.
Relaxivity (r;, i = 1,2) Parameter used to determine of the
contrast agent efficiency, and it is given in s~' by mM of
paramagnetic ion. This parameter indicates the CAs abil-
ity to decrease the relaxation times of the water molecules
protons that are located near the paramagnetic system.
Saturation magnetization (Ms) The Ms value indicates the
higher magnetization of the material, beyond this value no
further increase in magnetization occurs, meaning that all
the single domains are aligned with the field.

Specific labeling/marker Cells labeling mediated by anti-
bodies or other biomolecules, which provide a specific direc-
tion to target.

Superparamagnetic iron oxide nanoparticles Nanoparti-
cles composed by an iron oxide core and in an uniform
magnetization state, which means that after removal of the
external magnetic field they lose their magnetization.

T, The longitudinal or spin-lattice relaxation. Reflects the
relaxation due to the energy loss for the neighborhood and
gives information about the recuperation velocity of the sys-
tem’s magnetization parallel to the static magnetic field after
a perturbation is applied.

T, The transverse or spin-spin relaxation. The relaxation
due to the interactions between the spins (dipolar interac-
tions) and related to the quickness of coherence losses of the
magnetization in the plane transverse to the static magnetic
field.
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